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Foreword to the First Edition

The aim of the editor and contributors to this volume is 
to establish an effective bridge between the surging prog-
ress in biomedical science and the clinical practice of 
pediatric endocrinology. Half a century ago the bio-
chemical elucidation of the structure and subsequent 
synthesis of steroid hormones provided the basis for a 
revolution in the diagnosis and treatment of a number of 
endocrine and nonendocrine disorders; that era was soon 
followed by a succession of fundamental discoveries: 
structure of peptide hormones, identification of releasing 
hormones from the brain, rapid and precise assay meth-
ods, and synthesis of peptide hormones by molecular  
biological techniques, to name but a few.

In no field has laboratory science been more effec-
tively translated into clinical progress than in pediatric 

endocrinology. A glance at the roster of contributors to 
this volume may well provide insight into why; many 
who are responsible for the dramatic advances in the 
laboratory also pursue active clinical careers.

This volume includes many new sections that were not 
presented in previous texts devoted to clinical pediatric 
endocrinology. It will serve as a valuable reference for  
family physicians, internists, pediatricians, and other 
health professionals, covering as it does the gamut of  
information from basic molecular biology to practical  
considerations in the diagnosis and treatment of pediat-
ric endocrine disorders.

Solomon A. Kaplan, MD
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Preface

The fourth edition of Pediatric Endocrinology aims to 
build on the models of excellence in basic and clinical 
research in endocrinology applied to newborns, infants, 
and children as they evolved in the first three editions. 
Now, close to 20 years since its inception, the current 
issue provides perspective on how much has been learned 
and applied for the benefit of those children referred to 
pediatric endocrinologists for evaluation and manage-
ment. Each new edition has attempted to incorporate 
advances in the field that occurred in the preceding five 
years; the fourth edition is no exception. To achieve 
these aims, we involved those at the forefront of their 
field to share their expertise and to transmit new knowl-
edge in the context of contemporary developments. This 
should be evident in the reorganization and increased 
number of contributors to this volume. In terms of orga-
nization, three sections are delineated. The first deals 
with principles and methods in pediatric endocrinology, 
beginning with an overview and historical evolution  
of the field, and its unique pediatric aspects. Three suc-
ceeding chapters review principles of molecular endocri-
nology and genetics, receptor signal transduction, and 
laboratory methods in pediatric endocrinology; together 
they form the nucleus of our discipline and provide a 
framework for the methods used to understand, investi-
gate, and treat our patients. The second section contains 
five chapters dealing specifically with the most common 
endocrine-related disorders encountered in the newborn 
nursery and the NICU; ambiguous genitalia, hypoglyce-
mia, disorders of the thyroid and abnormal thyroid 
function tests, disorders in calcium and phosphorous 
metabolism, and neonatal diabetes mellitus (NDM). 
Although rare, NDM has been disproportionately of 
value in understanding the role of the same defects,  
albeit to a milder degree, in the much larger problem of 
T2DM. The third section is organized on the tradi-
tional organ approach; here, several new authors have 
taken over a chapter or enlarged the list of contributors 
to an existing chapter, in each case bringing in new in-
sights and perspectives in the process.

Dramatic changes have occurred in the past five 
years. Whole genome and exon sequencing is increas-
ingly being applied as the cost of sequencing declines, 
yielding discovery of spectacular new findings. This 
might be best exemplified by the increasing complex-
ity of the genes regulating puberty and reproduction,  
especially hypogonadotropic hypogonadism, and the 
recent description of a gene responsible for precocious 
puberty, MKRN3. In diabetes research, the discovery 
of betatrophin, a hormone that regulates b-cell mass 
and insulin secretion in response to insulin resistance; 
Irisin, which regulates fat metabolism and mediates 
improved glucose homeostasis in response to exercise; 
and the imminent application of closed-loop systems, 
as an “artificial pancreas”, for treating children with 
T1DM requiring insulin treatment, portend exciting 
developments in the near future. Similar exciting  
discoveries are to be found in virtually every chapter. 
Altogether this edition covers a broad, but contempo-
rary canvas of the field of pediatric endocrinology.  
We trust it is suitable to inform the serious student,  
and update the experienced practitioner or investigator 
in the field. We have introduced questions for each 
chapter and an online version supplemented by rich, in 
full color illustrations.

There undoubtedly will be errors and possibly omis-
sions for which, as editor, I take responsibility and extend 
my apologies. I welcome any comments and advice on 
where and how to improve this book so as to make it a 
“must have” on the shelf of every NICU and every endo-
crinologist’s office. I extend sincere and warm-hearted 
thanks to all contributors; each of your contributions is 
highly respected and highly valued.

As I look back on this and previous editions, I reflect on 
the enormous effort involved and yet consider it a labor of 
love and a great privilege.

Mark A. Sperling
Pittsburgh, Pennsylvania

Fall 2013





ix

Acknowledgments

An enterprise of this nature requires the contribution and 
support of numerous individuals. I gratefully acknowledge 
the contributions of each of the authors, whose friendship 
and collegiality were—and continue to be—indispensable 
to bring this work to publication. Constructive critique 
was provided by colleagues, post-doctoral trainees, resi-
dents, and visiting scholars to our departmental program 
in endocrinology. Ms. Anna Marie Rompala provided 

invaluable secretarial assistance. A special thanks to  
Ms. Jennifer Shreiner of Elsevier, whose experience,  
diligence, and patience enabled this project to move  
to timely conclusion. I am very grateful to Professor  
Michael Waters for permission to use his figure of  
the Growth Hormone Receptor as the cover image  
and to Elsevier for giving me the privilege of editing  
this book.





xi

Contributors

Philippe F. Backeljauw, MD
Professor of Pediatrics
Director, Cincinnati Turner Syndrome Center
Division of Pediatric Endocrinology
Cincinnati Children’s Hospital Medical Center
University of Cincinnati College of Medicine
Cincinnati, Ohio

Tadej Battelino, MD, PhD
Professor of Pediatrics
Head, Department of Endocrinology, Diabetes, and 

Metabolic Diseases
University Children’s Hospital
University Medical Centre Ljubljana
Faculty of Medicine, University of Ljubljana
Ljubljana, Slovenia

Carolyn A. Bondy, MD
Section of Women’s Health Research
National Institute of Child Health and Human  

Development
National Institutes of Health
Bethesda, Maryland

Donald Walt Chandler, PhD
Vice President and Executive Director  

of Endocrinology
Endocrine Sciences Laboratory
Laboratory Corporation of America
Calabasas Hills, California

Dennis J. Chia, MD
Assistant Professor of Pediatrics
Division of Pediatric Endocrinology and Diabetes
Icahn School of Medicine at Mount Sinai
New York, New York

Kelly Y. Chun, PhD
Associate Vice President and  Director of Endocrinology
Endocrine Sciences Laboratory,
Laboratory Corporation of America
Calabasas Hills, California

Pinchas Cohen, MD
Dean and Executive Director
Leonard Davis School of Gerontology
University of Southern California
Adjunct Professor of Pediatric Endocrinology
University of California, Los Angeles
Los Angeles, California

David W. Cooke, MD
Associate Professor of Pediatrics
Division of Pediatric Endocrinology
Johns Hopkins University School of Medicine
Baltimore, Maryland

Sarah C. Couch, PhD, RD
Professor of Nutritional Sciences
University of Cincinnati College of Allied Health  

Sciences
Associate Director for Education, Outreach and Policy
Cincinnati Diabetes and Obesity Center
Cincinnati, Ohio

Stephen R. Daniels, MD, PhD
Professor and Chairman, Department of Pediatrics
University of Colorado School of Medicine
Pediatrician-in-Chief and L. Joseph Butterfield Chair  

of Pediatrics
Children’s Hospital Colorado
Aurora, Colorado

Mehul Tulsidas Dattani, MD
Professor of Paediatric Endocrinology
Developmental Endocrinology Research Group
Clinical and Molecular Genetics Unit
University College London Institute of Child Health
Great Ormond Street Hospital for Children
London, United Kingdom

Diva D. De León, MD
Assistant Professor of Pediatrics
University of Pennsylvania Perelman School  

of Medicine
Medical Director, Congenital Hyperinsulinism Center
Division of Endocrinology and Diabetes
The Children’s Hospital of Philadelphia
Philadelphia, Pennsylvania

Johnny Deladoëy, MD, PhD
Assistant Professor
Department of Pediatrics
University of Montreal
Montreal, Canada

Frank B. Diamond Jr., MD
Pediatric Endocrinologist
All Children’s Hospital/Johns Hopkins Medicine
St. Petersburg, Florida



Contributorsxii

Leo Dunkel, MD, PhD
Professor of Paediatric Endocrinology
Lead, Centre for Endocrinology
William Harvey Research Institute
Barts and the London School of Medicine
Queen Mary University of London
London, United Kingdom

Christa E. Flück, MD
Associate Professor
Pediatric Endocrinology and Diabetology
University Children’s Hospital Bern
Bern, Switzerland

Michael J. Haller, MD
Associate Professor
Department of Pediatrics
University of Florida College of Medicine
Gainesville, Florida

Bassil Kublaoui, MD, PhD
Assistant Professor
Department of Pediatrics
University of Pennsylvania Perelman School  

of Medicine
Division of Endocrinology and Diabetes
The Children’s Hospital of Philadelphia
Philadelphia, Pennsylvania

David R. Langdon, MD
Clinical Associate Professor of Pediatrics
University of Pennsylvania Perelman School  

of Medicine
Clinical Director, Division of Endocrinology and  

Diabetes
The Children’s Hospital of Philadelphia
Philadelphia, Pennsylvania

Peter A. Lee, MD, PhD
Professor of Pediatrics
Division of Pediatric Endocrinology
Penn State College of Medicine
Milton S. Hershey Medical Center
Hershey, Pennsylvania

Michael A. Levine, MD
Professor of Pediatrics and Medicine
University of Pennsylvania Perelman School of Medicine
Chief, Division of Endocrinology and Diabetes
The Children’s Hospital of Philadelphia
Philadelphia, Pennsylvania

Robert H. Lustig, MD, MSL
Professor, Division of Pediatric Endocrinology
Member, Institute for Health Policy Studies
University of California, San Francisco School of Medicine
San Francisco, California

Joseph A. Majzoub, MD
Chief, Division of Endocrinology
Boston Children’s Hospital
Thomas Morgan Rotch Professor of Pediatrics
Harvard Medical School
Boston, Massachusetts

Ram K. Menon, MD
Professor of Pediatrics
David Murray Cowie Research Professor of Pediatrics 

and Communicable Diseases
Professor of Molecular and Integrative Physiology
University of Michigan Medical School
Director, Division of Endocrinology
Department of Pediatrics
CS Mott Children’s Hospital
Ann Arbor, Michigan

Walter L. Miller, MD
Distinguished Professor of Pediatrics
Chief of Pediatric Endocrinology
University of California, San Francisco
San Francisco, California

Louis J. Muglia, MD, PhD
Professor of Pediatrics
Division of Neonatology
University of Cincinnati College of Medicine
Director, Center for Prevention of Preterm Birth
Co-Director, Perinatal Institute
Cincinnati Children’s Hospital
Cincinnati, Ohio

Jon Nakamoto, MD, PhD
Laboratory Medical Director
Quest Diagnostics Nichols Institute
San Juan Capistrano, California
Associate Professor (Voluntary) of Pediatrics and  

Endocrinology
University of California, San Diego School of Medicine
La Jolla, California

Mark R. Palmert, MD, PhD
Head, Division of Endocrinology
The Hospital for Sick Children
Associate Professor of Pediatrics and Physiology
University of Toronto
Toronto, Canada

Samuel H. Pepkowitz, MD
Medical Director, Endocrine Sciences Laboratory
Laboratory Corporation of America
Associate Clinical Professor of Pathology
University of California, Los Angeles
David Geffen School of Medicine
Los Angeles, California



  Contributors xiii

Moshe Phillip, MD
Director, Jesse Z and Sara Lea Shafer Institute  

for Endocrinology and Diabetes
National Center for Childhood Diabetes
Schneider Children’s Medical Center of Israel
Sackler Faculty of Medicine, Tel Aviv University
Petah Tikva, Israel

Sally Radovick, MD
Professor of Pediatrics
Division of Pediatric Endocrinology
Johns Hopkins University School of Medicine
Baltimore, Maryland

Robert Rapaport, MD
Professor of Pediatrics
Emma Elizabeth Sullivan Professor of Pediatric  

Endocrinology and Diabetes
Icahn School of Medicine at Mount Sinai 
Director, Division of Pediatric Endocrinology  

and Diabetes 
Kravis Children’s Hospital at Mount Sinai
New York, New York

Scott A. Rivkees, MD
Nemours Eminent Scholar
Professor and Chair of Pediatrics
University of Florida College of Medicine
Gainesville, Florida

Allen W. Root, MD
Pediatric Endocrinologist
All Children’s Hospital/Johns Hopkins Medicine
St. Petersburg, Florida
Professor of Pediatrics Emeritus
University of South Florida College of Medicine
Tampa, Florida

Ron G. Rosenfeld, MD
President, STAT5 Consulting, LLC
Professor of Pediatrics (Emeritus)
Stanford University School of Medicine
Palo Alto, California
Chairman of Pediatrics (Emeritus)
Professor
Departments of Pediatrics and of Cell and  

Developmental Biology
Oregon Health and Science University
Portland, Oregon

Robert L. Rosenfield, MD
Professor Emeritus of Pediatrics and Medicine
The University of Chicago Pritzker School of Medicine
Section Chief Emeritus, Pediatric Endocrinology
The University of Chicago Medical Center
Chicago, Illinois

Paul Saenger, MD
Emeritus Professor of Pediatrics
Albert Einstein College of Medicine
Bronx, New York
Professor of Pediatrics
State University of New York at Stony Brook
Stony Brook, New York
Winthrop University Hospital
Mineola, New York

Desmond A. Schatz, MD
Professor of Pediatrics
Medical Director, Diabetes Center
University of Florida College of Medicine
Gainesville, Florida

Mark A. Sperling, MD
Professor and Chair Emeritus
Department of Pediatrics
University of Pittsburgh School of Medicine
Division of Endocrinology, Metabolism, and  

Diabetes Mellitus
Children’s Hospital of Pittsburgh
Pittsburgh, Pennsylvania

Abhinash Srivatsa, MD 
Attending Physician
Division of Endocrinology
Boston Children’s Hospital
Harvard Medical School
Boston, Massachusetts

Charles A. Stanley, MD
Emeritus Medical Director, Congenital Hyperinsulinism 

Center
The Children’s Hospital of Philadelphia
Emeritus Professor of Pediatrics
University of Pennsylvania Perelman School  

of Medicine
Philadelphia, Pennsylvania

Constantine A. Stratakis, MD, D(med)Sci
Chief, Section on Endocrinology and Genetics (SEGEN)
Director, Pediatric Endocrinology Training Program
Scientific Director of Eunice Kennedy Shriver National 

Institute of Child Health and Human Development
National Institutes of Health
Bethesda, Maryland

William V. Tamborlane, MD
Professor of Pediatrics (Endocrinology)
Deputy Director, Yale Center for Clinical Investigation
Chief, Pediatric Endocrinology
Yale University School of Medicine
New Haven, Connecticut



Contributorsxiv

Paul S. Thornton, MD, BCh, MRCPI
Cook Children’s Endowed Chair
Medical Director of the Congenital Hyperinsulinism 

Center
Medical Director Endocrinology and Diabetes
Cook Children’s Medical Center
Fort Worth, Texas

Massimo Trucco, MD
Hillman Professor of Pediatric Immunology
University of Pittsburgh School of Medicine
Head, Division of Immunogenetics
Children’s Hospital of Pittsburgh
Rangos Research Center
Pittsburgh, Pennsylvania

Guy Van Vliet, MD
Professor of Pediatrics
University of Montreal
Montreal, Canada

Steven G. Waguespack, MD
Professor and Deputy Department Chair
Department of Endocrine Neoplasia and Hormonal 

Disorders
University of Texas MD Anderson Cancer Center
Houston, Texas

Stuart A. Weinzimer, MD
Associate Professor of Pediatrics (Endocrinology)
Yale University School of Medicine
Associate Clinical Professor of Nursing
Yale University School of Nursing
Director, Pediatric Endocrinology
Fellowship Training Program
New Haven, Connecticut

Ram Weiss, MD, PhD
Associate Professor
Departments of Pediatrics and Human Nutrition  

and Metabolism
Hadassah Hebrew University School of Medicine
Jerusalem, Israel

William E. Winter, MD, FCAP, DABCC, FACB
Professor
Departments of Pathology, Immunology and  

Laboratory Medicine, Pediatrics, and Molecular  
Genetics and Microbiology

University of Florida College of Medicine
Gainesville, Florida

Selma Feldman Witchel, MD
Associate Professor of Pediatrics
Children’s Hospital of Pittsburgh of UPMC
Pittsburgh, Pennsylvania

Anita K. Ying, MD
Assistant Professor of Medicine and Pediatrics
Department of Endocrine Neoplasia and Hormonal 

Disorders
University of Texas MD Anderson Cancer Center
Houston, Texas



1

SECTION I

PRINCIPLES AND METHODS 
OF PEDIATRIC 

ENDOCRINOLOGY
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HISTORICAL BACKGROUND

Endocrinology is a discipline of science that seeks to  
understand how chemical signals secreted by cells regu-
late the function of distant (endocrine) or local (para-
crine) tissues, or even their own function (autocrine), in 
order to integrate vital processes of life such as growth, 
reproduction, and metabolism (Figure 1-1). Classical 
endocrinology derived from careful clinical observation 
such as, for example, the gigantism associated with pitu-
itary tumors or the characteristic bodily changes now 
known as Cushing disease which is also associated with 
pituitary tumors; histology indicated the former was likely  
the result of a product made by “acidophilic cells,” 
whereas the latter was associated with the expansion  
of “basophilic cells.” Unlike the chemical substances  
secreted into ducts leading to a target tissue (“exocrine”), 
the products of these acidophilic or basophilic cells  
had to traverse the bloodstream in order to reach their 
distant and often multiple targets. Hence, these were  
internal (“endocrine”) secretions. Cushing disease was 
associated with hypertrophy of the adrenal cortex and 
certain tumors of these tissues mimicked the features of 
Cushing disease.1 Hence, it was readily postulated that 
the pituitary secretes a substance that affects the adrenal 
glands and function; this substance was named adreno-
corticotrophic hormone (ACTH) and it was deduced 
that the features of Cushing disease/syndrome were the 
result of a product or products from the adrenal gland. 
The destruction of adrenal tissue by tuberculosis or  
tumor was identified by Thomas Addison in 1855 and treat-
ment of this entity with adrenal extracts, resulting in marked 
improvement, was first undertaken by William Osler  

in 1896.2 However, the purification of these “internal 
secretions” began in earnest only at the turn of  
the 20th century with spectacular success as reviewed by 
Dr. Delbert Fisher.2 In the first quarter of the 20th century, 
epinephrine, thyroxin, insulin, and parathyroid hormone 
(PTH) were purified, followed by the purification of the 
sex steroids from the ovary and testes as well as the pitu-
itary and placental gonadotropins that stimulated the 
gonads to secrete these substances. These purifications 
required laborious chemical methods and the elucidation 
or measurement of their function required costly and 
cumbersome bioassays. For example, the assay of insulin 
potency, discovered in 1921, required the use of rabbits; 
the definition of 1 international unit (IU) of insulin  
was assigned to be the amount of insulin that lowers  
the blood glucose of a healthy 2-kg rabbit, fasted for  
24 hours, to 45 mg/dL within 5 hours of injection. Clearly, 
such potency estimates reflected the relative crudeness  
of the purification; today’s recombinant human insulin 
possesses approximately 29 IU/mg, whereas the potency 
of porcine insulin in the early 1980s was ,23 IU/mg and 
likely less at the dawn of insulin therapy for diabetes. 
Moreover, the lack of sensitivity in such assays prohibited 
the ability to measure this substance in normal blood  
or other biologic fluids; refinements such as measuring 
the incorporation of labeled glucose into the fat pad  
or diaphragm of a rat represented only an incremental 
improvement.3 Growth hormone (GH), isolated in 1944, 
was assayed by its ability to increase the width of the tibia 
growth plate in rats after a defined period of injections 
and by comparing the unknown relative to a dose response 
of known concentrations administered in vivo.4 Attempts 
to improve sensitivity and specificity led to the “sulfation 
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factor-somatomedin hypothesis” (Figure 1-2), in which 
it was postulated that GH leads to the generation of a 
second substance, derived from the liver, which mediates 
the growth-promoting (somatotropic) effects and hence 
was named “somatomedin.”4,5 Subsequent studies dem-
onstrated that this substance was identical to a factor  
in serum, which had insulin-like properties in vitro, that 
was retained even after all insulin was “quenched” by an 
excess of antibodies specific for insulin. The convergence 
of these two pathways eventually led to the discovery of 
the factor now known as insulin-like growth factor 
(IGF)-I.5 Despite these limitations, the scientific curios-
ity of these chemical substances that regulated functions 
as diverse as blood pressure (epinephrine, cortisol), water 
metabolism (arginine vasopressin [AVP], cortisol), growth 
(GH), glucose (insulin, cortisol), and reproduction (sex 
steroids, follicle-stimulating hormone [FSH], luteinizing 
hormone [LH]) spurred the formation of medical societies 
focused on endocrine diseases. As detailed in the article by 
Fisher from which the following historical aspects are 
quoted,2 the Association for the Study of Internal Secretions 
was established in 1918 in the United States and renamed 
the Endocrine Society in 1952.

Pediatric endocrinology began as a subspecialty only  
in the 1940s with the establishment of endocrine clinics at 
the Massachusetts General Hospital and Johns Hopkins. 
These programs attracted postdoctoral trainees who then 
established their own pediatric endocrine units in the 
burgeoning growth of academic medical centers in the 
1950s and 1960s. In the United States, the Pediatric  
Endocrine Society, first named the Lawson Wilkins  
Pediatric Endocrine Society (LWPES), was formed in 
1972 and established as a subspecialty by the American 
Board of Pediatrics with its first certification examination 
in 1978; there are more than 1000 board-certified pediatric 
endocrinologists today in the United States. The European 
Society for Pediatric Endocrinology was formed in 1966, 
followed by the Japanese Society for Pediatric Endocrinol-
ogy in 1967 and the British Pediatric Endocrine Group in 
1972, all preceding the LWPES in the United States. Sev-
eral other regional pediatric endocrine groups were formed, 
including the Australian Pediatric Endocrine Group, the 
Sociedad Latino Americana de Endocrinologia Pediatrica, 
and the Asia Pacific Pediatric Endocrine Society. All of 
these groups now meet jointly every 4 years at an Interna-
tional Pediatric Endocrine Congress.2

IMPACT OF HORMONAL ASSAYS  
AND MOLECULAR BIOLOGY

Two discoveries revolutionized the field of endocrinol-
ogy and led to an explosion of basic, clinically relevant 
therapeutic knowledge in the second half of the  
20th century. The first was the development of radioim-
munoassay by Yalow and Berson, reported for insulin in 
1960.6 Here was a method for measuring the low con-
centrations of a hormone using as little as 10 to 50 mL of 
a biological fluid in an accurate, reproducible way with 
precision and sensitivity adequate for in vivo studies  
in humans or other species, as well as in vitro studies, 
such as the regulation of insulin secretion by nutrients, 
hormones, ions, and pharmaceutical agents in whole 
animals including humans, in vivo, or in isolated perfused 
pancreas, or in isolated islets. This was followed by the 
rapid development of assays for various hormones and 
an explosion of discovery, including the distinction  
between absolute and relative insulin deficiency as the 
difference between “juvenile” and “maturity onset” dia-
betes, the regulation of GH secretion in normal indi-
viduals at different ages and in clinical disorders of 
growth, the changes in thyroid function at birth and the 
possibility of screening for neonatal hypothyroidism, 
and the changes in gonadotropins and sex hormones 
during the process of normal and abnormal puberty. The 
discovery and purification of the hypothalamic releasing 
hormones for TSH, FSH/LH, GH, and ACTH were 
made possible by these precise assays using (rat) pitu-
itary cells perfused by protein fractions derived from  
the hypothalami of animals.7 The discovery that a hor-
mone produced in a cell could affect the function of its 
neighboring cell(s), without traveling through the blood-
stream (paracrine action) or even its own function (auto-
crine), was also enabled by the use of these sensitive  
and precise tools, expanding our concepts of a hormone 

 FIGURE 1-1 n Cellular signaling. Chemical signals synthesized 
and secreted by cells, may be released into the bloodstream to 
be distributed to target cells with specific capability to respond 
to the signal. These blood-borne chemicals constitute classical 
endocrine signals, also known as “internal secretions,” to dis-
tinguish them from the chemicals secreted into a duct that leads 
directly to another organ (e.g., pancreatic enzymes destined  
for the duodenum via the pancreatic duct [“exocrine”]). How-
ever, the same cell may release the chemical that then  
affects nearby cells without traversing the bloodstream (these 
are known as paracrine effects) or act on a receptor on its own 
surface to modify the cells own functions (autocrine). (From King 
TC [2006]. Elsevier’s integrated pathology. Philadelphia: Mosby, 
Figure 3-6.)

Paracrine

Autocrine

Endocrine

Blood vessel
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as a chemical messenger that influences, directs, and 
coordinates cellular functions throughout the body (see 
Figure 1-1). Similar principles enabled the identification 
of the receptor molecules at the cell surface or in its  
cytoplasm that permit the hormone signal to be trans-
duced to a message for turning biological processes  
on, or off, in specific tissues.8 Refinements using the 
principles of radioimmunoassay (RIA) but without  
radioactivity are the bases of modern laboratory meth-
odologies for hormone measurement as well as for other 
chemical substances such as drugs; examples of modern 
application of these methods as well as the pitfalls are 
reviewed in Chapter 4. Signal transduction pathways 
and their relevance to pediatric endocrinology are dis-
cussed in Chapter 3. The notion that a hormone may 
not be capable of eliciting a response despite high con-
centrations was implicit in the entity labeled “pseudohy-
poparathyroidism” by Dr. Fuller Albright9 but receptors 
and their signal transduction pathways were only sys-
tematically investigated beginning in the 1970s. These 
systematic studies, still ongoing,8 continue to identify 
the pathways by which the hormone, after binding to its 

receptor, may elicit a response in one tissue but not in 
another. There may be other reasons why a hormone 
does not elicit an appropriate tissue response despite  
apparent high concentrations in the circulation. For  
example, an abnormal sequence in a hormone may pre-
vent its full action at the receptor, and feedback control 
increases the hormone’s secretion leading to high con-
centrations of partially functioning hormone with only 
minor or moderate impairment of function. Examples  
of such abnormalities include disorders of pro-insulin 
conversion to insulin.10 Depending on the site of the 
abnormality in cleavage of pro-insulin, both the mea-
surement of insulin and pro-insulin or its cleavage prod-
uct C-peptide may demonstrate higher than normal 
values that could be interpreted as “insulin resistance.” 
These studies also recognized that an activating muta-
tion in a receptor will mimic the action(s) of a hormone, 
although the hormone concentration may be barely  
detectable, as exemplified by the precocious puberty in 
MCune-Albright syndrome (Chapter 3), whereas loss  
of function mutations result in the same clinical syn-
drome as hormone deficiency, even though the hormone 

FIGURE 1-2 n  “Sulfation factor” assay of growth hormone. The bioassay of growth hormone (GH) consisted of administering graded 
doses of bovine GH with potency approximately 1.25U/mg via daily subcutaneous (SC) injections for 4 days to young, growing, 
prepubertal rats (approximately 31 days) that had been hypophysectomized 10 days previously. Approximately 5 animals per group 
and about 5 doses (0 plus 4 graded increments) were used to construct the “dose-response curve” of the increase in the width  
of the tibia growth plate; the unknown was 2 to 3 mL of plasma also administered SC to approximately three to five animals per  
test dose. The sulfation assay was an attempt to refine the technique by examining the dose-response relationship between the  
incorporation of 35SO4 into chondroitin sulfate in vivo, or in vitro into uniformly prepared cartilage rings obtained from young rats. 
As shown in the figure, the in vivo component examined basal activity of the animal’s serum on the amount of radioactivity incor-
porated in vivo. Hypophysectomy almost completely abolished this ability to stimulate 35SO4 incorporation, but injection of bovine 
pituitary extract or serum from a nonhypophysectomized animal restored this activity. However, in vitro incubation of cartilage rings 
with bovine pituitary extract resulted in only minimal incorporation. Thus, it was proposed that GH acted on an internal organ to 
produce the “sulfation factor.” The sensitivity of these assays were, at best, in the 1 to 10 µg/mL range, and precision and reproduc-
ibility were poor (Tweed DC, McCullagh EP [1962]. Assay of growth hormone-like activity in blood plasma: a comparison of two 
methods. Clin Chem 8:141-150; also see references 4 and 5). Today’s immunoassays permit measurement of plasma concentrations 
of GH with 1000-fold greater sensitivity than these early bioassays (ng/mL compared to mg/mL above) with high degrees of precision 
and reproducibility (Chapter 4). (The author is indebted to Oscar Escobar, MD, Associate Professor, Department of Pediatrics, University of 
Pittsburgh School of Medicine, Division of Pediatric Endocrinology, Children’s Hospital of Pittsburgh, for creating this figure and granting per-
mission for its use in this chapter.)
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concentration is markedly increased compared to nor-
mal, as exemplified in Laron syndrome with poor growth 
and low IGF-I concentrations despite high circulating 
growth hormone concentrations (Chapter 10).Thus, the 
concentration of a hormone may not be directly related 
to its action. In summary, it is the ability to measure 
hormones at low concentrations (e.g., picomolar to 
nanomolar) in small volumes of biological fluids that 
enabled the rapid proliferation and understanding of 
endocrine regulation and function. It may be difficult for 
any reader who was not brought up in the era of bioas-
says to fully appreciate the impact of the application of 
the tool of RIA and its modifications to modern endo-
crine concepts and practice.

The second revolution built on the discovery of the 
double helix by Crick, Watson, and Wilkins, a discovery 
for which they received the Nobel Prize in 1962. This 
discovery and its offspring propelled the ability to iden-
tify the molecular basis of cell function, the genes that 
regulate these processes, and the genetic mutations that 
underlie congenital or acquired disorders, including 
those of the endocrine system. Pediatric medicine is a 
particular beneficiary of these techniques because con-
genital malformations of the endocrine glands, the ab-
normalities of hormone signaling as a result of defective 
hormone synthesis, and processing or receptor function 
to recognize and act on the hormonal signal are at the 
core of pediatric endocrinology, as reflected in this book. 
Chapter 2 provides an overview of the molecular and 
genetic methodologies applied in practice and research 
and also discusses the pitfalls in interpreting the results of 
genetic mutational analyses. This is a rapidly evolving 
field powered by the declining cost of gene sequencing 
and the ability to store and analyze huge data sets via 
computers. Whole genome sequencing of an individual  
is already being applied and likely will become part of 
established medical diagnostic practice in the near future. 
Therapeutic applications, such as, for example, choice  
of drug for maximum effectiveness while avoiding drug 
interactions or excluding drug sensitivity, are likely to 
follow.11

UNIQUE ASPECTS OF PEDIATRIC 
ENDOCRINOLOGY
Fetal Origins of Adult Disease
Pediatrics is all about growth and development of each 
aspect of human life—physical, emotional, cognitive, and 
sexual—from conception through birth, neonatal adapta-
tion, infancy, childhood, puberty, and young adulthood. 
Changes in the mature organism continue, but the tempo 
is considerably slower than the rapid changes of early  
life. The endocrine system plays a central role in these 
adaptations and changes. It has long been known that 
environmental insults such as viral infections (rubella, 
herpes, human immunodeficiency virus [HIV], cytomega-
lovirus) or drugs (thalidomide, phenytoin), particularly  
in the first trimester, can result in distinct patterns of 
embryopathy. Only recently has it been appreciated that 
developmental plasticity is influenced by the intrauterine 
nutritional environment that may predispose to the later 

development of diseases such as type 2 diabetes. As  
a hypothesis, the “fetal origins of adult disease” is now 
well supported by epidemiologic and experimental data, 
including the epigenetic modification of gene expression 
via patterns of methylation or other modifications, some 
affecting the expression of genes regulating insulin secre-
tion, cortisol, and other hormones.12,13 These interactions 
are not restricted to early development—they may occur 
in the third trimester or beyond— but once “imprinted” 
they may be passed on to succeeding generations. Thus, 
the intrauterine environment may permanently modify  
the expression of genes, including those of the endocrine  
system.14

Acquisition of Patterns of Hormone 
Secretion and Action
At any given time, the plasma concentration of a hor-
mone reflects its synthesis, secretion, and clearance, a 
concept that implies removal from the circulation in 
units of time. Indeed, the relationship between the pro-
duction rate (PR) of a hormone (units/time), the serum 
or plasma concentration (C 5 units/mL), and its meta-
bolic clearance rate (MCR) from the plasma (mL/time)  
is defined by the formula PR 5 MCR 3 C, so knowing 
any two of these three variables permits one to solve  
the third. However, the concentration of a hormone  
may vary depending on such factors as time of day, stages 
of sleep, stage of puberty, renal or hepatic function,  
and the ingestion of other drugs. Hence, each of these 
aspects represents complex interactions. For example, 
the secretion of ACTH and the chief product of its  
action, cortisol, are related in phase, the former preced-
ing the latter and being highest in the early morning  
and lowest toward midnight. ACTH synthesis may have 
a basal rate determined by the impulses from its hypo-
thalamic releasing hormone, known as corticotropin 
releasing hormone (CRH), but both display a diurnal 
rhythm entrained by the light/dark cycle and relayed  
to the suprachiasmatic nucleus of the hypothalamus. As 
the fetus is not exposed to light/dark cycles and the new-
born spends a majority of time asleep, it is important to 
know when the diurnal rhythm becomes established.15,16 
This has importance for undertaking measurements of 
cortisol in the newborn to determine if the hormone is 
deficient, as, for example, in evaluating newborn hypo-
glycemia. Also, stress results in a rapid increase in the 
CRH-ACTH-cortisol axis and the secretion of cortisol. 
Such rapid adaptation is essential for the appropriate 
adjustments to physiologic stress resulting in the “fight 
or flight response.” It is known that the hypothalamic 
pituitary adrenal axis is established in utero and func-
tional because inborn errors of metabolism such as those 
found in congenital adrenal hyperplasia as a result of 
defects in enzymes responsible for cortisol synthesis  
result in markedly elevated ACTH in utero, with hyper-
trophy of the adrenal cortex. However, after birth, there 
is a brief period during which adrenal secretion of corti-
sol is low as reflected in the plasma levels,17 and it is 
not known how rapidly the newborn can adjust to a 
stressful situation by appropriate increments in the 
ACTH-cortisol secretion rates.18 Some of the hormonal 
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cycles, such as GH secretion and FSH/LH secretion at 
the onset of puberty, are related to sleep rather than the 
light-dark cycle, as discussed in the relevant chapters of 
this book. But it is not known if these sleep-regulated 
patterns are operative in the newborn. Following birth, 
some inhibitory pathways of hormone secretion are not 
yet established, resulting in high hormone concentra-
tions whose functional significance is not known. For 
example, inhibition of GH secretion by somatotropin 
release-inhibiting factor (SRIF) appears to develop only 
after birth, so that GH concentrations in serum are quite 
high in the newborn (averaging approximately 40 ng/ml), 
values that would be consistent with acromegaly in an 
adult. On the other hand, the expression of GH recep-
tors on tissues and their linkage to postreceptor events is 
delayed and become fully operational only after several 
months, so that the effects of the high GH concentra-
tions are muted.19,20 The practical implications of these 
findings are that GH deficiency in a full-term newborn 
will not be characterized by discernible small size.  
Indeed, GH deficiency does not become manifest in a 
delayed growth velocity until after 3 to 6 months when 
the GH–growth hormone receptor (GHR) axis becomes 
established. Yet GH plays an important role in maintain-
ing glucose homeostasis in the newborn, because GH 
deficiency may be associated with hypoglycemia, and  
this deficiency can be diagnosed without the need for 
stimulation tests if the GH concentration is lower than 
10 ng/mL in the first week of life. Another hormone 
whose concentrations remain very high at birth and  
for several weeks thereafter is prolactin, presumably  
because the neurologic pathways responsible for dopa-
mine secretion are not yet fully developed.21 The physi-
ologic implications of these adaptive processes in the  
secretion and action of prolactin in the newborn are not 
fully understood.

Adaptations in Endocrine Function at Birth
Separation of the newborn baby from its maternal blood 
supply after birth imposes a near-instantaneous need for 
adaptations in functions such as the requirements of oxy-
gen, maintenance of body temperature, and sources of 
nutrients. The endocrine system plays a vital role in sev-
eral of these adaptations; three are briefly described here 
and are explored in more detail in relevant chapters in 
this book.

Maintenance of Body Temperature

The hypothalamic-pituitary-thyroid axis is intimately 
involved in the adaptations of body temperature regula-
tion. The fetus, bathed in amniotic fluid and supplied by 
maternal blood, maintains a temperature of 37° C in utero. 
Delivery into an ambient temperature of approximately 
20° to 25° C in a modern delivery room represents a sig-
nificant fall in ambient temperature that activates thyroid 
function. The concentration of TSH increases approxi-
mately 10-fold between birth and 15 to 30 minutes after 
cord cutting, to values of approximately 100 mU/mL. 
Simultaneously, type 2 deiodinase is activated, converting 
T4 to T3 rather than the fetal pattern of type 3 deiodinase 

that converts T4 to reverse T3. These rapid changes 
result in a surge of T3 concentration, a decline in reverse 
T3 concentration, and a somewhat later rise of T4 con-
centration in the newborn’s blood. Together, these coor-
dinated changes in thyroid function enable T3 to act on 
brown adipose tissue to activate nonshivering thermo-
genesis. Although TSH concentrations decline to values 
below 10 mU/mL by day 2 to day 3 of life, T3 and T4 
values remain elevated for days to weeks at concentra-
tions that would be consistent with thyrotoxicosis in 
older children and adults (see Chapter 7 for details). 
Hence, values of thyroid function reported for full-term 
or premature newborns must be reported as age specific 
and may often be labeled erroneously as “hyperthyroid” 
in laboratories that only list reference values suitable for 
adults.

Glucose Homeostasis

The fetus obtains all of its glucose via placental transfer 
from the mother, with little, if any, endogenous glucose 
production until delivery. Following cord cutting, epi-
nephrine and glucagon each rise approximately three- 
to fivefold, growth hormone is high at approximately  
40 ng per dl (as mentioned previously) as are cortisol 
values, which are highest at about 2 hours after birth 
and, on average, remain in the range of 2.7 to 7.6 mg/dL, 
mostly in the free form, in the first week of life.17 The 
coordinated effects of these four classic “counterregula-
tory” hormones, together with a small fall in insulin, 
stem the initial decline in blood glucose concentration, 
activate glycogen breakdown and gluconeogenesis, and 
initiate lipolysis with later activation of ketone body 
production by day 2 to day 3 of life. Understanding 
these critical adaptations is essential for the appropriate 
management of hypoglycemia in a newborn, as detailed 
in Chapter 6.

Gonadotropins and Sex Hormones

In males, testosterone concentrations on day 1 of life are 
high, ranging from 75 to 400 ng/dL, values that are con-
sistent with Tanner stages 3 to 4 of male puberty. These 
high concentrations decline rapidly within the first few 
days after delivery but remain elevated at 20 to 50 ng/dL 
in comparison to males aged 1 to 10 years in whom values 
are , 10 ng/dL. A second rise in testosterone concentra-
tions occurs between 1 week and 1 to 2 months, the mean 
values being approximately 200 ng/dl. Both FSH and LH 
also are relatively high in males at this age of life and 
decline to prepubertal levels only at about the end of the 
first year. In females, concentrations of estradiol are 
markedly elevated after birth and fall rapidly during the 
first week of life to prepubertal values, with a secondary 
rise occurring between 30 and 60 days followed by decline 
to prepubertal concentrations after 1 to 2 years. Values of 
FSH may range up to 14 mIU/mL in females and decline 
more slowly than in males, reaching prepubertal values 
only after 2 to 3 years. Likewise, LH values in females 
may be in the classical pubertal range in the first few 
months of life and decline to prepubertal values only after 
1 to 2 years. This “minipuberty of infancy” is discussed 
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in greater detail in Chapters 5 and 15. A precise function 
for these perinatal changes in sex hormones and gonado-
tropins is unknown, but it has been proposed that they 
may have relevance to patterning of male or female neu-
ral function. In addition, clinical relevance is related to 
the common problem of thelarche in newborn-infant 
females, as discussed in Chapter 15.

In summary, knowledge of the endocrine adaptations 
following birth is essential for the appropriate evaluation 
of suspected abnormalities in endocrine function and the 
interpretation of age- and sex-specific values of circulat-
ing hormones.

EVALUATING ENDOCRINE DISORDERS  
IN INFANCY AND CHILDHOOD

A general principle of pediatric endocrinology is that the 
earlier the manifestation of either underactivity or excess 
hormone function, the more likely the cause is to be a 
genetic disorder with possible structural abnormalities. 
For example, the entity of septo-optic dysplasia with un-
deractivity of anterior and posterior pituitary function 
may be associated with typical structural abnormalities  
of optic nerve hypoplasia, absence of the septum pellu-
cidum or corpus callosum, a small anterior pituitary,  
interruption or absence of the pituitary stalk, and an  
ectopic or absent posterior pituitary bright spot on mag-
netic resonance imaging (MRI) of the brain.22 Hypothy-
roidism found on newborn screening is most commonly 
associated with an ectopic thyroid gland; total absence or 
goitrous hypothyroidism should suggest a defect in the 
genes responsible for thyroid gland formation (TTF-1, 
TTF-2, PAX8) or an “inborn error of thyroid hormone 
synthesis” (Chapter 7). To be sure, perinatal events and 
maternal illness or medication must be considered. For 
example, perinatal asphyxia or a difficult delivery may  
be associated with later evidence of hypopituitarism.  
Maternal ingestion of antithyroid medications would re-
sult in their transfer across the placenta and may cause 
transient neonatal hypothyroidism, as these agents affect 
the fetal thyroid in the same was as they affect the mater-
nal thyroid gland. Similarly, transfer of IgG antibodies 
that block or stimulate thyroid function will result in 
newborn hypothyroidism or hyperthyroidism that lasts 
for several weeks, until maternal antibodies are cleared 
from the circulation. A newborn with severe hyperthy-
roidism in the absence of any evidence of autoimmune 
disease in the mother almost certainly has an activating 
mutation of the TSH receptor (Chapter 7).

More subtle defects in endocrine function may appear 
later in childhood but still have a genetic basis (e.g.,  
hypogonadotropic hypogonadism). This entity may not 
become manifest or discovered until delayed puberty is 
investigated. Macrosomia in an infant born to a mother 
with poorly controlled diabetes mellitus reflects second-
ary hyperinsulinism in the fetus, with hypoglycemia in 
the newborn when the maternal supply of glucose is cur-
tailed. However, similar features in a baby born to a 
healthy young mother should immediately suggest the 
possibility of a genetic form of hyperinsulinism, most 
commonly the result of an inactivating mutation in the 

genes regulating the adenosine triphosphate (ATP)– 
regulated potassium channel (KATP) (Chapter 6).

Autoimmunity, trauma, and chemo/radiotherapy for a 
childhood malignancy are the most common causes of 
acquired endocrine disorders. Thus, as in all of medicine, 
a careful and thorough history, careful physical examina-
tion, and targeted investigation of hormonal measure-
ments (taking into account age, time of day, and the value 
of obtaining a “free” hormone versus total hormone 
measurement) form the basis of the diagnostic approach. 
This may be followed by imaging of the suspected organ 
involved to diagnose the basis of the suspected endocrine 
dysfunction in the particular patient being investigated. 
Increasingly, molecular diagnostics is becoming an inte-
gral component of this evaluation, both to establish the 
cause of the entity and to provide guidance for prognosis, 
such as MEN2 (Chapter 14).

Definitive diagnosis may require stimulation tests 
(e.g., for growth hormone deficiency or with ACTH for 
suspected adrenal insufficiency) because a single random 
value is not sufficiently informative.

Finally, modern biology has provided pure synthetic 
compounds to replace what may be missing, such as thy-
roid hormone, cortisol, administration of pulsatile GnRH 
for Kallman syndrome, GnRH analogues for suppressing 
puberty, growth hormone, insulin, and ultra-long-acting 
somatostatin for childhood acromegaly as occurs in  
Carney complex or some patients with McCune-Albright 
syndrome. Hormone replacement must also take into 
consideration administration via the dermal rather than 
the oral route in order to avoid “first pass” considerations 
in bypassing the liver, as, for example, giving sex hor-
mones such as estrogen.

CONCLUDING REMARKS

Endocrinology is the science of cellular communication 
that enables the biochemical integration of life’s vital 
processes. Pediatric endocrinology is the linchpin for 
these processes during the developmental epoch from 
fetus to mature adult. Evolving developments in molecu-
lar biology, bioinformatics, pharmacogenetics, and bio-
imaging will ensure that this specialty remains at the 
forefront of pediatric research and practice. This chapter 
is intended as an introduction to this important field, 
with greater detail to be found in the chapters that follow. 
Much remains to be learned.
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QUESTIONS

 1. What key methodologies propelled progress in 
endocrinology in the 20th century?
 a. Radioactive tracers
 b. Radioimmunoassay
 c. Protein purification
 d. Molecular basis of hormone synthesis and action
 e. b and d
 f. All of the above

Answer: e

 2. A unit of insulin is the amount of activity in which of 
the following?
 a. 1 µg of purified hormone
 b. The amount of insulin that will lower blood glucose 

in an average human adult by 100 mg/dl
 c. The amount of insulin that will lower blood  

glucose to 45 mg/dl in a 2-kg rabbit fasted for  
24 hours

 d. The amount of insulin that can conveniently be 
packaged as 100 units/ml in 10-ml aliquots

Answer: c

 3. Why is the “minipuberty of infancy” so named?
 a. Breast development or pubic hair is frequently 

observed in the first year of life
 b. Testosterone in males and E2 in females are in the 

midpubertal range in the first few weeks of life
 c. LH responds briskly to a pulse of GnRH in infants 

at 3 months of age
 d. Maternal HCG from the placenta stimulates the 

development of testes and ovaries at term
Answer: b

 4. The fetal origins of adult disease hypothesis postu-
lates which of the following?
 a. All diseases in adults originate in the intrauterine 

environment.
 b. The intrauterine environment may induce herita-

ble traits via epigenetic mechanisms.
 c. Diseases such as T2DM and metabolic syndrome 

could be avoided by appropriate nutrition for the 
mother during pregnancy.

 d. Post-zygotic mutations define the tendency for 
certain common diseases such as hypertension in 
adults.

Answer: b

8.e1
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INTRODUCTION

The study of the endocrine system has undergone a dra-
matic evolution since the 1990s, from the traditional 
physiologic studies that dominated the field for many 
years to the discoveries of molecular endocrinology and 
endocrine genetics.1,2 At the present time the major im-
pact of molecular medicine on the practice of pediatric 
endocrinology relates to diagnosis and genetic counsel-
ing for a variety of inherited endocrine disorders. In 
contrast, the direct therapeutic application of this new 
knowledge is still in its infancy, although recently the 
results of the first successful human gene therapy trials 
were reported (but not for endocrine diseases). In addi-
tion, the new information has led to a host of molecularly 
targeted therapies mainly in cancer; endocrine oncology 
has greatly benefited from the application of new drugs 
that were designed to battle specific mutations in, for 
example, thyroid cancer. This chapter is an introduction 

to the basic principles of molecular biology, common 
laboratory techniques, and some examples of the recent 
advances made in clinical pediatric endocrinologic disor-
ders with an emphasis on endocrine genetics. Most new 
diagnostic testing, pharmacogenetics, and molecular ther-
apies are discussed in the disease-specific chapters of this 
book, and only examples that highlight the principle/
strategy under discussion are listed in this chapter.

BASIC MOLECULAR TOOLS
Isolation and Digestion of DNA 
and Southern Blotting
The human chromosome comprises a long double-
stranded helical molecule of DNA associated with differ-
ent nuclear proteins.3,4 As DNA forms the starting point 
of the synthesis of all the protein molecules in the body, 
molecular techniques using DNA have proven to be crucial 
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same gel. These limitations are circumvented by the tech-
nique of Southern blotting (named after its originator, 
Edward Southern) and the use of labeled radioactive or 
more commonly nonradioactive probes. Southern blotting 
involves digestion of DNA and separation by electropho-
resis through agarose.8 After electrophoresis, the DNA is 
transferred to a solid support (such as nitrocellulose or 
nylon membranes), enabling the pattern of separated 
DNA fragments to be replicated onto the membrane  
(Figure 2-1). The DNA is then denatured (i.e., the two 
strands are physically separated), fixed to the membrane, 
and the dried membrane is mixed with a solution contain-
ing the DNA probe. A DNA probe is a fragment of DNA 
that contains a nucleotide sequence specific for the gene or 
chromosomal region of interest. For purposes of detec-
tion, the DNA probe is labeled with an identifiable tag, 
such as radioactive phosphorus (e.g.,32P) or a chemilumi-
nescent moiety; the latter has almost exclusively replaced 
radioactivity. The process of mixing the DNA probe with 
the denatured DNA fixed to the membrane is called hy-
bridization, the principle being that there are only four 
nucleic acid bases in DNA—adenine (A), thymidine (T), 
guanine (G), and cytosine (C)—that always remain com-
plementary on the two strands of DNA, A pairing with T, 
and G pairing with C. Following hybridization, the mem-
brane is washed to remove the unbound probe and exposed 
to an x-ray film either in a process called autoradiography 

in the development of diagnostic tools to analyze endocrine 
diseases. DNA can be isolated from any human tissue, in-
cluding circulating white blood cells. About 200 µg of DNA 
can be obtained from 10 to 20 mL of whole blood with the 
efficiency of DNA extraction being dependent on the tech-
nique used and the method of anticoagulation employed. 
The extracted DNA can be stored almost indefinitely at an 
appropriate temperature. Furthermore, lymphocytes can be 
transformed with the Epstein-Barr virus (and other means) 
to propagate indefinitely in cell culture as “immortal” cell 
lines, thus providing a renewable source of DNA. For per-
forming molecular genetic studies, lymphoid lines are  
routinely the tissue of choice, because a renewable source of 
DNA obviates the need to obtain further blood from the 
family. Fibroblast-derived cultures can also serve as a per-
manent source of DNA or RNA (once transformed), but 
they have to be derived from surgical specimens or a biopsy. 
It should be noted that, because the expression of many 
genes is tissue specific, immortalized lymphoid or fibroblas-
toid cell lines cannot be used to anlyze the abundance or 
composition of messenger RNA (mRNA) for a specific 
gene. Hence, studies involving mRNA necessitate the analy-
sis of the tissue(s) expressing the gene as outlined in the 
section on “RNA Analysis” that begins on page 13.

DNA is present in extremely large molecules; the small-
est chromosome (chromosome 22) has about 50 million 
base pairs and the entire haploid human genome is esti-
mated to comprise 3 million to 4 billion base pairs. This 
extreme size precludes the analysis of DNA in its native 
form in routine molecular biology techniques. The tech-
niques for identification and analysis of DNA became  
feasible and readily accessible with the discovery of enzymes 
termed restriction endonucleases. These enzymes, originally 
isolated from bacteria, cut DNA into smaller sizes on the 
basis of specific recognition sites that vary from two to eight 
base pairs in length.5,6 The term restriction refers to the func-
tion of these enzymes in bacteria. A restriction endonucle-
ase destroys foreign DNA (such as bacteriophage DNA) by 
cleaving the DNA at specific sites, thereby “restricting” the 
entry of foreign DNA in the bacterium. Several hundred 
restriction enzymes with different recognition sites are now 
commercially available. Because the recognition site for a 
given enzyme is fixed, the number and sizes of fragments 
generated for a particular DNA molecule remain consistent 
with the number of recognition sites and provide predict-
able patterns after separation by electrophoresis.

Analysis of the DNA fragments generated after diges-
tion usually employs the technique of electrophoresis.7 
Electrophoresis exploits the property that the phosphate 
groups in the DNA molecule confer a negative charge to 
that molecule. Thus, when a mixture of DNA molecules 
of different sizes is electrophoresed through a sieve (rou-
tinely either agarose or acrylamide), the longer DNA 
molecules migrate more slowly relative to the shorter 
fragments. Following electrophoresis, the separated DNA 
molecules can be located by a variety of staining tech-
niques, of which ethidium bromide staining is a com-
monly used method.

Although staining with ethidium bromide is a versatile 
technique, analysis of a few hundred base pairs of DNA in 
the region of interest is difficult when the DNA from all 
the human chromosomes are cut and separated on the 

FIGURE 2-1 n Southern blot. Fragments of double-stranded DNA 
are separated by size by agarose gel electrophoresis. To render 
the DNA single stranded (denatured), the agarose gel is soaked 
in an acidic solution. After neutralization of the acid, the gel is 
placed onto filter paper, the ends of which rest in a reservoir of 
concentrated salt buffer solution. A sheet of nitrocellulose 
membrane is placed on top of the gel and absorbent paper is 
stacked on top of the nitrocellulose membrane. The salt solu-
tion is drawn up through the gel by the capillary action of the 
filter paper wick and the absorbent paper towels. As the salt 
solution moves through the gel, it carries along with it the DNA 
fragments. Because nitrocellulose binds single-stranded DNA, 
the DNA fragments are deposited onto the nitrocellulose in the 
same pattern that they were placed in the agarose gel. The DNA 
fragments bound to the nitrocellulose are fixed to the mem-
brane by heat or UV irradiation. The nitrocellulose membrane 
with the bound DNA can then be used for procedures such as 
hybridization to a labeled DNA probe. Techniques to transfer 
DNA to other bonding matrices, such as nylon, are similar. 
 (Adapted from Turco E, Fritsch R, Trucco M [1990]. Use of immuno-
logic techniques in gene analysis. In Herberman RB, Mercer DW 
[eds.], Immunodiagnosis of cancer. New York: Marcel Dekker, 205.)



2 Molecular Endocrinology and Endocrine Genetics 11

to detect radioactive phosphorus or in a process used to 
detect the chemiluminescent tag. Only those fragments 
that are complementary and have bound to the probe con-
taining the DNA of interest will be evident on the x-ray 
film, enabling the analysis of the size and pattern of these 
fragments. As routinely performed, the technique of 
Southern analysis can detect a single copy gene in as little 
as 5 µg of DNA, the DNA content of about 106 cells.

Restriction Fragment Length 
Polymorphism and Other Polymorphic 
DNA Studies
The number and size of DNA fragments resulting from 
the digestion of any particular region of DNA form a 
recognizable pattern. Small variations in a sequence 
among unrelated individuals may cause a restriction en-
zyme recognition site to be present or absent; this results 
in a variation in the number and size pattern of the DNA 
fragments produced by digestion with that particular 
enzyme. Thus this region is said to be polymorphic for 
the particular enzyme tested—that is, a restriction frag-
ment length polymorphism (RFLP) (Figure 2-2). The 
value of RFLP is that it can be used as a molecular tag for 
tracing the inheritance of the maternal and paternal al-
leles. Furthermore, the polymorphic region analyzed 
does not need to encode the genetic variation that is the 
cause of the disease being studied, but only to be located 
near the gene of interest. When a particular RFLP pat-
tern can be shown to be associated with a disease, the 
likelihood of an offspring inheriting the disease can be 
determined by comparing the offspring’s RFLP pattern 
with the RFLP pattern of the affected or carrier parents. 
The major limitation of the RFLP technique is that  
its applicability for the analysis of any particular gene is 
dependent on the prior knowledge of the presence of 
convenient (“informative”) polymorphic restriction sites 
that flank the gene of interest by at most a few kilobases. 
Because these criteria may not be fulfilled in any given 
case, the applicability of RFLP cannot be guaranteed for 
the analysis of a given gene.

In the early years of the molecular endocrinology era, 
the RFLP technique was the mainstay of experimental 
strategies employed for investigating the genetic basis of 
endocrine diseases. For example, RFLP-based genomic 
studies were used to identify mutations in the rearranged 
during transfection (RET) oncogene as the etiology of 
the multiple endocrine neoplasia type-2 syndrome. 
However, at present for routine disease mapping, whole 
genome and even gene-specific association studies, the 
RFLP technique has been supplanted by more powerful 
and facile techniques such as microsatellite and single-
nucleotide polymorphism studies (discussed later); at 
present RFLP analysis is only used within the context of 
a specific gene investigation and is increasingly being 
replaced by other means (genomic) of investigation.

Polymerase Chain Reaction
The polymerase chain reaction (PCR) is a technique  
that was developed in the late 1980s and has indeed  

revolutionized molecular biology (Figure 2-3). PCR 
allows the selective logarithmic amplification of a desired 
fragment of DNA from a complex mixture of DNA that 
theoretically contains at least a single copy of the target 
fragment. In the typical application of this technique, 
some knowledge of the DNA sequences in the region to 
be amplified is necessary, so that a pair of short (approxi-
mately 18 to 25 bases in length) specific oligonucleotides 
(“primers”) can be synthesized. The primers are synthe-
sized in such a manner that they define the limits of the 
region to be amplified. The DNA template containing 
the segment that is to be amplified is heat denatured such 
that the strands are separated and then cooled to allow 
the primers to anneal to the respective complementary 
regions. The enzyme Taq polymerase, a heat stable en-
zyme originally isolated from the bacterium Thermophilus 
aquaticus, is then used to initiate synthesis (extension) of 
DNA. The DNA is repeatedly denatured, annealed, and 
extended in successive cycles in a machine called the “ther-
mocycler” that permits this process to be automated. In 
the usual assay, these repeated cycles of denaturing,  
annealing, and extension result in the synthesis of ap-
proximately 1 million copies of the target region in about 
2 hours. To establish the veracity of the amplification 
process, the identity of the amplified DNA can be ana-
lyzed by electrophoresis, hybridization to RNA or DNA 
probes, digestion with informative restriction enzyme(s), 
or subjected to direct DNA sequencing. The relative 
simplicity combined with the power of this technique has 
resulted in widespread use of this procedure and has 
spawned a wide variety of variations and modifications 
that have been developed for specific applications.9,10 
From a practical point of view, the major drawback of 
PCR is the propensity to get cross-contamination of the 
target DNA. This drawback is the direct result of the 
extreme sensitivity of the method that permits amplifica-
tion from one molecule of the starting DNA template. 
Thus, unintended transfer of amplified sequences to 
items used in the procedure will amplify DNA in samples 
that do not contain the target DNA sequence (i.e., a false 
positive result). Cross-contamination should be sus-
pected when amplification occurs in negative controls 
that did not contain the target template. One of the most 
common modes of cross-contamination is via aerosoliza-
tion of the amplified DNA during routine laboratory 
procedures such as vortexing, pipetting, and manipulation 
of microcentrifuge tubes. Meticulous care to experimental 
technique, proper organization of the PCR workplace, 
and inclusion of appropriate controls are essential for the 
successful prevention of cross-contamination during 
PCR experiments.

In general, PCR applications are either directed toward 
the identification of a specific DNA sequence in a tissue or 
body fluid sample or used for the production of relatively 
large amounts of DNA of a specific sequence, which then 
are used in further studies. Examples of the first type of 
application are common in many fields of medicine, such 
as in microbiology, wherein the PCR technique is used to 
detect the presence DNA sequences specific for viruses or 
bacteria in a biological sample. Prototypic examples of 
such an application in pediatric endocrinology include the 
use of PCR of the SRY gene for detecting Y chromosome 
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FIGURE 2-2 n  Restriction fragment length polymorphism. A, Schematic illustration. A and B represent two alleles that display a poly-
morphic site for the restriction enzyme EcoR I. EcoR I will cut DNA with the sequence “GAATTC”; hence, allele B will be cut by EcoR 
I at three sites to generate two fragments of DNA, whereas allele A will be cut by EcoR I only twice and not at the site (indicated by 
horizontal bar) where nucleotide G (underlined) replaces the nucleotide A present in allele B. Following digestion, the DNA is size-
fractionated by agarose gel electrophoresis and transferred to a membrane by Southern blot technique (see Figure 2-1 for details). 
The membrane is then hybridized with a labeled DNA probe, which contains the entire sequence spanned by the three EcoR I sites. 
Autoradiography of the membrane will detect the size of the DNA fragments generated by the restriction enzyme digestion. In this 
particular illustration, both parents are heterozygous and possess both A and B alleles. Matching the pattern of the DNA bands  
of the offspring with that of the parents will establish the inheritance pattern of the alleles. For example, if allele A represents the 
abnormal allele for an autosomal recessive disease, then examination of the Southern blot will establish that (from left to right)  
the first offspring (B/B) is homozygous for the normal allele, the second offspring (A/A) is homozygous for the abnormal allele, and 
the third offspring (A/B) is a carrier. B, RFLP analysis of the DQ-beta gene of the HLA locus. Genomic DNA from the members of the 
indicated pedigree was digested with restriction enzyme Pst I, size-fractionated by agarose gel electrophoresis, and transferred  
to nitrocellulose membrane by Southern blot technique. The membrane was then hybridized with a cDNA probe specific for the  
DQ-beta gene; the excess probe was removed by washing at appropriate stringency and was analyzed by autoradiography. The sizes 
of the DNA fragments (in kilobases, kb) are indicated on the right. The pedigree chart indicates the polymorphic alleles (a, b, c, d) 
and the bands on the Southern blot corresponding to these alleles (a [5.5 kb], b [5.0 kb], c [14.0 kb], d [4.5 kb]) indicate the inheritance 
pattern of these alleles. (Adapted from Turco E, Fritsch R, Trucco M [1998]. First domain encoding sequence mediates human class II 
beta-chain gene cross-hybridization. Immunogenetics 28:193.)
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material in patients with karyotypically defined Turner 
syndrome and the rapid identification of chromosomal 
gender in cases of fetal or neonatal sexual ambiguity11 
(Figure 2-4).

Most PCR applications, both as research tools and 
for clinical use, are directed toward the production of a 
target DNA or the complementary DNA of a target 
RNA sequence. The DNA that is made (“amplified”) is 
then analyzed by other techniques such as RFLP analy-
sis, allele-specific oligonucleotide hybridization, or 
DNA sequencing.

RNA Analysis
The majority (. 95%) of the chromosomal DNA repre-
sents noncoding sequences. These sequences harbor 
regulatory elements, serve as sites for alternate splicing, 
and are subject to methylation and other epigenetic 
changes that affect gene function. However, at present 
most disease-associated mutations in human gene have 
been identified in coding sequences. An alternate strat-
egy to analyze mutations in a given gene is to study its 
messenger RNA (mRNA), which is the product (via 
transcription) of the remaining 5% of chromosomal 
DNA that encodes for proteins. In addition, because the 
mRNA repertoire is cell and tissue specific, the analyses 
of the mRNA sequences provide unique information 
about tissue-specific proteins produced in a particular 
organ/tissue.

There are many techniques for analyzing mRNA. 
Northern blotting (so named because it is based on the 
same principle as the Southern blot) is one of the original 
methods used for mRNA analysis. In Northern blotting, 
RNA is denatured by treating it with an agent such as 
formaldehyde to ensure that the RNA remains unfolded 
and in the linear form.12,13 The denatured RNA is then 
electrophoresed and transferred onto a solid support 
(such as nitrocellulose membrane) in a manner similar to 
that described for the Southern blot.8 The membrane 
with the RNA molecules separated by size is probed with 
the gene-specific DNA probe labeled with an identifiable 
tag that, as in the case of Southern blotting, is either a 
radioactive label (e.g., 32P) or more commonly a chemi-
luminescent moiety. The nucleotide sequence of the 
DNA probe is complementary to the mRNA sequence of 
the gene and is hence called complementary DNA 
(cDNA). It is customary to use labeled cDNA (and not 
labeled mRNA) to probe Northern blots because DNA 
molecules are much more stable and easier to manipulate 
and propagate (usually in bacterial plasmids) than mRNA 
molecules. The Northern blot provides information re-
garding the amount (estimated by the intensity of the 
signal on autoradiography) and the size (estimated by the 
position of the signal on the gel in comparison to concur-
rently electrophoresed standards) of the specific mRNA. 
Although the Northern blot technique represents a ver-
satile and straightforward method to analyze mRNA, it 
has major drawbacks. Northern analysis is a relatively 
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FIGURE 2-3 n  Polymerase chain reaction (PCR). A pair of oligonucleotide primers (solid bars), complementary to sequences 
flanking a particular region of interest (shaded, stippled bars), are used to guide DNA synthesis in opposite and overlapping 
directions. Repeated cycles of DNA denaturation, primer annealing, and DNA synthesis (primer extension) by DNA polymerase 
enzyme result in an exponential increase in the target DNA (i.e., the DNA sequence located between the two primers) such that 
this DNA segment can be amplified 1 3 106-7 times after 30 such cycles. The use of a thermostable DNA polymerase (i.e., Taq 
polymerase) allows for this procedure to be automated. Inset: The amplified DNA can be used for subsequent analysis (i.e., size-
fractionation by agarose gel electrophoresis). (Adapted from Trucco M [1992]. To be or not to be ASP 57, that is the question. Diabetes 
Care 15:705.)
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insensitive technique, both in terms of the concentration 
of mRNA that can be detected and in terms of the fine 
structure. This technique cannot detect small changes in 
size, nucleotide composition, or the abundance of the 
mRNA being analyzed. At present, reverse transcriptase-
PCR (RT-PCR) has become the technique of choice for 
the routine analysis of mRNA.

One of the most sensitive methods for the detection 
and quantitation of mRNA currently available is the 
technique of quantitative RT-PCR (qRT-PCR).9 This 
technique combines the unique function of the enzyme 
reverse transcriptase with the power of PCR. qRT-PCR 
is exquisitely sensitive, permitting analysis of gene ex-
pression from very small amounts of RNA. Furthermore, 
this technique can be applied to a large number of sam-
ples or many genes (multiplex) in the same experiment. 
These two critical features endow this technique with a 
measure of flexibility unavailable in more traditional 
methods such as Northern blot or solution hybridization 
analysis. Whereas the detection of a specific mRNA by 
this technique is relatively straightforward, the precise 
quantitation of the mRNA in a given sample is more 
complicated. The first step in qRT-PCR analysis is the 
production of DNA complementary (cDNA) to the 
mRNA of interest. This is done by using the enzymes 
with RNA-dependent DNA polymerase activity that  
belong to the reverse transcriptase (RT) group of en-
zymes (e.g., Moloney murine leukemia virus [MMLV], 
avian myeloblastosis virus [AMV] reverse transcrip-
tase, an RNA dependent DNA polymerase). The RT 
enzyme, in the presence of an appropriate primer, will 
synthesize DNA complementary to RNA. The second 
step in the qRT-PCR analysis is the amplification of 
the target DNA, in this case the cDNA synthesized by 

the reverse transcriptase enzyme. The specificity of the 
amplification is determined by the specificity of the 
primer pair used for the PCR amplification. To establish 
the veracity of the amplification process, the identity of 
the amplified DNA can be analyzed by electrophoresis, 
hybridization to RNA or DNA probes, digestion with 
informative restriction enzyme(s), or subjected to direct 
DNA sequencing

Whereas the detection of a specific mRNA by this 
technique is relatively straightforward, the precise quan-
titation of the mRNA in a given sample is more compli-
cated. Because the production of DNA by PCR involves 
an exponential increase in the amount of DNA synthe-
sized, relatively minor differences in any of the variables 
controlling the rate of amplification will cause a marked 
difference in the yield of the amplified DNA. In addition 
to the amount of template DNA, the variables that can 
affect the yield of the PCR include the concentration  
of the polymerase enzyme, magnesium, nucleotides 
(dNTPs), and primers. The specifics of the amplification 
procedure including cycle length, cycle number, anneal-
ing, extension and denaturing temperatures also affect 
the yield of DNA. Because of the multitude of variables 
involved, routine RT-PCR is unsuitable for performing a 
quantitative analysis of mRNA. To circumvent these pit-
falls alternate strategies have been developed. One tech-
nique for determining the concentration of a particular 
mRNA in a biological sample is a modification of the 
basic PCR technique called competitive RT-PCR.9,14,15 
This method is based on the co-amplification of a mutant 
DNA that can be amplified with the same pair of primers 
being used for the target DNA. The mutant DNA is 
engineered in such a way that it can be distinguished 
from the DNA of interest by either size or the inclusion 
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FIGURE 2-4 n  Detection of SRY gene–specific sequence in Turner syndrome by polymerase chain reaction (PCR) amplification and 
Southern blot. SRY-specific primers were used in PCR to amplify DNA from patients with 45X karyotype. The amplified DNA was 
size-fractionated by agarose gel-electrophoresis and transferred to membrane by Southern blotting. The membrane was then hy-
bridized to labeled SRY-specific DNA and autoradiographed. From left to right: amplified male DNA (lane 1); amplified DNA from 
patients with 45X karyotype (lanes 2-5); amplified female DNA (lane 6); negative control with no DNA (lane 7); serial dilution of male 
DNA (lanes 8-13). (Adapted from Kocova M, Siegel SF, Wenger SL, et al. [1993]. Detection of Y chromosome sequence in Turner’s syndrome 
by Southern blot analysis of amplified DNA. Lancet 342:140. © Copyright by the Lancet Ltd.)
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of a restriction enzyme site unique to the mutant DNA. 
The addition of equivalent amounts of this mutant DNA 
to all the PCR reaction tubes serves as an internal control 
for the efficiency of the PCR process, and the yield of the 
mutant DNA in the various tubes can be used for the 
equalization of the yield of the DNA by PCR. It is im-
portant to ensure for accurate quantitation of the DNA 
of interest that the concentrations of the mutant and 
target template should be nearly equivalent. Because the 
use of mutated DNA for normalization does not account 
for the variability in the efficiency of the reverse tran-
scriptase enzyme, a variation of the original method  
has been developed. In this modification, competitive 
mutated RNA transcribed from a suitably engineered 
RNA expression vector is substituted for the mutant 
DNA in the reaction prior to initiating the synthesis of  
the cDNA. Competitive RT-PCR can be used to detect 
changes of the order of two- to threefold of even very 
rare mRNA species. The major drawback of this method 
is the propensity to get inaccurate results because of the 

contamination of samples with the mRNA of interest. In 
theory, as the technique is based on PCR, contamination 
by even one molecule of mRNA of interest can invalidate 
the results. Hence, scrupulous attention to laboratory 
technique and set up is essential for the successful appli-
cation of this technique.

In general, two types of methods are used for the  
detection and quantitation of PCR products: the traditional 
“end-point” measurements of products and the newer 
“real-time” techniques. End-point determinations (e.g., 
the competitive RT-PCR technique described earlier) 
analyze the reaction after it is completed, whereas real-
time determinations are made during the progression of 
the amplification process. Overall the real-time approach 
is more accurate and is currently the preferred method. 
Advances in fluorescence detection technologies have 
made the use of real-time measurement possible for rou-
tine use in the laboratory. One of the popular techniques 
that takes advantage of real-time measurements is the 
TaqMan (fluorescent 59 nuclease) assay (Figure 2-5).16,17 
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FIGURE 2-5 n  Fluorescent 59 nuclease (TaqMan) assay.  Three synthetic oligonucleotides are utilized in a fluorescent 5’ nuclease 
assay. Two oligonucleotides function as “forward” and “reverse” primers in a conventional polymerase chain reaction (PCR) ampli-
fication protocol. The third oligonucleotide, termed the TaqMan probe, consists of an oligonucleotide synthesized with a 5’-reporter 
dye (e.g., FAM; 6-carboxy-fluorescein) and a downstream, 3’-quencher dye (e.g., TAMRA; 6-carboxy-tetramethyl-rhodamine). When 
the probe is intact, the proximity of the reporter dye to the quencher dye results in suppression of the reporter fluorescence, primar-
ily by Forster-type energy transfer. During PCR, forward and reverse primers hybridize to a specific sequence of the target DNA. The 
TaqMan probe hybridizes to a target sequence within the PCR product. The Taq polymerase enzyme, because of its 5’-3’ exonuclease 
activity, subsequently cleaves the TaqMan probe. The reporter dye and the quencher dye are separated by cleavage, resulting in 
increased fluorescence of the reporter dye as a direct consequence of target amplification during PCR. Both primers and probe must 
hybridize to the target for amplification and cleavage to occur. Hence, the fluorescence signal is generated only if the target sequence 
for the probe is amplified during PCR. Fluorescent detection takes place through fiberoptic lines positioned above the caps of the 
reaction wells. Inset: The two distinct functions of the enzyme Taq polymerase: the 5’-3’ synthetic polymerase activity and the 5’-3’ 
polymerase-dependent exonuclease activity.
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The unique design of TaqMan probes, combined with 
the 59 nuclease activity of the PCR enzyme (Taq poly-
merase), allows direct detection of PCR product by the 
release of fluorescent reporter during the PCR amplifica-
tion by using specially designed machines (ABI Prism 
5700/7700). The TaqMan probe consists of an oligonu-
cleotide synthesized with a 59-reporter dye (e.g., FAM; 
6-carboxy-fluorescein) and a downstream, 39-quencher 
dye (e.g., TAMRA; 6-carboxy-tetramethyl-rhodamine). 
When the probe is intact, the proximity of the reporter 
dye to the quencher dye results in suppression of the  
reporter fluorescence, primarily by Forster-type energy 
transfer. During PCR, forward and reverse primers hy-
bridize to a specific sequence of the target DNA. The 
TaqMan probe hybridizes to a target sequence within  
the PCR product. The Taq polymerase enzyme, because  
of its 59-39 nuclease activity, subsequently cleaves the 
TaqMan probe. The reporter dye and the quencher  
dye are separated by cleavage, resulting in increased laser-
stimulated fluorescence of the reporter dye as a direct 
consequence of target amplification during PCR. This 
process occurs in every cycle and does not interfere with 
the exponential accumulation of product. Both primer 
and probe must hybridize to the target for amplification 
and cleavage to occur. The fluorescence signal is gener-
ated only if the target sequence for the probe is amplified 
during PCR. Because of these stringent requirements, 
nonspecific amplification is not detected. Fluorescent 
detection takes place through fiber optic lines positioned 
above optically nondistorting tube caps. Quantitative 
data are derived from a determination of the cycle at 
which the amplification product signal crosses a preset 
detection threshold. This cycle number is proportional 
to the amount of starting material, thus allowing for a 
measurement of the level of specific mRNA in the sam-
ple. An alternate machine (Light Cycler) also uses fluoro-
genic hydrolysis or fluorogenic hybridization probes for 
quantification in a manner similar to the ABI system.

MicroRNA

One of significant advances in the early 2000s in the field 
of RNA biology is the discovery of small (20 to 30 nucleo-
tide) noncoding RNAs. In general there are two categories 
of small noncoding RNAs: microRNA (miRNA) and 
Small interfering RNA (siRNA). miRNAs are expressed 
products of an organism’s own genome, whereas siRNAs 
are synthesized in the cells from foreign double-stranded 
RNA (e.g., from viruses or transposons or from synthetic 
DNA introduced into the cell to study the function of a 
particular gene/process). Additionally, there are differ-
ences in the biogenesis of these two classes of small nu-
cleotide RNAs. These differences notwithstanding, the  
overall biological effect of these small nucleotide RNAs is 
translational repression or target degradation and gene 
silencing by binding to complementary sequences on the 
39 untranslated region of target messenger RNA; positive 
regulation of gene expression via such a mechanism is 
distinctly uncommon. The complexity of the phenome-
non is increased by the fact that in a cell- or tissue-specific 
context a single miRNA can target multiple RNAs and 
more than one miRNA can recognize the same mRNA 

target to amplify and strengthen the translational repres-
sion of the target gene. It is estimated that this phenome-
non is present in several cell types and the human genome 
codes for more than 1000 miRNAs that could target 60% 
to 70% of mammalian genes. miRNA-mediated events 
have been implicated in regulation of cell growth and dif-
ferentiation, cell growth, apoptosis, and other cellular 
processes. To date, the major impact of the discovery of 
miRNA has been in the fields of developmental biology, 
organogenesis, and cancer. miRNA and miRNA-related 
events (e.g., proteins involved in miRNA processing) have 
been directly implicated in only a small number of non-
neoplastic endocrine disorders (e.g., diGeorge syndrome 
and X-linked mental retardation). It is predicted that as we 
learn more about the basic biology of this process, small 
nucleotide noncoding RNAs will be implicated in the 
pathogenesis of a wider spectrum of endocrine diseases.

DETECTION OF MUTATIONS IN GENES

Changes in the structural organization of a gene that 
impact its function involve deletions, insertions, or 
transpositions of relatively large stretches of DNA, or 
more frequently single-base substitutions in functionally 
critical regions. Southern blotting and RFLP analysis 
can usually detect the deletion or insertion of large 
stretches of DNA. However, these analytic methods can 
be used for detecting point mutations only if the muta-
tion involves the recognition site for a particular restric-
tion enzyme, such that the absence of a normally present 
restriction site or the appearance of a novel site unmasks 
the presence of the point mutation. More commonly 
these techniques cannot be used for such an analysis, 
necessitating alternate procedures. High throughput or 
next-generation sequencing has revolutionized the iden-
tification of mutations in genes.48

Direct Methods
DNA sequencing is the current gold standard for obtain-
ing unequivocal proof of a point mutation. However, 
DNA sequencing has its limitations and drawbacks. A 
clinically relevant problem is that current DNA sequenc-
ing methods do not reliably and consistently detect all 
mutations. For example, in many cases where the muta-
tion affects only one allele (heterozygous), the heights of 
the peaks of the bases on the fluorescent readout corre-
sponding to the wild-type and mutant allele are not  
always present in the predicted (1:1) ratio. This limits the 
discerning power of “base calling” computer protocols 
and results in inconsistent or erroneous assignment of 
DNA sequence to individual alleles.18 Because of this 
limitation, clinical laboratories routinely determine the 
DNA sequence of both the alleles to provide indepen-
dent confirmation of the absence/presence of a putative 
mutation. DNA sequencing can be labor intensive and 
expensive, although advances in pyrosequencing (dis-
cussed later), for example, have made it technically easier 
and cheaper.

Although the first DNA sequences were determined 
with a method that chemically cleaved the DNA at each 
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of the four nucleotides,19 the enzymatic or dideoxy 
method developed by Sanger and colleagues in 1977 is 
the one most commonly used for routine purposes20 
(Figure 2-6). This method uses the enzyme DNA poly-
merase to synthesize a complementary copy of the single-
stranded DNA (“template”) whose sequence is being 
determined. Single-stranded DNA can be obtained di-
rectly from viral or plasmid vectors that support the 
generation of single-stranded DNA or by partial dena-
turing of double-stranded DNA by treatment with alkali 
or heat.21 The enzyme DNA polymerase cannot initiate 
synthesis of a DNA chain de novo but can only extend a 
fragment of DNA. Hence, the second requirement for 
the dideoxy method of sequencing is the presence of  
a “primer.” A primer is a synthetic oligonucleotide, 15  
to 30 bases long, whose sequence is complementary to 
the sequence of the short corresponding segment of the 
single-stranded DNA template. The dideoxy method 
exploits the observation that DNA polymerase can  
use both 29-deoxynucleoside triphosphate (dNTP) and 
29,39-dideoxynucleoside triphosphates (ddNTPs) as sub-
strates during elongation of the primer. Whereas DNA 
polymerase can use dNTP for continued synthesis of  
the complementary strand of DNA, the chain cannot 

elongate any further after addition of the first ddNTP 
because ddNTPs lack the crucial 39-hydroxyl group. To 
identify the nucleotide at the end of the chain, four reac-
tions are carried out for each sequence analysis, with only 
one of the four possible ddNTPs included in any one 
reaction. The ratio of the ddNTP and dNTP in each 
reaction is adjusted so that these chain terminations  
occur at each of the positions in the template where the 
nucleotide occurs. To enable detection by autoradiogra-
phy, the newly synthesized DNA is labeled, usually by 
including in the reaction mixture radioactively labeled 
dATP (for the older manual methods) or, most commonly, 
currently fluorescent dye terminators in the reaction  
mixture (now in use in automated techniques). The sepa-
ration of the newly synthesized DNA strands manually is 
done via high-resolution denaturing polyacrylamide elec-
trophoresis or with capillary electrophoresis in automatic 
sequencers. Fluorescent detection methods have enabled 
automation and enhanced throughput. In capillary elec-
trophoresis, DNA molecules are driven to migrate 
through a viscous polymer by a high electric field to  
be separated on the basis of charge and size. Though  
this technique is based on the same principle as that  
used in slab gel electrophoresis, the separation is done in 

FIGURE 2-6 n DNA sequencing by the dideoxy (Sanger) method. A 5’-end-labeled oligonucleotide primer with sequence complemen-
tarity to the DNA that is to be sequenced (DNA template) is annealed to a single-strand of the template DNA. This primer is elongated 
by DNA synthesis initiated by the addition of the enzyme DNA polymerase in the presence of the four dNTPs (2’-deoxynucleoside 
triphosphates) and one of the ddNTPs (2’,3’-dideoxynucleoside triphosphates); four such reaction tubes are assembled to use all the 
four ddNTPs. The DNA polymerase enzyme will elongate the primer using the dNTPs and the individual ddNTP present in that par-
ticular tube. Because ddNTPs are devoid of 3’ hydroxyl group, no elongation of the chain is possible when such a residue is added 
to the chain. Thus, each reaction tube will contain prematurely terminated chains ending at the occurrence of the particular ddNTP 
present in the reaction tube. The concentrations of the dNTPs and the individual ddNTP present in the reaction tubes are adjusted 
so that the chain termination takes place at every occurrence of the ddNTP. Following the chain elongation-termination reaction, the 
DNA strands synthesized are size-separated by acrylamide gel electrophoresis and the bands visualized by autoradiography.
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individual glass capillaries rather than gel slabs, facilitat-
ing loading of samples and other aspects of automation. 
Whereas manual methods allow the detection of about 
300 nucleotide of sequence information with one set of 
sequencing reactions, automated methods using fluores-
cent dyes and laser technology can analyze 7500 or  
more bases per reaction. To sequence larger stretches  
of DNA it is necessary to divide the large piece of  
DNA into smaller fragments that can be individually  
sequenced. Alternatively, additional sequencing primers 
can be chosen near the end of the previous sequencing 
results, allowing the initiation point of new sequence  
data to be moved progressively along the larger DNA 
fragment.

One of the seminal technological advances has been 
the introduction of microarray-based methods for detec-
tion, and analysis of nucleic acids (discussed later). For 
purposes of detection of mutations, the oligonucleotides 
fixed to the slide/membrane are complementary to all 
possible base substitutions or a subset of small deletions 
and insertions. Fluorescent labeled PCR probes derived 
from the patient and representing the genes to be tested 
are then hybridized to the microarrays. Following ap-
propriate washing protocols, the retention of particular 
probes on the slide will provide information regarding 
the presence/absence of a given mutation/deletion/ 
insertion. There are limitations of microarray-based 
techniques; for example, similar to direct DNA sequenc-
ing methods, microarray-based methods also suffer from 
the disadvantage of not being able to reliably and consis-
tently detect heterozygous mutations. Furthermore,  
microarrays cannot be used to detect insertions of mul-
tiple nucleotides without exponentially increasing the 
number of oligonucleotides that must be immobilized 
on the glass slides.

The most exciting new technique in mutation identifi-
cation is pyrosequencing, which is based on an enzymatic 
real-time monitoring of DNA synthesis by biolumines-
cence; this read-as-you-go method uses nucleotide incor-
poration that leads to a detectable light signal from the 
pyrophosphate released when a nucleotide is introduced 
in the DNA strand.22 The rapidity and reliability of this 
method far exceed other contemporary DNA sequencing 
techniques. However, the major limitation of this tech-
nique is that it can only be used to analyze short stretches 
of DNA sequence.

Pyrosequencing, introduced in the early 2000s, pro-
vided the background for the explosion of new techniques 
collectively known as high-throughput or next-generation 
sequencing (NGS). NGS provides longer read length and 
cheaper price per base of sequencing compared to Sanger 
sequencing. NGS is based on the uncoupling of the tradi-
tional nucleotide-identifying enzymatic reaction and the 
image capture and doing so in an ever-speedier way allows 
for essentially unlimited capacity. Currently, two systems 
are being used for NGS: the SOLiD (by Applied Biosys-
tems, Inc.) and the Illumina (Solexa) systems. The first dis-
coveries of gene mutations for endocrine diseases exploiting 
NGS were published in 2011.21

Semiconductor and nanotechnology-based systems 
are currently under use in massive sequencing efforts and 
promise an even cheaper and faster way of determining 

mutations and other abnormalities of the human genome; 
however, these technologies are currently not available 
for use in clinical pediatric endocrinology.

Indirect Methods
In the mid-1980s, the need for rapid, high-throughput, 
accurate, and economical mutation analysis systems led 
to the development of several technologies, as an alter-
native to analysis by direct sequencing, that allowed 
detection of single mutations in long stretches of DNA 
(200 to 600 bp). However, screening for mutations by 
indirect methods has fallen out of favor as NGS and 
Sanger sequencing have become faster and cheaper 
methods for identifying gene mutations. We only refer 
to them here briefly and for historical purposes, because 
some of these techniques are still in use sporadically, 
and understanding the literature published since the 
1980s would be impossible without knowledge of the 
principles underlying these techniques.

Indirect methods of mutation identification in-
cluded restriction endonuclease digestion of PCR 
products (PCR-RFLP), denaturing-gradient gel elec-
trophoresis (DGGE), single-strand conformation poly-
morphism (SSCP), dideoxy fingerprinting (ddF), and 
heteroduplex mobility assay (HMA). Most of these 
methods utilized PCR to amplify a region of the DNA, 
a physical or chemical treatment of amplified DNA 
(e.g., by denaturation or restriction enzyme digestion), 
separation of the amplicons by gel electrophoresis (by 
denaturing or nondenaturing), and visualization of  
the separated sequence strands (by autoradiography or 
fluorescence-based detection). Most modifications in 
some of these techniques allowed simultaneous separa-
tion and detection of DNA fragments with the use  
of sophisticated equipment such HPLC and capillary 
electrophoresis.

Originally described in 1989, SSCP analysis had 
been a widely used method for the detection of muta-
tions because of its simplicity and efficiency. In SSCP, 
DNA regions with potential mutations were first ampli-
fied by PCR in the presence of a radiolabeled dNTP 
(Figures 2-7 and 8). Single-stranded DNA fragments 
were then generated by denaturation of the PCR prod-
ucts and separated on a native polyacrylamide gel. As 
the denatured PCR product moved through the gel and 
away from the denaturant, it regained a secondary struc-
ture in a sequence-dependent manner. The electropho-
retic migration of single stranded DNA is a function of 
its secondary structure. Therefore, PCR products that 
contained substitution differences, as well as insertions 
and deletions, had different mobility when compared 
with wild-type DNA. Overall, SSCP, depending on fac-
tors such as the specific sequence, amplicon size, and 
location of the mutation, was successful in 60% to 90% 
of instances in detecting previously identified sequence 
changes.

Dideoxy-fingerprinting (ddF) was essentially a hybrid of 
SSCP and dideoxy-sequencing in which primer extension 
products were generated in the presence of one dideoxy-
nucleotide and subjected to chemical denaturation and 
electrophoresis on a non-denaturing polyacrylamide gel  
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FIGURE 2-7 n Single-stranded conformational polymorphism (SSCP). Schematic representation of an experiment designed to use 
SSCP to detect the presence of heterozygous and homozygous single-base pair mutation (represented as a filled circle). The seg-
ment of DNA is amplified using PCR with flanking primers (represented by arrows). 32P is incorporated into the newly synthesized 
DNA by either end-labeling the primers or by the addition of 32P-dATP to the PCR reaction. Theoretically, four different types of 
conformers can be formed: A and B from the sense and antisense strand of the wild-type (normal) DNA, C, and D from the sense 
and antisense strands containing the single-base pair mutation. Following PCR the DNA is denatured and analyzed by nondenatur-
ing gel electrophoresis: Lane I represents the wild-type conformers, Lane II represents the wild-type and mutant conformers from 
a heterozygous patient, and Lane III represents the presence of mutant conformers with the absence of wild-type conformers from 
a homozygous patient.

to exploit differences in secondary structure of single 
stranded conformers. The resulting electrophoretic pattern 
resembled sequencing gels in which the mobility of exten-
sion products was determined by both size and conforma-
tion. Modifications of the original procedure resulted  
in new and improved variants of ddF. Bi-directional ddF 
(Bi-ddF), in which the dideoxy termination reaction was 
performed simultaneously with two opposing primers, has 
allowed larger fragments (, 600 bp) to be screened with 
almost 100% sensitivity. RNA ddF (R-ddF), in which RNA 
was used as starting material, enabled identification of  
mutations that resulted in splicing errors and allowed 
screening of genes with large intronic regions. Denaturing 
fingerprinting (DnF), a modification of Bi-ddF in which 
fingerprints were generated by performing denaturing gel 
electrophoresis on bidirectional “cycle-sequencing” reac-
tions with each of two dideoxy terminators, allowed screen-
ing of DNA regions with high GC content avoiding the 
generation of “smearing” bands and, thus, increasing the 
sensitivity of the technique in identifying heterozygous 
mutations.

DGGE is a method that was used to detect single-
base pair substitutions (or small insertions or deletions) 
in genes.23-25 Like SSCP, DGGE is also a PCR-based 
method and exploited the observation that when double 
stranded DNA migrates through a polyacrylamide gel 

incorporating a gradient of chemical denaturing agents, 
the mobility of the partially denatured (“melted”) DNA 
molecule is extremely sensitive to its base composition. 
Thus, even single-base changes in the nucleotide com-
position of the DNA will result in altered mobility  
of the partially denatured DNA. G-C clamp is a modi-
fied DGGE procedure wherein the sensitivity of the 
procedure is enhanced by the incorporation of a G- and 
C-rich region at one end of the DNA.24,26-28 This 
manipulation is most readily done by modifying one of 
the primers used for the PCR. The addition of the G-C 
rich region increases the melting point of the DNA 
fragment and makes it easier to detect changes in the 
nucleotide composition. Depending on the relative ori-
entation of the chemical gradient and the electrical field 
during electrophoresis, DGGE could either be parallel or 
perpendicular. The relative sensitivity of these two proto-
cols has to be determined empirically for each application 
of this method. Denaturing high-performance liquid 
chromatography (DHPLC) is a related technique that 
detects a variation in the DNA sequence but uses high-
performance liquid chromatography (HPLC) instead of 
gel electrophoresis for separation of DNA fragments. 
The incorporation of HPLC allows for automation of this 
technique and significantly enhances improves through-
put by this method.
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Heteroduplex analysis was a variation of the SSCP 
method and is used to detect single pair mismatches in 
double-stranded DNA.29-31 Allele-specific oligonucle-
otide hybridization (ASOH) and reverse blot technique 
analyze DNA after amplification by PCR and detect 
sequence variations by the success or failure of hybrid-
ization of short oligonucleotide probes, which either 
exactly match or mismatch the sequence being tested 
(Figure 2-9). The amplified, target DNA was first dena-
tured and applied to a nylon membrane in the form of a 
small dot. Once this target DNA was anchored to the 

membrane either by heating or by brief ultraviolet  
irradiation, the DNA was hybridized with a labeled 
(usually with 32P) oligonucleotide, which encompasses 
the variable nucleotides of the DNA sequence of interest. 
The membrane is then washed with a salt solution where 
the salt concentration and the temperature control the 
specificity or “stringency” of the procedure. Following 
the wash, the probe remaining on the membrane was 
detected by autoradiography. When several nucleotide 
variations (i.e., alleles) are known to exist in the same 
target sequence, several identical membranes are pre-
pared and each is hybridized with a different oligonu-
cleotide probe that is complementary to one of the 
known sequence variations. The major disadvantage of 
this method was that it required prior knowledge of the 
base changes involved in the mutation and the precise 
stringency parameters for hybridization and washing of 
the membrane. A variation of the original method to 
perform ASOH is called the reverse blot technique32 
(see Figure 2-9). The difference when compared to 
ASOH is that the amplified target DNA is labeled and 
then hybridized to an anchored unlabeled probe. Because 
the length of the DNA molecules is an important factor 
that facilitates binding to the membrane, a key to the 
design of this method was the development of a rela-
tively simple way to synthesize, using the PCR, a stretch 
of DNA that contained multiple copies (i.e., a polymer) 
of the relatively short allele-specific oligonucleotide 
probes.33 In practice, the amplified DNA is nonradioac-
tively labeled by previously tagging the PCR primers 
with either fluorescein or biotin. After hybridization  
of the denatured PCR product in the presence of a 
membrane containing all of the relevant polymeric 
probes, and washing as described earlier, the retained 
PCR products are revealed by detection via enzyme 
activity linked to either fluorescein antibodies or to 
streptavidin.

Certain classes of mutations are inherently difficult  
to detect using the traditional methods of detection  
outlined here,18 and thus as NGS and other genomic 
methods become cheaper and more widely available they 
are expected to replace all of the preceding techniques. 
Mutations that are difficult to detect with any of the pre-
ceding methods include promoter region, 39 untranslated 
region (UTR) or intronic region mutations affecting 
levels of transcript of mRNA as well as deletions of entire 
genes or of contiguous exons. Thus, if the genomic re-
gion examined is deleted from the mutant allele, PCR-
based methods are unable to detect this mutation because 
the PCR product obtained from the genomic DNA will 
be exclusively derived from the wild-type allele and thus 
appear to be normal. Promoter regions, 39 UTR, and 
intronic regions usually span genomic segments several 
orders larger than the coding exons and are thus not eas-
ily accessible for analysis with the methods outlined here. 
Different strategies need to be implemented for the 
analysis and detection of such mutations. Thus, deletions 
of one or more exons can be detected by quantitative 
hybridizations, quantitative PCR, Southern blotting, or 
fluorescence in situ hybridization with the combined use 
of such methods enhancing the sensitivity of the testing 
protocol. A technique termed “conversion” exploits the 
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FIGURE 2-8 n  Application of SSCP and ASOH to the analysis of 
the 21-hydroxylase gene in congenital adrenal hyperplasia. 
Detection of a mutation of codon 281 from valine to leucine 
(V281L). Upper panel: Pedigree of a family with proband II-1, 
who was referred for evaluation of hirsutism and secondary 
amenorrhea. Middle panel: ASOH results from both mutant 
and normal alleles at codon 281 shows both the father and 
sister of the proband to be carriers of the V281L mutation, 
while the patient is homozygous. ASOH was not performed on 
the mother. The asterisk indicated the mutant allele (L281). 
Lower panel: SSCP analysis revealed that the two additional 
conformers, representing the L281 conformer, were detected at 
the top of the gel in this patient and her family. The greater 
intensity of the conformers in the proband compared to her 
family members and the disappearance of the normal V281 
conformer (adjacent to the L281 conformers) are consistent 
with her being homozygous for this mutation. L281 indicates 
the mutant conformer; P, normal polymorphism. (Adapted from 
Siegel SF, Hoffman EP, Trucco M [1994]. Molecular diagnosis of 
21-hydroxylase deficiency: detection of four mutations on a single 
gel. Biochem Med Metab Biol 51:66.)
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principle that the diploid state of the human genome is 
converted to a haploid state, which is then analyzed by 
one of the traditional methods.34 The critical advantage of 
this manipulation is that heterozygous mutations are eas-
ier to detect in the haploid state because of the absence of 
the normal wild-type sequence.

POSITIONAL GENETICS IN ENDOCRINOLOGY
The Principles of Positional Genetics
For the purpose of disease gene identification, the candi-
date gene approach relies on partial knowledge of the 
genetic basis of the disease under investigation. This pro-
cess was successful in identifying disease genes whose 
function was obvious. For example, the genetic defects of 
most of the hereditary enzymatic disorders, including 
congenital adrenal hyperplasia (CAH) syndromes, be-
came known in the late 1980s, when the introduction of 
PCR made the tools of molecular biology widely available 
to the medical and genetic research community. However, 
at about the same time, research on diseases without any 
obvious candidate genes (e.g., the multiple endocrine 
neoplasia [MEN] syndromes) or diseases in which the 
screening of obvious candidate genes failed to reveal  
mutations was ongoing. It was in these diseases that the 
application of “reverse genetics,” or more appropriately 
termed “positional cloning,”35,36 yielded information re-
garding the genetic basis of these disease states. Positional 
cloning is complemented by the Human Genome Project 
(HGP) and the worldwide web in making available, in  
a fast and controlled manner, information that would 
otherwise be inaccessible.37

The process of positional genetics is outlined in  
Figure 2-10. The first step is the collection of clinical 
information from families with affected members, the 
determination of the mode of inheritance of the defect 
(autosomal dominant or recessive, X-linked, complex 
inheritance), and the phenotyping of subjects (or tissues) 
following well-established criteria for the diagnosis of the 
disorder. If inheritance is not known, formal segregation 
analysis needs to be performed to determine the autoso-
mal, or X-linked, and the recessive or dominant nature of 
the inheritance.38 Once this determination is made and 
the penetrance of the disorder is known, appropriate 
linkage software may be used.39 For more information 
on currently available computer software packages, the 
reader may check http://darwin.case.edu and other 
related links.

Linkage is examined with polymorphic markers that 
span the entire human genome36; any marker that shows 
polymorphism and is known to lie close to or within a 
putative disease gene may be used. Genetic linkage can 
be defined as the tendency for alleles close together on 
the same chromosome to be transmitted together as an 
intact unit though meiosis. The strength of linkage can 
then be used as a unit of measurement to find out how 
close genetically different loci are to each other. This 
unit of map distance is an approximation of physical dis-
tance but is also highly dependent on other factors (for 
example, the frequency of recombination is not the same 
in both genders, differing along the length of chromo-
somes and through the various chromosomes). The like-
lihood (logarithm of odds [or LOD] score) method is 
widely used for linkage analysis.

Once a locus on a chromosome has been identified, 
the region (which is usually several thousands of base 
pairs in length) is narrowed by analyzing informative 
recombinations in the cohort of patients and families 
available for study. The disease region may harbor  
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FIGURE 2-9 n  A, Allele specific oligonucleotide hybridization (ASOH). 
The denatured (single-stranded) target DNA is anchored to a mem-
brane, which is then treated (hybridized) with a solution of a short 
DNA segment of the gene of interest (sequence-specific oligonucle-
otide [SSO]). The SSO is tagged with a reporter molecule, such  
as 32P. Unbound probe DNA is removed by washing with buffer 
solutions. Appropriate stringency conditions of hybridization and 
washes limit the hybridization of the probe specifically to its com-
plementary segment in the target DNA molecule. Depending on the 
manner in which the DNA is spotted on to the membrane, this 
procedure is referred to as either a dot or a slot blot. B, Reverse dot 
blot. In this variation of the conventional ASOH procedure, the DNA 
probes (sense and antisense polymer) tagged with the reporter 
molecule are fixed to a membrane and the denatured target DNA 
(sense and antisense DNA) is then hybridized to the immobilized 
probe. Similar to the ASOH procedure, appropriate stringency con-
ditions of hybridization and washes limit the hybridization of target 
DNA to those that contain the complementary segment to the  
immobilized probe. The advantages of this method include the  
increased sensitivity derived from the ability to fix multiple copies 
(polymer) of the probe to the membrane and that both comple-
mentary strands of the probe sequence are present on the mem-
brane. (Adapted from Trucco M [1992]. To be or not to be ASP 57, that is 
the question. Diabetes Care 15:705.)
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already mapped genes. Online databases such as Gen Bank, 
ENSEMBL (www.ensembl.org), and others, and espe-
cially for clinicians the Online Mendelian Inheritance 
in Man (OMIM),40 may provide all the necessary infor-
mation. If a transcript is a reasonable candidate, mutation 
screening may identify the disease gene. If, however, 
these steps fail to identify the disease gene, screening 
new sequences from the area may be needed; today this 
is done typically by NGS followed by Sanger sequenc-
ing for confirmation. Chromosomal maps are linked by 
sequence-tagged sites (STSs) that are present in more 
than one genomic clone, thus providing critical infor-
mation that allows for the proper aligning of DNA in a 
given locus. Polymorphic markers (including those that 
were used for the linkage part of the process) are the 
most useful STSs because they provide a direct link 
between the genetic and the physical mapping data. 
Individual clones can be sequenced; genes are identified 
in this process through their unique sequence features 
or through in vitro translation. In the past, expressed 
sequence tags (ESTs) provided information for what 
gene sequences are expressed from this area. Today,  
almost all the genes are fully sequenced; however, ESTs 
are still useful to look at especially when one is trying to 
identify a new gene for a given disease-linked locus. 
Each one of the newly identified genes may be screened 
for mutations, as long as the expression profile of the 
identified transcript matches the spectrum of the tissues 
affected by the disease under investigation. Although 
this is helpful for most diseases, for others the expres-
sion profile may even be misleading; thus, the presence 
of a transcript in an affected tissue is not always neces-
sary. Complete segregation of the disease with an iden-
tified mutation, functional proof, or mutations in two or 
more families with the same disease are usually required 
as supportive evidence that the cloned sequence is the 
disease gene.41

Genomic Identification of “Endocrine” 
Genes
In the 1990s, positional cloning was used to identify a 
number of genes relevant to endocrinology; today this is 
being achieved by NGS and other genome-wide meth-
ods of identification of new disease genes. It is worth 
noting that endocrine tumor syndromes, despite their 
rarity and small overall impact on everyday clinical endo-
crine practice, are seminal examples of diseases whose 
molecular etiology was elucidated by positional cloning. 
Positional cloning played an essential role in unraveling 
the etiology of these syndromes because for most endo-
crine tumor syndromes there were no obvious candidate 
genes. Furthermore, positional cloning of genes respon-
sible for familial tumor syndromes was greatly assisted  
by the use of neoplastic tissue for studies such as loss- 
of-heterozygosity (LOH), comparative genomic hybridiza-
tion (CGH), and fluorescent in situ hybridization (FISH) 
applications. These techniques narrowed the genetically 
defined chromosomal regions and thus facilitated the 
identification of the responsible genes; LOH studies were 
critical in the identification of von Hippel–Lindau disease 
(VHL-elongin),42 MEN 1 (menin),43 Cowden disease 
(PTEN),44 Peutz-Jeghers syndrome (STK11/LKB1),45,46 
and Carney complex (PRKAR1A)47 genes.

NGS is used today to sequence the entire genome 
(whole-genome sequencing [WGS]) or only the expressed 
genes (whole exome sequencing [WES]) of a proband  
(or his family members) with the intention to identify  
the mutations responsible for a disease after the methods 
described here have positionally identified a locus of  
interest. In the absence of linkage or other positioning 
information (such as, for example, in the absence of 
family history, tumor material, or additional DNA sam-
ples) an individual’s genomic DNA (or tissue derived 
from the individual) may be sequenced by WGS or WES. 

Linkage
analysis

Chromosomal
localization and mapping

Candidate gene screening
in the chromosomal locus;

contig construction (if needed)
and cloning of new genes

Mutation
detection

FIGURE 2-10 n  The steps of positional cloning (see text).

http://www.ensembl.org
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This, however, leads to the identification of many muta-
tions and other variants that need to be excluded to iden-
tify the disease-specific gene(s). A typical flowchart for 
something like this is shown in Figure 2-11.

Impact of Modern Sequencing 
in Clinical Practice
Today genome-sequencing studies indicate that each  
human subject carries as many as 100 loss-of-function 
mutations with more than 20 genes being completely 
inactivated.49 Many genetic variants are found to have 
previously unsuspected functional redundancies,50,51 thus 
a patient may have many genetic variants within a singu-
lar signaling pathway leading to graded phenotypes.

An example of the application of the techniques of 
modern DNA sequencing in pediatric endocrinology that 
resulted in the elucidation of the disease mechanism is in 
the so-called white Addison disease (WAD) phenotype.52,53 
It has been recognized that patients presenting with pri-
mary adrenal insufficiency (pAI) are not always pig-
mented; this variant of pAI was called WAD. Increased 
pigmentation in pAI is attributed to the binding of high 
levels of adrenocorticotropin (ACTH) to the melanocor-
tin (MC) 1 receptor (MC1R). MC1R, a molecule with 
high degree of sequence similarity to the MC2R, the 
ACTH receptor, binds to its regular ligand, a-melanocyte-
stimulating hormone (a-MSH) and ACTH with an 
almost equal affinity.54 a-MSH stimulates melanogenesis 
in cultured human melanocytes and acts specifically to 

increase the synthesis of eumelanin. Both a-MSH and 
ACTH are splice products of the same precursor pituitary 
protein, proopiomelanocortin (POMC), and play a role in 
determining pigmentation in humans, as homozygous or 
compound heterozygote mutations in the POMC gene 
are associated with hypopigmentation and red hair. In pAI 
that is not appropriately treated with glucocorticoids, 
POMC expression increases, and both a-MSH and 
ACTH increase. The important role of MC1R in the 
determination of human skin and hair pigmentation is 
beyond doubt: reduced function MC1R alleles lead to red 
hair, freckling, sun sensitivity, and an increased risk of 
cutaneous cancers, including melanoma.54,55

Familial glucocorticoid deficiency (FGD) due to 
ACTH resistance consists of at least three distinct  
genetic syndromes that are all inherited as autosomal 
recessive (AR) traits: inactivating mutations of the ACTH 
receptor (the MC2R gene) and its accessory protein 
(MRAP); isolated ACTH resistance (iACTHR) without 
MC2R, MRAP, or any other known mutation; and  
Allgrove syndrome (AS).56,57 Turan and colleagues52 de-
scribed a patient with FGD without pigmentation: she 
was born with red hair, which gradually darkened during 
early childhood; despite repeated episodes of hypoglycemia, 
she was not diagnosed with pAI and was thus exposed  
to high ACTH levels until she was 6 years old. MC2R 
sequencing showed a homozygous T152K mutation that 
is known to affect trafficking of the receptor, like most 
ACTH receptor defects causing FGD. MC1R sequenc-
ing showed a homozygous R160W mutation that is 

Exome sequencing of index patient

Exclusion of frequent variants present in dbSNP

Exclusion of variants not segregating with disease

Confirmation by Sanger sequencing; screening controls

Exclusion of low Polyphen score/weakly conserved variants

Exclusion of genes that are not expressed (in the tissue)

RNA, protein, tumor and in vitro studies; animal models

Identification of a gene as responsible for a phenotype

�50,000 genes

�5,000 genes

�100 genes

�50 genes

~20 genes

~10 genes

2-3 genes

1 gene

Process of Identifying a Gene Using High Throughput Sequencing 

FIGURE 2-11 n  Whole genome or exome sequencing is the currently preferred DNA sequencing technology for gene identification. 
However, even in the genome of phenotypically normal human subjects, these sequencing techniques yield a multitude of sequenc-
ing variants, including bona fide protein-truncating mutations, hence the need to use a systematic and careful filtering process to 
identify the causative gene(s). The steps in the analysis of gene mutations identified by high throughput sequencing techniques that 
culminate in the assignment of a gene to a specific phenotype are illustrated.
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among the most common genetic variants of the receptor 
in red-haired individuals. In a fascinating confirmation of 
the roles of ACTH (and possibly other POMC-derived 
peptides) and MC1R in determining not only skin but 
also hair pigmentation, the patient’s hair lightened and 
“reverted to a reddish color” following proper replace-
ment with hydrocortisone and a decrease of serum 
ACTH levels.

This is the first demonstration of MC1R genetic vari-
ants affecting the phenotype in pAI. It is possible that 
MC1R, the major freckle gene, modifies the phenotype 
in Carney complex and other disorders associated with 
skin pigmentation and endocrine disease (e.g., McCune-
Albright syndrome, neurofibromatosis syndromes, and 
others). Beyond the obvious diagnostic implications, 
MC1R variants also predispose to nevi and cancer. Could, 
for example, the nevi observed in Turner syndrome and 
their response to growth hormone (GH) depend on 
MC1R function? And how might variant MC1R signal-
ing affect the function of other melanocortin receptors 
that to some extent interact and coordinate their cAMP 
responses? Would the clinical presentation of an MRAP 
defect causing FGD or an AAAS mutation causing AS be 
affected equally by MC1R variants?

With genetic variants responsible for even subtler ef-
fects (than, for example, red hair), DNA sequencing data 
challenge the practicing clinician to incorporate systems 
biology information in clinical practice. Clearly not all se-
quence defects identified by WGS or WES cause diseases; 
quite the opposite. The evidence is that there is redun-
dancy and an exquisitely delicate and complex molecular 
balance in human biology. But clinicians have to incorpo-
rate genetics in their daily practice, and educators have to 
introduce molecular pathways and their genetic variability 
in classic physiology and pathophysiology lectures.58

EXPRESSION STUDIES (MICROARRAYS, 
SAGE)

Advances in biotechnology, instrumentation, robotics, 
computer sciences, and the completion of genome se-
quencing initiatives for several organisms, including the 
human, have resulted in the development of novel and 
powerful techniques. A seminal example of such a tech-
nique is the development of the microarray technology. 
Microarrays contain thousands of oligonucleotides depos-
ited or synthesized in situ on a solid support, typically a 
coated glass slide or a membrane. In this technique, a 
robotic device is used to print DNA sequences onto  
the solid support. The DNA probes immobilized on the 
microarray slide as spots can either be cloned cDNA or 
gene fragments (ESTs, expressed sequence-tags), or oli-
gonucleotides corresponding to known genes or putative 
open reading frames. The arrays are hybridized with fluo-
rescent targets prepared from RNA extracted from tissue/
cells of interest; the RNA is labeled with fluorescent  
tags such as Cy3 and Cy5. The prototypic microarray 
experimental paradigm consists of comparing mRNA 
abundance in two different samples. One fluorescent tar-
get is prepared from control mRNA and the second target 
with a different fluorescent label is prepared from mRNA 
isolated from the treated cells or tissue under investiga-
tion. Both targets are mixed and hybridized to the micro-
array slide, resulting in target gene sequences hybridizing 
to their complementary sequences on the microarray 
slide. The microarray is then excited by laser, and the 
fluorescent intensity of each spot is determined with the 
relative intensities of the two colored signals on individual 
spots being proportional to the amounts of specific mRNA 
transcripts in each sample (Figure 2-12). Analysis of 
the fluorescent intensity data yields an estimation of the 

FIGURE 2-12 n  A, cDNA microarray, fluorescent labeled cDNA targets, ACTH-independent bilateral macronodular adrenal hyperplasia 
(Cy3), and ACTH-dependent hyperplasia (Cy5) were hybridized to glass slides containing genes involved in oncogenesis. Following 
laser activation of the fluorescent tags, fluorescent signals from each of the DNA “spots” are captured and subjected to analysis.  
B, Magnified view of the microarray platform displaying the fluorescent signals; green (Cy3) and red (Cy5) with yellow representing 
overlap of these two colors. (This image can be viewed in full color online at ExpertConsult.)

A B
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relative expression levels of the genes in the sample and 
control sample. Microarrays enable individual investiga-
tors to perform large-scale analyses of model organisms 
and to customize arrays for special genome applications.

The method of choice for global expression profiling 
depends on several factors including technical aspects, 
labor, price, time and effort involved, and, most impor-
tant, the type of information that is sought. Technical 
advances in the development of expression arrays, their 
abundance and commercial availability, and the relative 
speed with which analysis can be done are all factors that 
make arrays more useful in routine applications. In addi-
tion, array content can now be readily customized to 
cover from gene clusters and pathways of interest to the 
entire genome: some studies examine series of tissue-
specific transcripts or genes known to be involved in 
particular pathology; others directly use arrays covering 
the whole genome. Another factor that needs to be con-
sidered prior to embarking on any high-throughput  
approach is whether individual or pooled samples will be 
investigated. Series of pooled samples reduce the price, 
the time spent, and the number of the experiments down 
to the most affordable. Investigating individual samples, 
however, is important for identifying unique expression 
ratios in a given type of tissue or cell.

A requirement of all high-throughput screening  
approaches is confirmation of findings (expression level of 
a given gene/sequence) by other independent methods. A 
select group of genes are tested usually; these genes are 
picked from the series of sequences that were analyzed  
either because they were found to have significant changes 
or because of their particular interest with regard to their 
expression in the studied tissue or their previously identi-
fied relationship to pathology or developmental stage. The 
confirmation process attempts to support the findings on 
three different levels: (1) reliability of the high-throughput 
experiment (for this purpose the same samples examined by 
the microarrays are used); (2) trustfulness of the observa-
tions in general (to achieve that, larger number of samples 
are examined, assessment of which by high-throughput  
approaches is often unaffordable price- or labor-wise); and 
(3) verification of the expression changes at the protein 
level.58 A commonly used confirmatory technique is quan-
titative real-time reverse transcription PCR (qRT-PCR). 
For verification at the protein level, immunohistochemistry 
(IHC) and Western blot are the two most commonly cho-
sen techniques. IHC is not quantitative but has the advan-
tage of allowing for the observation of the exact localization 
of a signal within a cell (cytoplasmic versus nuclear) and the 
tissue (identifying histologically the tissue that is stained). 
Modern Western blot methods require a smaller amount of 
protein lysate than older techniques and have the advan-
tage of offering high-resolution quantitation of expression 
without the use of radioactivity.

CHROMOSOME ANALYSIS AND MOLECULAR 
CYTOGENETICS

Chromosomes represent the most condensed state in meta-
morphosis of the genome during a cell cycle. Condensation 
of the genetic material at metaphase stage is a crucial event 

that provides precise and equal segregation of chromo-
somes between the two daughter’s newborn cells during  
the next step, anaphase. This is followed by relaxation of 
the genetic content after cell division. This ability of the 
genome to transform from a molecular level (DNA) to a 
materialistic submicroscopic stage (chromosome) provides 
a unique opportunity to visualize the genome of an indi-
vidual cell of an organism. Different chromosomal abnor-
malities related to particular diseases or syndromes can be 
detected at this stage by karyotyping chromosomes.

Chromosomes can be individually recognized and clas-
sified by size, by shape (ratio of the short/long arm), and 
by using differential staining techniques. In the past, iden-
tification of chromosomes was restricted to chromosome 
groups only. The introduction of chromosome banding 
technique revolutionized cytogenetic analysis.59 The 
banding patterns are named by the following abbrevia-
tions: G for Giemsa, R for reverse, Q for quinacrine, and 
DAPI for 4969-diamino-2-phenylindole; the last two give 
a pattern similar to G-banding. Further development of 
high-resolution banding techniques60 enabled the study of 
chromosomes at earlier stages of mitosis, prophase, and 
prometaphase. Chromosomes are longer and have an en-
riched banding pattern at those stages, providing great 
details for the identification of chromosomal aberrations.

Outline of Methods
Preparation of good-quality chromosomes is an art. Many 
different methods for chromosome isolation have been 
developed in cytogenetics since the 1960s. The main 
principle behind all methods is to arrest cells at metaphase 
by disruption of the cell spindle. Metaphase spindle is a 
structure composed of tubular fibers formed in the cell to 
which the chromosomes are attached by kinetochores 
(centrosomes). The spindle separates the chromosomes 
into the two daughter cells. The agent commonly used for 
spindle disruption is Colcemid. The exposure time to 
Colcemid varies depending on the proliferative activity of 
cells. Cells with a high proliferative index need a shorter 
time of exposure to a high concentration of Colcemid, 0.1 
to 0.07 mg/mL for 10 to 20 minutes. Slow-growing cells 
require longer exposure, 1 to 4 hours or overnight with  
a lower concentration, 0.01 to 0.05 mg/mL. Prolonged 
exposure to Colcemid or the use of high concentrations 
increases the proportion of chromosomes at late meta-
phase, resulting in shortening of the chromosomes. Con-
versely, a short exposure with a high concentration of 
Colcemid reduces the total yield of metaphases. The  
optimum strikes a balance of these parameters. There are 
some additional modifications that allow for the enrich-
ment of long (prometaphase) chromosomes by using 
agents that prevent DNA condensation, such as actino-
mycin D, ethidium bromide, or BrDU. Cell synchroniza-
tion techniques can also significantly increase the total 
yield of metaphase chromosomes.

Applications
Chromosomes are invaluable material for the evalua-
tion of the genome integrity and its preservation at the  
microscopic chromosomal level. The areas of application 
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include prenatal diagnostics, genetic testing of multiple 
familial syndromes including cancer, positional cloning 
of the genes, and physical mapping (assignment of the 
genes on chromosomes and subchromosomal regions). 
The number and morphology of all 23 chromosome 
pairs in humans can be examined using G-banding  
differential staining of chromosomes obtained from a 
peripheral blood sample. Aberrations in the number of 
chromosomes or visible chromosomal alterations, such  
as translocations, deletions, and inversions involving  
extended regions, can be detected by this method. Ad-
vances such as spectral karyotyping (SKY) allow for  
better visualization of aneuploidy and translocations be-
tween different chromosomes.61 Subtle rearrangements, 
such as submicroscopic deletions or cryptic transloca-
tions (an exchange of the small distal telomeric regions 
between the two nonhomologous chromosomes), can be 
visualized using specific probes in the FISH technique62 
(Figure 2-13).

Future Developments
Chromosome analysis will remain a powerful analytic 
tool in clinical and research fields for the foreseeable 
future. Possible strategies to improve existing methods 
include automatization and linearization of the genetic 
content by increasing resolution to visualize at the level 
of the chromosome, chromatin, DNA, and gene. An-
other possible direction of development is functional 
analysis of the genome using constitutional chromo-
somes and labeled expressed sequences from particular 
tissues mapped directly to their original positions on 
chromosomes.

MOLECULAR BASIS OF PEDIATRIC 
ENDOCRINOPATHIES

Since the 1990s, the application of recombinant DNA 
technology to the understanding of the pathogenesis  
of endocrinopathies has increased. Although this new 
approach to endocrinologic disorders has resulted  
in the delineation of new syndromes, its major impact 
has been in facilitating the diagnosis of these disor-
ders. Genetic counseling including anticipatory sur-
veillance, such as in multiple endocrine neoplasia 
(MEN) syndromes (Chapter 14), is also one of the  
areas of clinical pediatric endocrinology with major 
impact of this “new” knowledge. For example, it is  
becoming increasingly clear that phenotypically homog-
enous clinical syndromes may result from different  
genotypical abnormalities and that similar genetic  
abnormalities may have very different clinical manifesta-
tions. In contrast, therapeutic implications of such 
knowledge are still limited. Hence, the earlier hopes  
of spectacular gains from gene therapy have not been 
realized and significant problems need to be addressed 
before gene therapy becomes a reality in routine patient 
care. However, targeted pharmacotherapy exploiting 
knowledge gained regarding molecular mechanisms and 
pathogenesis has been successfully employed in the 
treatment of some diseases such as androgen insensitiv-
ity and thyroid cancer. This section demonstrates a 
couple of seminal examples of clinical endocrine disor-
ders whose molecular basis has been elucidated. Details 
of the specific disorders are elaborated in the respective 
chapters of this book.

FIGURE 2-13 n  Human metaphase chromosomes (A) after FISH using the chromosome X-specific centromeric probe labeled with 
Spectrum Orange (SO) and chromosome Y-specific heterochromatin labeled with Spectrum Green (SG); and (B) with the inverted 
DAPI banding (similar to G-banding) allowing chromosomal identification. (This image can be viewed in full color online at 
ExpertConsult.)
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Defects in Peptide Hormones
Genomic Deletions Causing Human 
Endocrine Disease

One of the early discoveries regarding the molecular 
basis of endocrinopathies was the absence of the gene 
coding for a particular peptide hormone; the entire gene 
could be missing or only a part of the gene could be  
deleted. In either case, this resulted in the inability to 
synthesize a functional peptide so that the patient pre-
sents with clinical features indicative of deficiency of the 
hormone. A classical example of this type of endocri-
nopathy relevant to pediatric endocrinology is isolated 
growth hormone deficiency, type 1A (IGHD 1A).63 In 
this syndrome the gene for human growth hormone-N 
(hGH-N) is deleted; disease results when both alleles of 
hGH-N are absent (indicative of an autosomal recessive 
inheritance). In the human there are two hGH genes 
(hGH-N and hGH-V) and both of them, along with the 
three placental lactogen (chorionic somatomammotro-
pin) genes, are clustered along a 48-kilobase region of 
DNA. hGH-N is expressed in the pituitary gland and is 
the source of circulating GH in the human, whereas 
hGH-V is expressed only in the placenta and its biologi-
cal function is not clear at this time. In autosomal reces-
sive, type 1A isolated GH deficiency, although hGH-V is 
intact, the absence of the active gene, hGH-N, results in 
deficiency of circulating GH and the GH-deficient phe-
notype. In the original case description, the infants were 
of relatively normal size at birth but developed severe 
growth failure during the first year of life. A distinctive 
feature of these infants was the propensity to develop 
antibodies against GH in response to exogenously admin-
istered GH. This feature, although common, is not invari-
ably present in patients with IGHD 1A. The state of the 
art method for screening for an hGH-N deletion is based 
on the PCR amplification of the highly homologous  
regions of DNA on the long arm of chromosome 17 that 
flank the hGH-N gene.64,65 The presence of convenient 
restriction enzyme sites, such as SmaI, in the amplified 
DNA is exploited to ascertain the presence or absence of 
deletions in this region of the chromosome. Although 
this PCR-based approach is useful in most cases, it does 
not identify all cases with abnormalities in the hGH-N 
gene. In particular more rigorous methods are required 
for the identification of the less common causes of 
IGHD-1A such as point mutations. The study of the 
hGH-hPL gene cluster has also shed light on the func-
tion of prolactin, as several studies have identified sub-
jects with hPL deletions. These deletions do not result  
in overt clinical abnormalities and specifically do not 
cause clinical effects in pregnant patients, suggesting 
that, despite high levels of hPL found during pregnancy, 
hPL serves no essential function in the human.66

Point Mutations

Peptide hormones act by binding to a specific receptor, 
which then results in the biological actions attributed to 
that particular hormone. The binding of the peptide 
hormone to its receptor, classically described as the lock 

and key mechanism, is a precise mechanism dependent 
on the complementary structures of the receptor and  
the site on the hormone that is involved in binding to the 
receptor. A change in the nucleotide sequence of the 
gene coding for a peptide hormone that results in alter-
ing an amino acid residue of the hormone can affect the 
function of the hormone if this change interferes with the 
hormone’s ability to either bind or activate the receptor. 
Historically, point mutations resulting in aberrant protein 
production were well described with hemoglobin. This 
was possible because hemoglobin is present in abundant 
quantities in the blood, enabling purification and analysis 
of hemoglobin from patients suspected to have hemoglo-
binopathies. On the other hand, peptide hormones are 
present in infinitesimally lesser amounts in circulation, 
making their direct purification and analysis from blood 
a more daunting task. With the advent of recombinant 
DNA technology, it became feasible to clone and analyze 
the gene coding for the hormone directly, without having 
to resort to purification of the protein from blood or  
tissue. This approach has resulted in the identification  
of several clinical syndromes due to mutant hormones. 
One of the classical examples of this type of molecular 
pathology is noninsulin diabetes mellitus (NIDDM) due 
to mutant insulins.67 A number of patients have been 
described with point mutations in the insulin gene.  
In general these patients present with hyperglycemia, 
hyperinsulinemia, and normal insulin sensitivity, a clinical 
picture that is attributed to the production of an abnormal 
insulin molecule with reduced biological activity. Thus, 
Insulin Chicago is characterized by a single nucleotide 
change, TTC to TTG, which results in the substitution 
of a leucine for phenylalanine residue at position 25 of 
the B chain (Phe-B25-Leu). Similarly, the other two 
well-characterized point mutations are characterized by 
the change of a single amino acid residue and result in  
the formation of Insulin Wakayama (Val-A3-Leu) and 
Insulin Los Angeles (Phe-B24-Ser). These mutations are 
located within the putative receptor-binding region of 
the insulin molecule, and the insulin molecules tran-
scribed from these mutant genes are characterized by  
low binding potency (, 5% compared to normal) for the 
insulin receptor. A separate class of mutations in the  
insulin gene gives rise to the syndrome of hyperproinsu-
linemia with or without clinically significant carbohy-
drate intolerance. Thus, two mutations described involve 
substitution of a histidine for an arginine at position 65, 
and in the other case histidine at position 10 of the B 
chain is changed to aspartic acid. Although the original 
descriptions of these mutant insulins relied on the purifi-
cation and analysis of the abnormal insulin molecule per 
se, the current availability of PCR-based methods to 
screen for these mutations has greatly simplified the 
laboratory diagnosis of this syndrome.

Another example of point mutations resulting in a 
phenotype that is especially relevant to pediatric endocri-
nologists is hypopituitarism secondary to abnormalities 
in transcription factors that orchestrate embryologic  
development of the anterior pituitary gland.68,69 POU1F1 
(also known as Pit1 or GHF-1) was the first transcrip-
tion factor that was identified to play a specific role in 
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pituitary development. The POU1F1/PIT-1 gene encodes 
a 291 amino acid POU homeodomain DNA binding 
nuclear protein that is present in somatotrophs, lacto-
trophs, and thyrotrophs. POU1F1/PIT-1 is necessary for 
the normal development of these pituitary cell types. The 
first indication that abnormalities in POU1F1/PIT-1 may 
result in a phenotypic change was derived from studies 
on strains of mice with genetic forms of dwarfism. The 
Snell and Jackson strains of dwarf mice are characterized 
by a deficiency of GH, prolactin, and thyroid-stimulating 
hormone (TSH). In 1990 Li and colleagues reported that 
Snell phenotype was caused by a missense mutation and 
that the Jackson phenotype was caused by a rearrange-
ment in the POU1F1/PIT-1 gene.70 Since this landmark 
study, several recessive and dominant types of POU1F1/
PIT-1 abnormality have been recognized in sporadic 
cases and multiplex families with hypopituitarism.71-73 
POU1F1/PIT-1 activates GH and prolactin gene expres-
sion, and can bind to and transactivate the TSH-B pro-
moter. Accordingly, patients with POU1F1/PIT-1 muta-
tions demonstrate GH, prolactin, and variable TSH 
deficiencies.71 It can be inherited in an autosomal domi-
nant or recessive manner, but POU1F1/PIT-1 mutations 
are not a common cause of combined pituitary hormone 
deficiencies.

HESX1 is a paired-like homeodomain transcription 
factor expressed in the developing pituitary gland.  
Mutations in this gene leading to decreased activity 
have been found in two siblings with panhypopituita-
rism, absent septum pellucidum, optic nerve hypoplasia, 
and agenesis of the corpus callosum, implicating a role 
for HESX1 in mediating forebrain development.74,75 
Another mutation in HESX1 was recently discovered in 
a patient with septo-optic dysplasia and isolated growth 
hormone deficiency.76 Experimental evidence suggests 
that this particular mutation results in the production of 
an altered HESX1 protein with enhanced DNA binding 
activity that abrogates the transcriptional activity of 
PROP1, another transcription factor necessary for pitu-
itary development.

PROP1 is thought to be involved in the differentia-
tion of somatotropes, thyrotropes, lactotropes, and 
gonadotropes. Mutations in PROP1 leading to re-
duced DNA-binding and transcriptional activity have 
been identified in patients with combined pituitary 
hormone deficiency. These patients have a deficiency 
of TSH, GH, prolactin, luteinizing hormone (LH), 
and follicle-stimulating hormone (FSH).77 Patients 
with a demonstrated gonadotropin deficiency may 
present with failure to enter puberty spontaneously, 
whereas other patients do enter puberty but have a 
subsequent loss of gonadotropin secretion. Although 
PROP1 is directly implicated in the differentiation of 
only four out of the five anterior pituitary cell types, 
some patients have also been described with ACTH 
deficiency. PROP1 mutations are believed to be rela-
tively common (32% to 50%) genetic causes of com-
bined pituitary hormone deficiency (PTH).78

Rathke’s pouch initially forms but fails to grow  
in LHX3-knockout mice.79 Humans have been found 
to have mutations in the LHX3 gene, a LIM-type 
homeodomain protein, and demonstrate complete 

deficits of GH, prolactin (PRL), TSH, and gonadotro-
pins in addition to a rigid cervical spine leading to 
limited head rotation. LHX4 is a related protein, 
which similar to LHX3 regulates proliferation and dif-
ferentiation of pituitary lineages. A patient has been 
identified with a dominant mutation in this protein 
demonstrating deficiencies of GH, TSH, and ACTH, 
a small sella turcica, a hypoplastic anterior hypophysis, 
an ectopic posterior hypophysis, and a deformation of 
the cerebellar tonsil into a pointed configuration.80

Finally, Rieger syndrome is a condition with abnormal 
development of the anterior chamber of the eye, dental 
hypoplasia, and a protuberant umbilicus associated with 
growth hormone deficiency. All mutations in RIEG 
(Pitx2) found thus far have been heterozygous, with an 
autosomal dominant inheritance.81

Defects in Peptide Hormone Receptors
Molecular defects resulting in phenotypic abnormalities 
in humans have been described in a variety of peptide 
hormone receptors including GH, LH, FSH, TSH, 
ACTH, and insulin, and it is expected that this list will 
continue to expand in the future. Mutations in receptors 
for peptide hormone interfere in the actions of the hor-
mone by altering the binding of the hormone, by altering 
the number of the receptors available for binding to  
the hormone, by interfering with the synthesis or intra-
cellular processing of the receptor, or by disrupting the 
activation of the postreceptor signaling pathways. In gen-
eral, mutations in the receptor result in decreased actions  
of the cognate hormone. However, mutations involving 
G-protein linked receptors are exceptions to this gener-
alization and can result in a phenotype characterized  
by “overactivity” of the particular hormone system.  
Examples of these “gain of function” mutations include 
mutations in the LH receptor responsible for familial 
testotoxicosis82 and mutations in the TSH receptor caus-
ing thyrotoxicosis83 (refer to Chapter 7).

Insulin Receptor

Following the initial reports in 1988, a variety of muta-
tions have been identified in the insulin receptor gene, 
with the majority of them being in patients with genetic 
syndromes associated with acanthosis nigricans and  
insulin resistance.84 Patients with leprechaunism, a con-
genital syndrome characterized by extreme insulin resis-
tance, fasting hypoglycemia, and intrauterine growth  
retardation, have two mutant alleles of the insulin recep-
tor gene. Another syndrome associated with acanthosis 
nigricans and extreme insulin resistance, the Rabson-
Mendenhall syndrome, has been linked to two different 
mutations within the insulin receptor gene existing in a 
compound heterozygous state. The syndrome of type A 
insulin resistance is a heterogeneous collection of condi-
tions defined by the presence of insulin resistance, acan-
thosis nigricans, and hyperandrogenism in the absence of 
lipoatrophy or obesity. Molecular analysis of the insulin 
receptor gene has revealed that several of these patients 
have mutations in either one or both alleles of the insulin 
receptor gene. The initial expectation of mutations in the 
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insulin receptor providing the molecular basis for the 
common type of type 2 (NIDDM) diabetes mellitus has 
not been justified. Hence, no alterations in the insulin 
receptor gene were identified in a study of Pima Indians, 
an ethnic group with a greater than 50% incidence of 
type 2 diabetes mellitus. It is noteworthy, however, that 
studies have advanced the search for genetic variations 
that influence the propensity to develop type 2 diabetes 
mellitus.85,86 Positional cloning-based analysis suggests 
that specific polymorphisms in the CAPN10 gene are as-
sociated with type 2 diabetes mellitus in the Finnish and 
Mexican-American (Pima Indian) populations. Whether 
these genetic variations in the CAPN10 gene, located on 
chromosome 2, which encodes a widely expressed cal-
pain-like cysteine protease, are causal factors for type 2 
diabetes mellitus or merely co-segregating markers re-
mains to be established. However, current studies have 
not excluded the possibility that polymorphisms in the 
insulin receptor gene may confer a genetic predisposition 
for the precipitation of the development of NIDDM by 
obesity or hypertension.

GH Receptor

Genetic abnormalities in the GH receptor result in the 
primary form of the syndrome of GH insensitivity, also 
called Laron syndrome.87 The human GH receptor gene, 
located on the proximal part of the short arm of chromo-
some 5, spans approximately 90 kilobases and includes 
nine exons, numbered 2 through 10, that encode the re-
ceptor protein, and additional exons in the 59 untranslated 
region of the gene. The GH receptor protein contains an 
open reading frame of 638 amino acids, which predicts  
a 246 amino acid-long extracellular ligand-binding  
domain, a single membrane spanning domain and a cyto-
plasmic domain of 350 amino acids. In the human, the 
extracellular portion of the receptor exists in circulation 
as the GH-binding protein (GHBP). Exon 2 encodes a 
signal sequence, exons 3 through 7 the extracellular GH-
binding domain, exon 8 the transmembrane domain,  
and exons 9 and 10 the cytoplasmic domain and the 39 
untranslated region. The mutations that have been  
described in the GH receptor gene include large dele-
tions, nonsense mutations, splice mutations, and frame-
shift mutations.88 The diagnosis of growth hormone 
insensitivity resulting from mutations in the growth  
hormone receptor gene is considered when patients 
demonstrate elevated GH levels and low IGF-1 levels. 
Because the growth hormone binding protein (GHBP) is 
the cleaved extracellular portion of the growth hormone  
receptor, patients with mutations in the growth hormone 
receptor that result in decreased synthesis of the receptor 
protein can demonstrate low GHBP levels in circulation. 
However, mutations in the growth hormone receptor 
gene that selectively involve the transmembrane or intra-
cellular domains may demonstrate normal or even  
enhanced circulating levels of GHBP. For example, a 
patient with a mutation inhibiting dimerization of the 
receptor had normal GHBP levels because the receptor 
had a normal GH-binding site.89 Another set of affected 
individuals had a mutation of the transmembrane domain 
of the receptor, leading to a truncated growth hormone 

receptor product that is postulated to be more easily  
released from the cell membrane and elevated GHBP 
levels were noted.90

PRINCIPLES OF INTERPRETATION OF 
GENETIC TESTS IN THE DIAGNOSIS AND 
MANAGEMENT OF PEDIATRIC ENDOCRINE 
DISEASES

In the past, genetic tests were usually carried out by  
research laboratories that had a specific interest in the 
disease/syndrome under investigation. Under this sce-
nario the medical provider could generally rely on  
the expertise of the research laboratory to help with the 
identification of the appropriate test/test panel and inter-
pretation of the results of the tests. However, with the 
increasing use of commercial laboratories for these tests, 
these responsibilities are being transferred to the medical 
providers. Hence, it is now essential for medical provid-
ers to become familiar with issues such as choosing of the 
appropriate test, the potential usefulness of the informa-
tion provided by the test including false-positive and 
false-negative results, available preventive or treatment 
options, and social and behavioral issues related to  
genetic testing. The following are some of the points that 
should be taken into account when ordering or interpret-
ing a genetic test for a pediatric endocrine disorder:

Limitations of commonly used PCR-based assays. In gen-
eral routine PCR-based assays (whether they involve 
electrophoresis or DNA sequencing of the product) can-
not reliably differentiate between the two alleles of an 
individual gene. Hence, in a given instance the detection 
of a mutation in an autosomal recessive disease could be 
either due to the mutation being present in only one of 
the alleles (and thus not likely to have clinical manifesta-
tion) or due to the mutation being present in a single 
allele with the other allele being absent (e.g., due to gene 
deletion) in which case the mutation in the one allele 
present would clinically manifest. In a similar manner the 
inability to amplify a loss-of-function mutant allele by 
PCR could either be due to the presence of two normal 
alleles (hence excluding the genetic defect) or because of 
the absence of both the alleles (due to gene deletion) in 
which case the genetic defect would be symptomatic. In 
many cases the latter scenario can be excluded by testing 
using alternative techniques such as Southern blotting.

Germline versus somatic mutation. Germline mutations 
are present in every cell descended from the zygote to 
which that mutant gamete (ova/sperm) contributed. In 
contrast, somatic mutations occur in a somatic cell (e.g., 
liver or bone marrow or skin) and hence are not present 
in other cell types in the body. Most common examples 
of inherited mutations are germline mutations. Examples 
of somatic mutations causing endocrine disorders are 
more rare—for example, in McCune-Albright syndrome 
the mutation in the GNAS gene may only be detectable 
in the skin (café au lait) or the bone (fibrous dysplasia) 
lesion.

Disorders of imprinting. In many instances, the genetic 
basis of the endocrine disorder is not due to a mutation but 
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rather is due to an abnormality in genomic imprinting. 
Genomic imprinting is the modification of gene expres-
sion dependent on whether the genetic material is inher-
ited from the mother or the father. Classic examples  
are Prader-Willi syndrome (chromosome 15q12 dele-
tion inherited from father) and Angelman syndrome 
(chromosome 15q12 deletion inherited from mother). 
Other examples of endocrine disorders in which im-
printing is implicated are pseudohypoparathyroidism 
and Albright hereditary osteodystrophy, Russell-Silver 
syndrome, Beckwith-Wiedemann syndrome, the focal 
form of persistent hyperinsulinemic hypoglycemia of 
infancy (PHHI), and transient neonatal diabetes.

Penetrance and expressivity. Penetrance is defined as the 
percentage of people who have the gene and who develop 
the cognate phenotype. Expressivity is the extent to which 
a gene is expressed in one person. For example, when a 
gene has 50% expressivity, only half the features are pres-
ent or the disease severity is only half of what can occur 
with full expression. The variable penetrance of many of 
the neoplastic components of the MEN syndrome is an 
example of this phenomenon.

One gene, multiple diseases. Examples of mutations in the 
same gene causing different disease (e.g., lamin A/C gene 
[LMNA] mutation causing Emery-Dreifuss muscular dys-
trophy, Hutchinson-Gilford Progeria, Charcot-Marie- 
Tooth type 2, familial partial lipodystrophy syndrome, and 
dilated cardiomyopathy). In many such instances, the vari-
ability can be attributed to specific mutation(s) for each 
of the different clinical manifestations or sets of mutations 
within different domains/regions of the gene. A similar 
example is mutations in the RET oncogene implicated in 
MEN2 syndromes, nonsyndromic paraganglioma, and in 
Hirschsprung disease.

One disease, multiple genes (phenocopy). Phenocopy refers 
to the development of disease manifestations that are usu-
ally associated with mutations of a particular gene but 
instead are due to another gene/etiology. Such a scenario 
could confound clinical diagnosis and management of a 
suspected hereditary endocrine disorder. For example, it 
has been reported that MEN1 syndrome which is usually 
caused by mutation in the MEN1 gene can be mimicked 
by familial hypocalciuric hypercalcemia (FHH) due to an 
inactivating mutation in the calcium-sensing receptor, 
and the hyperparathyroidism-jaw tumor (HPT-JT) syn-
drome due to a mutation in the gene responsible for  
hyperparathyroidism type 2 (HRPT2).

RECOMBINANT DNA TECHNOLOGY 
AND THERAPY OF PEDIATRIC ENDOCRINE 
DISEASES

From a therapeutic point of view, recombinant DNA 
technology can be exploited to either tailor pharmaco-
therapy according to the genotype of a patient (i.e., tar-
geted pharmacotherapy), manipulate genes within the 
human body (gene therapy), or engineer prokaryotic or 
eukaryotic cells to produce proteins such as hormones, 
which can then be administered for therapy or diagnosis. 
Whereas targeted pharmacotherapy and gene therapy 

are mostly restricted to the research arena, the use of 
hormones produced by recombinant DNA technology is 
well established in clinical endocrinology. Historically, 
insulin was the first hormone synthesized by recombi-
nant DNA technology to be approved for clinical use.91,92 
At present, a variety of recombinant hormones including 
GH, LH, FSH, TSH, PTH, and erythropoietin are be-
ing used clinically or are in advanced stages of clinical 
trials.

On a theoretic basis it should be possible to synthe-
size any protein hormone whose gene has been cloned 
and DNA sequence determined. Thus, recombinant 
DNA technology makes it possible to insert the gene 
coding for a particular protein hormone into a host  
cell such that the protein is produced by the host cell’s 
protein-synthesizing machinery. The synthesized protein 
is then separated from the rest of the host cell proteins to 
obtain the pure form of the hormone of interest. Both 
prokaryotic and eukaryotic cells can serve as the host  
cell for the production of proteins by this technology. 
Because post-translational modifications such as glyco-
sylation may be essential for the optimal action of a  
protein hormone, the choice of the specific cell system 
utilized for the production of a particular protein hormone 
is critical. Prokaryotic cell systems such as Escherichia coli 
are suitable for the production of protein hormones that 
do not need posttranslational modifications, such as 
GH.93 Eukaryotic cell systems such as Chinese hamster 
ovary (CHO) cells that are capable of post-translational 
modification of the protein are useful for the production 
of hormones such as TSH that require glycosylation for 
optimal bioefficacy.94 In addition, eukaryotic cells are 
capable of synthesizing proteins that undergo the appro-
priate folding, a step that is not carried out by prokary-
otic cells. The advantages of the use of recombinant 
DNA for the production of these proteins include the 
possibility of a limitless supply of a highly pure form of  
a protein and the absence of the risk of contamination 
with biological pathogens associated with the extraction 
of proteins from human or animal tissue. In addition,  
this technology permits the development of hormone 
analog and antagonists with much greater ease than con-
ventional protein synthesis protocols.

The influence of genetic factors on the metabolism of 
various drugs is a well-established phenomenon with the 
effect of various iso-enzymes of cytochrome p450 on the 
circulating half-life of drugs such as anticonvulsants  
being a classic example of this interaction. Another exam-
ple of the role of genotype on the choice of pharmaco-
therapy is the phenomenon of drug-induced hemolytic 
anemia in patients with G6PD deficiency. The genomic 
revolution has allowed for the exploitation of computa-
tional approaches to identify polymorphisms of known 
genes encoding proteins with different functional charac-
teristics. These single nucleotide variations (also called 
single nucleotide polymorphisms, or SNPs) occur with 
varying frequencies in different ethnic populations and 
are the focus of intense scrutiny at this particular time. 
The promise that these SNPs hold out is that analysis of 
these SNPs for a given gene will allow the investigator to 
predict the response of the particular individual to a class 
of drugs/chemicals. This pharmacogenomic approach to 



2 Molecular Endocrinology and Endocrine Genetics 31

clinical therapeutics has already been successful in dem-
onstrating an association between specific polymorphisms 
in the b-adrenergic receptor and response to b-agonists 
in patients with bronchial asthma, and polymorphisms in 
hydroxytryptamine receptors and response to neurolep-
tic drugs. The widespread application of the tools  
of molecular biology to unravel the molecular basis of 
action of hormones has also yielded benefits by allowing 
for customization of the pharmacotherapy of endocrine 
diseases and syndromes based on the specific individual 
genetic defect. One such example is the report of di-
rected pharmacologic therapy of an infant with ambigu-
ous genitalia resulting from a mutation in the androgen 
receptor.95 In this infant with a M807T mutation in the 
androgen receptor, in vitro functional studies had indi-
cated that the mutant receptor exhibited loss of binding 
capacity for testosterone with retention of binding for 
dihydrotestosterone. Furthermore, this differential bind-
ing was also reflected in the better preservation of the 
transactivation potential of dihydrotestosterone (DHT) 
compared to testosterone. These in vitro findings were 
exploited to treat the infant with DHT, resulting in res-
toration of male genital development. This case illus-
trates that in selected cases, in vitro functional assays can 
help identify subsets of patients with ambiguous genitalia 
and androgen insensitivity who would respond to tar-
geted androgen therapy. It can be anticipated that in the 
coming years, more examples of such innovative thera-
peutic strategies and “customized” hormonal treatment 
protocols will become routine and implemented in the 
practice of clinical pediatric endocrinology.

CONCLUDING REMARKS

The application of recombinant DNA technology has 
resulted in a tremendous increase in our understanding 
of physiologic processes and pathologic conditions. 
Achievements such as the full sequence of the human 
genome in normal subjects49 have resulted in a paradigm 
shift in the way that we think about genetic causes and 
predisposition to disease58 and in the analysis of the func-
tion of hormones and related proteins.96 In the tradi-
tional paradigm, investigators seeking to discover new 
genes or to analyze the function of known proteins 
needed to devote a significant part of their time to con-
ducting “bench research” in “wet laboratories.” The new 
approach in this “postgenomic” era takes advantage of 
the unprecedented power of computational biology to 
“mine” nucleotide, protein sequence, and other related 
databases. In the future, most researchers will deal with 
abstract models and data sets stored in computer data-
bases. Hence, initial discoveries of novel genes or novel 
interactions between known proteins or intracellular sig-
naling pathways could be made using the analytic power 
of computational software tools (functional genomics); 
these initial insights can then be verified and expanded 
upon by traditional laboratory bench methods. The advan-
tages of this new paradigm are obvious with computa-
tional approaches taking a significantly shorter time, with 
less demand on manpower, and can easily expand the 
scope of the search to include multiple molecules and 

organisms (phylogenetic profiling). Several public-domain 
web-accessible databases are currently serving as the  
major repositories for this information. GenBank is the 
major repository for sequence information and is cur-
rently supported by the National Institutes of Health. 
One of the main sources of the physical location, clinical 
features, inheritance patterns, and other related informa-
tion of specific gene defects is the Online Mendelian  
Inheritance in Man (OMIM) operated by Johns Hopkins 
University in Baltimore, Maryland. Johns Hopkins  
University also operates the online Genome Data Base 
(GDB), which allows scientists to identify polymor-
phisms and identify contacts for gene probes and other 
related research tools. The ever-expanding number of 
endocrine (and other) disorders that can be attributed to 
changes in the nucleotide sequence of specific genes has 
also increased the necessity for the availability of accu-
rate, reliable, and timely genetic tests such as mutation 
detection. One source for such information is a collab-
orative website (www.genetests.org) that maintains an 
up-to-date catalog of commercially available and research-
based tests for inherited disorders.

With the ubiquitous use of these powerful tools in 
laboratories around the world, genes are being cloned 
and genetic diseases are being mapped at a rapid pace. 
In all of these exciting developments, one still needs  
to keep in mind that whereas this “new” science has  
allowed for hitherto inaccessible areas of human biology 
to be probed and studied, a lot remains to be under-
stood with respect to individual disease processes. 
Hence, at the present time, we have only a rudimentary 
understanding of the correlations between phenotype 
and genotype in many of the common genetic diseases 
such as congenital adrenal hyperplasia. These lacunae in 
our knowledge dictate that clinicians should be cautious 
about basing therapeutic decisions solely on the basis of 
molecular and genetic studies. This is especially true in 
the area of prenatal diagnosis and recommendation for 
termination of pregnancy based on genetic analysis. As 
we improve our understanding of the molecular and 
genetic basis of disease and translate this knowledge 
into gains at the bedside, it behooves us, both as indi-
viduals and as a society, to be cognizant of critical issues 
relating to the privacy of health data and to remain 
vigilant against misuse by inappropriate disclosure of 
this powerful knowledge.
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QUESTIONS

 1. Which of the following is the correct statement with 
regard to miRNA?
 a. A single miRNA can target only one RNA.
 b. A single mRNA target can be recognized by only 

one miRNA.
 c. miRNAs act by binding to complementary sequences 

on the 59 untranslated region of target mRNAs.
 d. One of the mechanisms by which miRNAs exert 

biological effect is by enhancing degradation of 
the target mRNA.

 e. Positive regulation of gene expression is the most 
common biological effect of miRNAs.

Correct answer: d

 2. You are evaluating an infant who is suspected of having 
isolated growth hormone deficiency, type 1A (IGHD 
1A). Which of the following statements is correct with 
regard to IGHD 1A?
 a. The gene that is deleted is the hGH-V gene ex-

pressed in the pituitary gland and is the source of 
circulating GH in the human.

 b. The classical inheritance pattern of this condition 
is autosomal dominant.

 c. These infants are usually small at birth.
 d. These infants have a propensity to develop anti-

bodies against GH in response to exogenously 
administered GH.

 e. Measurement of random GH levels is not useful to 
make a diagnosis of GH deficiency in the newborn 
period.

Correct answer: d

 3. Which of the following statements is correct with 
regard to commonly used PCR-based assays?
 a. In general, PCR-based assays can routinely differen-

tiate between the two alleles of an individual gene.
 b. The inability to amplify a loss-of-function mutant 

allele by PCR is diagnostic of a gene deletion.
 c. DNA contamination is not a significant concern 

with PCR-based assays.
 d. The PCR technique can be used to directly amplify 

products of protein degradation.
 e. PCR-based assays use the enzyme Taq polymerase, 

a heat-stable enzyme originally isolated from the 
bacterium Thermophilus aquaticus.

Correct answer: e

 4. Prader-Willi syndrome is an example of a disorder of 
imprinting. Which of the following statements is true 
about genomic imprinting?
 a. Genomic imprinting is caused by a mutation in 

genomic DNA.
 b. Genomic imprinting is more relevant for diseases 

inherited from the mother.
 c. Genomic imprinting is more likely to occur in the 

firstborn child.
 d. Genomic imprinting is almost always caused by 

endocrine disruptors.
 e. The focal form of persistent hyperinsulinemic 

hypoglycemia of infancy (PHHI) is an example of 
a disorder of imprinting.

Correct answer: e

 5. Positional cloning (or “reverse” genetics) resulted in 
the identification of the genetic basis of several endo-
crine disorders. Which of the following statements is 
true about positional cloning?
 a. The positional cloning strategy requires at least a 

partial knowledge of the genetic basis of the disease 
under investigation.

 b. The positional cloning strategy is useful for iden-
tifying the genetic basis of diseases without any 
obvious candidate gene(s).

 c. Positional cloning can only be applied to diseases 
with an autosomal dominant inheritance pattern.

 d. Informative recombination interferes with posi-
tional cloning.

 e. The Human Genome Project (HGP) did not facili-
tate the strategy of positional cloning.

Correct answer: b
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Receptor Transduction Pathways 
Mediating Hormone Action
Bassil Kublaoui, MD, PhD • Michael A. Levine, MD

INTRODUCTION

Hormones exert their actions by binding to specific recep-
tor proteins, a process that induces conformational changes 
or compartmental redistribution of these proteins. The 

activated receptor is now capable of inducing positive  
(or negative) intracellular effects that ultimately are  
recognized as a physiologic response. The specificity of  
hormone action is determined by the affinity of hor-
mones for different receptors, the cell-specific expression 
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of the receptor, and the unique responses induced by  
ligand occupancy.

Since the early 2000s, our understanding of hormone 
action has advanced rapidly with the success of genomics 
and advanced molecular biologic techniques. This com-
bined approach has led to the discovery and classification 
of an unexpectedly large number of receptors, some quite 
novel and others even unanticipated, that are members of 
large families of genetically conserved proteins. Moreover, 
our understanding of receptor action has been clarified  
by the identification and detailed characterization of post-
receptor signaling proteins and signaling mechanisms. 
Four major receptor superfamilies have been identified 
that are distinguished by protein structure, cellular local-
ization, and effector systems. These families include the  
G protein–coupled receptors (GPCRs), cytokine recep-
tors, tyrosine kinase receptors (RTKs), and nuclear recep-
tors (Table 3-1). This chapter reviews major features of 
these important receptor families. Mutations influencing 
receptor function leading to endocrine disorders are also 
highlighted.

G PROTEIN–COUPLED RECEPTORS

More than 1% of the genome of vertebrates encodes a 
large protein family of receptors that sense molecules 
outside the cell and activate inside signal transduction 
pathways and, ultimately, cellular responses. These re-
ceptor proteins are embedded in the plasma membrane 
and are coupled to intracellular signal generating systems 
by heterotrimeric G proteins (i.e., G protein coupled 
receptors [GPCRs]).1 GPCRs are also known as seven-
transmembrane domain receptors, 7TM receptors, hep-
tahelical receptors, and serpentine receptors. They are 
called transmembrane receptors because they pass 
through the cell membrane, and they are called seven-
transmembrane receptors because they pass through the 
cell membrane seven times. The human genome encodes 
roughly 950 G protein–coupled receptors, which detect 
photons (light), hormones, growth factors, drugs, and 
other endogenous ligands. Approximately 150 of the 
GPCRs found in the human genome have unknown 
functions. Most GPCRs are odorant and pheromone re-
ceptors.1 Also important to note is that most hormones 
bind to GPCRs, and hence G protein–dependent signal 
transduction represents the most common mechanism 
for hormone action (Table 3-2).

G protein–coupled receptors are involved in many 
diseases and are also the target of approximately 40% of 
all modern medicinal drugs.2 G proteins were discovered 
when Alfred G. Gilman and Martin Rodbell investigated 
stimulation of cells by adrenaline. These investigators 
discovered that when adrenaline binds to a receptor, the 
receptor does not stimulate enzymes directly. Instead, the 
receptor stimulates a GTP binding protein, which stimu-
lates an enzyme. An example is adenylate cyclase (AC), 
which produces the second messenger cyclic AMP. For 
this discovery, they won the 1994 Nobel Prize in physiol-
ogy or medicine. The 2012 Nobel Prize in chemistry  
was awarded to Brian Kobilka and Robert Lefkowitz  
for their work that was “crucial for understanding how  
G protein–coupled receptors function.”

The GPCR superfamily is divided into eight major 
classes.1,3 These receptors contain an N-terminal extracel-
lular domain that is frequently called the ectodomain or 
exodomain.4 These receptors also contain seven putative 
transmembrane spanning alpha helices (TM-I to TM-VII). 
The alpha helices are connected by three intracellular  
(i1 through i3) and three extracellular (e1 through e3)  
loops that are often collectively called the serpentine region 
(Figure 3-1).4,5 The C-terminal intracellular region is 
usually referred to as the endodomain.4

GPCRs are activated by a wide variety of signals,  
including proteins, nucleotides, amino acid residues, 
Ca21, light photons, and odorants (see Figure 3-1).1 It is 
postulated that ligand binding alters the conformation of 
transmembrane domains and intracellular loops, increas-
ing the affinity of the receptor for specific heterotrimeric 
guanosine nucleotide binding proteins (G proteins) (see 
Figure 3-1).6,7 G proteins share a common heterotri-
meric structure consisting of an a subunit and a tightly 
coupled bg dimer. The a subunit interacts with detector 
and effector molecules, binds guanosine 5’-triphosphate 
(GTP), and possesses intrinsic GTPase activity. There 
are 16 genes in mammals that encode some 20 different 
a chains. The Ga subunits are categorized in four classes 
and include Gsa (G stimulatory), Gia (G inhibitory) 
and Goa (G other), Gq/11a, and G12/13a. They behave 
differently in the recognition of the effector but share 
similar structures and mechanism of activation. The  
Ga subunits consist of two domains: a GTP-binding 
domain and a helical insertion domain. The GTP-binding 
domain is homologous to Ras-like small GTPases and 
includes switch regions I and II, which change conforma-
tion during activation. The switch regions are loops of 

Receptor Class Hormone Receptors

G protein–coupled receptors ACTH and other melanocortins, V2 vasopressin, LH, FSH, TSH, GnRH, TRH, GHRH, corticotropin 
releasing factor, somatostatin, glucagon, oxytocin, gastric inhibitory peptide, type 1 PTH, free 
fatty acid, GPR54, orexin, ghrelin, melanin-concentrating, calcitonin, glucagon-like peptide-1, 
and calcium-sensing receptors

Type 1 cytokine receptors Growth hormone, prolactin, and leptin receptors
Receptor tyrosine kinases Insulin, IGF-1, and fibroblast growth factor receptors
Nuclear receptors Thyroid hormone, vitamin D3, PPARg, HNF-4a, glucocorticoid, androgen, estrogen, mineralo-

corticoid, and DAX1 receptors

TABLE 3-1 Major Types of Hormone Receptors
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guanosine 5’-diphosphate (GDP) bound to the a chain. 
Interaction of a ligand-bound receptor with a G protein 
leads to release of GDP, with subsequent binding of GTP 
to the a chain. The binding of GTP to the a chain leads 
to dissociation of the a chain from the bg dimer, allow-
ing the now free a-GTP chain to interact with target 
enzymes and ion channels. The bg dimers also partici-
pate in downstream signaling events through interaction 
with an ever-widening array of targets, including certain 
forms of AC and phospholipase C, potassium channels, 
and G protein–coupled receptor kinases.

G protein signaling is terminated by the hydrolysis of 
a-GTP to a-GDP by an intrinsic GTPase. A group of 
proteins, called regulator of G protein signaling (RGSs), 
acts as GTPase-activating proteins (GAPs), specific for 
Ga subunits. These proteins accelerate hydrolysis of 
GTP to GDP and terminate the transduced signal. In 
some cases, the effector itself may possess intrinsic GAP 
activity, which helps deactivate the pathway. This is true 
in the case of phospholipase C b, which possesses GAP 
activity within its C-terminal region. This is an alternate 

alpha helices with conformations sensitive to guanine 
nucleotides. The helical insertion domain is inserted into 
the GTP-binding domain before switch region I and  
is unique to heterotrimeric G proteins. This helical  
insertion domain sequesters the guanine nucleotide at 
the interface with the GTP-binding domain and must be 
displaced to enable nucleotide dissociation.

The a subunits associate with a smaller group of 
b(5) and g(12) subunits.8 Combinatorial specificity in 
the associations between various G protein subunits pro-
vides the potential for enormous diversity and may allow 
distinct heterotrimers to interact selectively with only  
a limited number of G protein–coupled receptors and 
effector proteins.6,7,9

There are two principal signal transduction pathways 
involving the G protein–coupled receptors: the cyclic 
AMP signal pathway and the phosphatidylinositol signal 
pathway. G protein–induced signal generation is regu-
lated by a “molecular timer” that is determined by the 
rate of GTP exchange and hydrolysis. In the inactive 
state, G proteins exist in the heterotrimeric form with 

Receptor Germline Mutation Endocrine Disorder

ACTH/melanocortin-2 
receptor

Inactivating mutations (homozygous,  
compound heterozygous)

Familial glucocorticoid deficiency type 1

Melanocortin-4  
receptor

Inactivating mutations (most hetero-
zygous, some homozygous)

Obesity

V2 vasopressin  
receptor

Inactivating mutations (most X-linked  
recessive, rarely X-linked dominant)

X-linked nephrogenic diabetes insipidus

LH receptor Inactivating mutations (homozygous,  
compound heterozygous)

Activating mutations (heterozygous)

Males: types I and II Leydig cell hypoplasia
Females: asymptomatic or hypergonadotropic  

hypogonadism with primary amenorrhea
Males: male limited precocious puberty

FSH receptor Inactivating mutations (homozygous,  
compound heterozygous)

Females: autosomal recessive hypergonadotropic 
ovarian dysgenesis or milder hypergonadotropic 
hypogonadism

Males: variable impairment of spermatogenesis
TSH receptor Inactivating mutations (most  

homozygous or compound  
heterozygous, rarely  
heterozygous)

Activating mutations (heterozygous)

Resistance to TSH
Autosomal-dominant inherited non-autoimmune  

hyperthyroidism/toxic adenomas

GnRH receptor Inactivating mutations (homozygous 
or compound heterozygous)

Isolated hypogonadotropic hypogonadism

TRH receptor Inactivating mutations (compound  
heterozygous)

Central hypothyroidism

GPR54 Inactivating mutations (homozygous,  
compound heterozygous)

Normosmic isolated hypogonadotropic hypogonadism

Ghrelin Inactivating mutations (homozygous,  
possible heterozygous)

Short stature due to decreased growth hormone  
secretion

GHRH receptor Inactivating mutations (homozygous/ 
compound heterozygous)

Isolated growth hormone deficiency

Type 1 PTH receptor Inactivating mutations (homozygous,  
heterozygous)

Activating mutations (heterozygous)

Blomstrand’s chondrodysplasia if homozygous  
and rarely if heterozygous; enchondromatosis  
if heterozygous

Jansen’s metaphyseal chondrodysplasia
Calcium-sensing  

receptor
Inactivating mutations (heterozygous,  

homozygous)
Activating mutations (heterozygous)

Familial benign hypocalciuric hypercalcemia  
typical if heterozygous, neonatal severe  
hyperparathyroidism rarely if heterozygous,  
typical if homozygous

Autosomal-dominant hypocalcemic hypocalciuria, 
Bartter syndrome type V

TABLE 3-2 G Protein–Coupled Receptors and Clinical Conditions Associated with Receptor Mutations
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form of regulation for the Ga subunit. However, it 
should be noted that the GAPs do not have catalytic 
residues to activate the Ga protein. Rather, GAPs reduce 
the required activation energy for the reaction to take 
place. After hydrolysis of GTP, the Ga-GDP chain reas-
sociates with the bg dimer; the reassociated heterotrimeric 
G protein is now capable of participating in another cycle 
of receptor-activated signaling.1,6,7,9

Specificity in ligand binding is conferred by variations in 
the primary structures of the extracellular and intracellular 
domains.1 Specificity of effector responses is conferred by 
the variations in the primary structure of intracellular do-
mains and isoforms of the Ga subunits of G proteins.10,11 
Some GPCRs couple predominantly with Gai /Gao 
subunits that act primarily to decrease adenylyl cyclase activ-
ity.11-14 Other GPCRs couple predominantly with Gas sub-
units that increase adenylyl cyclase activity or Gaq/Ga13,16-18 
subunits that increase phospholipase C activity.11,15,16

Interestingly, data show that cytoskeletal proteins  
may modulate receptor–G protein coupling. For example, 
the erythrocyte membrane cytoskeletal protein 4.1G can 
interfere with A1 adenosine receptor signal transduction.17 
4.1G also influences metabotropic glutamate receptor  
1a-mediated cAMP accumulation, increases the ligand-
binding ability of metabotropic glutamate receptor 1a, and 
alters its cellular distribution.18 4.1G may also play a role in 
receptor-receptor dimerization.

Receptor agonist-independent and agonist-induced 
homo- and heterodimerization have increasingly been rec-
ognized as important determinants of GPCR function.19 

For example, the GPCR somatostatin receptor 5 (SSTR5) 
primarily exist as monomers in the absence of an agonist. 
However, they form homodimers in the presence of  
an agonist.20 Furthermore, it has been shown that SSTR5 
can form heterodimers with type 2 dopamine receptors 
(DRD2)—another GPCR—in the presence of hsst2 ago-
nist or dopamine.21 Agonist-induced activation of SSTR5-
DRD2 heterodimers in Chinese hamster ovary (CHO) 
cells expressing SSTR5 and DRD2 is increased when com-
pared to agonist-induced activation of monomers and ho-
modimers in CHO cells expressing only SSTR5 or 
DRD2.21 Heterodimerization of receptors may also lead to 
inactivation of one of the receptors in the complex. For 
example, heterodimerization of somatostatin receptor 2A 
(sst2A) with somatostatin receptor 3 (SSTR3) appears to 
lead to inactivation of the heterodimerized SSTR3 without 
inactivating the heterodimerized SSTR2.22

GPCRs can form heterodimers with nonreceptor 
transmembrane proteins. Both the calcitonin receptor 
(CALCR) and the calcitonin receptor-like protein  
(CALCRL) can form heterodimers with three different 
accessory proteins that are termed “receptor-activity–
modifying proteins (RAMPs)”: RAMP1, RAMP2, and 
RAMP3.23-25 Whereas CALCRs can be activated by 
ligand in the absence of heterodimerization with a RAMP, 
CALCRLs are only activated by ligand if heterodimer-
ized with a RAMP.23,24 RAMPs alter the ligand specificity 
of the heterodimerized receptor.

CALCRs that are not in heterodimers with RAMPS 
are activated by calcitonin and thus constitute the classic 
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CALCR.23,24 However, CALCRs heterodimerized with 
RAMP1, RAMP2, and RAMP3 bind amylin and consti-
tute amylin1, amylin2, and amylin3 receptors, respec-
tively.23,24 CALCRLs dimerized with RAMP1 bind calci-
tonin gene–related peptide and constitute the calcitonin 
gene–related peptide receptor.23,24 CALCRLs dimerized 
with RAMP2 and RAMP3 bind adrenomedullin and con-
stitute adrenomedullin1 and adrenomedullin2 receptors, 
respectively.23,24 RAMPS alter function of other GPCRs 
that transduce hormone action. The distribution and 
function of parathyroid hormone 1 and 2 receptors are 
altered by binding to RAMP2 and RAMP3, respec-
tively.26 The distribution and function of the glucagon 
receptor is altered by binding to RAMP2.26 Dimeriza-
tion/heterodimerization may occur in the endoplasmic 
reticulum (ER) shortly after protein synthesis occurs.27 
The ER plays a role in determining whether or not  
a protein will be expressed elsewhere in the cell, thus 
protecting the cell from misfolded and (likely) mutant 
proteins.27 The non-heterodimerized CALCRL is an 
orphan receptor because the CALCRLs cannot leave  
the ER for the cell membrane unless heterodimerized 
with RAMPs.28

The melanocortin receptors also utilize accessory pro-
teins. Circulating ACTH binds to five different forms  
of the melanocortin receptor (types 1-5), but only the 
melanocortin 2 receptor (MC2R) in the adrenal cortex 
leads to release of adrenal steroids. MC2R interacts  
with Gs, which leads to activation of adenylyl cyclase  
and formation of cAMP. The MC2R is the smallest  
G protein–coupled receptor known to date and belongs 
to a family of melanocortin receptors (types 1 to 5) that 
bind to various derivatives of proopiomelanocortin, espe-
cially a-MSH. The accessory protein melanocortin 
2 receptor-associated protein (MRAP) is required for 
MC2R function, as it is critical for the translocation  
of the receptor from the endoplasmatic reticulum to the 
cell surface.29 Moreover, MRAP facilitates signaling of 
the MC2R.30 Loss of function of MRAP thus prevents 
membrane expression of MC2R and completely prevents 
ACTH signaling. Interestingly, MRAP forms a unique 
antiparallel homodimer in close proximity to the MC2R.31 
The MRAP accessory protein can also interact with 
other melanocortin receptors, particularly MC5R, but 
exerts negative effects on their signaling. Expression of 
MRAP was shown to be predominantly present in the 
zona fasciculata in the rat adrenal gland, consistent with 
its facilitating role in glucocorticoid production. Hence, 
mutations in MC2R32 or MRAP29 can lead to familial 
glucocorticoid deficiency secondary to ACTH resistance. 
By contrast, MRAP2, a protein with 39% amino acid 
homology to MRAP, shares the MC2R-trafficking func-
tion of MRAP but does not appear to play a major sup-
portive role in adrenocortical ACTH signaling. On the 
contrary, in vitro studies have shown that overexpression 
of MRAP2 can suppress MC2R activation.

Failure of the endoplasmic reticulum to export mu-
tant GPCR homodimers and mutant GPCR wild-type 
GPCR heterodimers to the cell membrane has been 
found to be the cause of dominant negative endocrine 
conditions. A dominant negative mutation is a heterozy-
gous mutation that results in a phenotype that would 

only be expected in the presence of a homozygous muta-
tion. Some heterozygous MC4R mutations cause domi-
nantly inherited obesity due interaction of wild-type 
MC4R with the mutant receptor, and this specific effect 
of protein-protein interaction results in a dominant-
negative effect.33,34 In addition, some V2 vasopressin 
receptor gene mutations that are known to cause neph-
rogenic diabetes insipidus encode mutant V2 vasopres-
sin receptors that form dimers in the ER that cannot be 
exported to the cell membrane.35

These mutant receptors also interfere with cell sur-
face expression of wild-type receptors by forming het-
erodimers with the wild-type receptors that cannot be 
exported from the ER to the cell membrane.36 This 
finding explains why females heterozygous for these V2 
vasopressin receptor gene mutations do not concentrate 
their urine with even high doses of desmopressin, a 
synthetic V2 vasopressin receptor agonist, in spite of 
being able to produce wild-type V2 vasopressin recep-
tors.37 A similar phenomenon explains dominant trans-
mission of partial TSH receptor resistance in patients 
heterozygous for some inactivating TSH receptor mu-
tations.38 In these patients, mutant TSH receptors form 
oligomers with wild-type receptors and prevent export 
of wild-type receptors from the endoplasmic reticulum 
to the cell membrane.38

Similarly, misfolding and misrouting of some mutant 
gonadotropin-releasing hormone (GnRH) receptors in 
the endoplasmic reticulum (as well as oligomerization of 
these mutant GnRH receptors with wild-type GnRH 
receptors) decrease cell membrane expression of wild-
type GnRH receptors.39-41 This phenomenon, however, 
has not been found to have clinical implications in  
relatives of probands homozygous or compound het-
erozygous for mutations that cause isolated hypogo-
nadotropic hypogonadism (IHH) because individuals 
heterozygous for these mutations demonstrate an in-
tact GnRH-gonadotropin axis and do not have clinical 
signs of IHH. Thus, in these individuals enough wild-
type GnRH receptors do not oligomerize with mutant 
GnRH receptors and are transported to the cell membrane 
to maintain sufficiently normal GnRH-GnRH receptor 
interactions to avoid development of IHH.40

GPCRs activate G proteins at very low levels in the 
absence of ligand binding, but in some cases genetic  
mutations that lead to substitution of a single amino acid 
can greatly increase the interaction rate of the unligan-
ded receptor for its G protein. Hence, GPCRs that are 
specific for luteinizing hormone, thyroid-stimulating 
hormone, thyrotropin-releasing hormone, glucagon-like 
peptide-1, melanocortin, and cannabinoid receptors can 
activate G proteins in the absence of ligand binding,42,43 
demonstrating constitutive activity that increases linearly 
with increased cell surface expression of the receptors.44 
It has also been recognized that there are ligands (often 
called inverse agonists) that decrease the activity of these 
receptors.45 Receptor ligands that neither increase nor 
decrease the activity of receptors are now frequently  
referred to as neutral antagonists.43

The term antagonists is applied to these ligands because 
they block activation and inactivation of receptors by 
agonists and inverse agonists, respectively.43 The term 
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agonist only refers to receptor ligands that increase 
receptor activity.43 A scale has been formulated to express 
the continuity in receptor ligand function—from 21 
(representing a full inverse agonist), to 0 (representing  
a neutral antagonist), to 11 (representing a full ago-
nist).43,45 It is possible that inverse agonists play a role in 
treating medical conditions caused by GPCR mutations 
that lead to increased constitutional activation of the  
receptor.43

Receptor desensitization and resensitization play a 
role in GPCR activity. Since the early 2000s, mechanisms 
of GPCR desensitization and resensitization have been 
elucidated. Three processes for receptor desensitization 
have been described.46,47 The first receptor desensitiza-
tion process is rapid uncoupling of the G protein from 
GPCRs.47 This process occurs within seconds to minutes 
after initiation of the process and occurs as a result of 
phosphorylation of GPCRs.47 G protein receptor kinases 
(GRKs) have been increasingly recognized as playing  
a major role when this process involves homologous  
desensitization.46

Homologous or agonist-dependent desensitization 
occurs after agonist activation of the receptor that is 
desensitized.47 GRK-mediated phosphorylation of ser-
ine and threonine residues in the third intracellular loop, 
or the C-terminal intracellular domain leads to activa-
tion of b-arrestins, which in turn inactivate adenylyl 
cyclase (Figure 3-2).46-49 Second-messenger–dependent 
protein kinases also contribute to receptor desensitization 
when this process involves homologous desensitization, 
but they also participate in receptor desensitization when 

desensitization involves heterologous desensitization. 
Heterologous or agonist-independent desensitization oc-
curs as a result of activation of a different receptor from 
the one that is desensitized.47

The second receptor desensitization process is inter-
nalization/sequestration of GPCRs. This process is slower 
than receptor phosphorylation-induced uncoupling of the 
G protein from GPCRs and occurs within minutes to 
hours after initiation of the process. This process is re-
versible because the receptors can be recycled to the cell 
surface (see Figure 3-2).47 GRKs and b-arrestins play 
a role in initiating internalization/sequestration of  
b2-adrenergic, LH, FSH, TSH, TRH, vasopressin V2, 
angiotensin II type 1A, and other G protein–coupled  
receptors in clathrin-coated vesicles (see Figure 3-2).46,50-57 
Dephosphorylation of the sequestered receptor followed 
by disassociation of the receptor from b-arrestin is neces-
sary for the receptor to be recycled to the cell membrane 
and resensitized (see Figure 3-2).16

The third receptor desensitization process is down-
regulation. With down-regulation, the number of intra-
cellular GPCRs decreases due to increased lysosomal 
degradation and decreased synthesis of the receptors 
due to alteration of transcriptional and posttranscrip-
tional regulatory mechanisms (see Figure 3-2).58,59 
Down-regulation is a slow process that occurs within 
several hours to days after initiation of the processes 
that lead to its development.60

One of the ways the Arg137His V2 vasopressin recep-
tor mutation interferes with mutant receptor function 
and causes X-linked nephrogenic diabetes insipidus is by 
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altering desensitization and recycling of the mutant  
receptor.61 In vitro studies have revealed that the mutant 
receptor is constitutively phosphorylated. Thus, even in 
the absence of ligand binding the mutant receptor is 
bound by b-arrestin—which in turn leads to sequestra-
tion of the mutant receptor within clathrin-coated vesi-
cles. Recycling of the mutant receptor back to the cell 
membrane requires the mutant receptor to be dephos-
phorylated and disassociated from b-arrestin. However, 
the mutant receptor remains constitutively phosphory-
lated while sequestered and thus cannot be disassociated 
from b-arrestin and recycled to the cell membrane—
thereby reducing cell membrane expression of the mu-
tant receptor.

Some investigators suggest that most GPCR-inactivating 
mutations can be classified by the effects of the muta-
tions into one of five classes.62 Class I inactivating mu-
tations interfere with receptor biosynthesis. Class II  
inactivating mutations interfere with receptor traffick-
ing to the cell surface. Class III inactivating mutations 
interfere with ligand binding. Class IV inactivating 
mutations impede receptor activation. Class V inacti-
vating mutations do not cause discernible defects in 
receptor biosynthesis, trafficking, ligand binding, or 
activation but may cause medical disorders. There are 
also inactivating mutations that interfere with receptor 
function via multiple mechanisms and thus cannot be 
placed into one class.

Of the eight classes of GPCRs, only classes A, B, and C 
contain receptors for mammalian hormones (Figure 3-3).3 
Class A receptors contain the rhodopsin-like receptors  
and are divided into at least 15 groups.3,63 Four of these 
groups contain receptors activated by hormones. These 
are the peptide receptor, hormone protein receptor, 
GnRH receptor, and the thyrotropin-releasing hormone 
(TRH) and secretagogue receptor groups.3

The peptide receptor group includes the angiotensin, 
adrenocorticotropin hormone (ACTH)/melanocortin, 
oxytocin, somatostatin, and vasopressin receptors.3 The 
hormone protein receptor group includes the receptors 
for glycoprotein hormones, including follicle-stimulating 
hormone (FSH), luteinizing hormone (LH), and thyro-
tropin (TSH) receptors.3 These receptors have large 
extracellular N-terminal domains and ligand-binding 
sites that include the first and third extracellular loops 
(see Figure 3-3).1,3 There is also much similarity in amino 
acid sequence among these receptors (see Figure 3-3).1 
The GnRH receptor group only contains the GnRH 
receptor.2 The TRH and secretagogue receptor group 
includes the TRH receptor and the growth hormone 
secretagogue receptor.3

Class B GPCRs are structurally similar to members of 
the hormone protein receptor group (see Figure 3-3).1 
However, unlike the glycoprotein hormone receptors, class 
B GPCRs do not share similar amino acid sequences.1 This 
family contains receptors for high-molecular-weight hor-
mones, including calcitonin, glucagon, gastric inhibitory 
peptide, parathyroid hormone (PTH), and corticotrophin-
releasing factor (CRF).1,3,64

Class C receptors have a large extracellular domain 
with two lobes separated by a hinge region that closes on 
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the ligand (see Figure 3-3).65 This region has also been 
called the Venus flytrap domain or module due to the trap-
ping mechanism of the hinge region.66 This family 
includes the calcium-sensing receptor (CASR).1,2

CLASS A RECEPTORS THAT TRANSDUCE 
HORMONE ACTION
The Peptide Receptor Group
Adrenocorticotropin and Melanocortin-2 
Receptors

It is important to note that a newly accepted name for  
the ACTH receptor is melanocortin-2 receptor (MC2R) 
because the ACTH receptor is one of five members of 
the melanocortin receptor family of GPCRs.62 For the 
purpose of clarity, when discussing interactions between 
ACTH and its receptor, the older name will be used for 
the remainder of this chapter. The ACTH receptor gene 
is located on the short arm of chromosome 18.67 The 
ACTH receptor has a small extracellular and intracyto-
plasmic domain. Adrenocorticotropin-induced activation 
of the ACTH receptor in the zona fasciculata and zona 
reticularis of the adrenal cortex stimulates Gas, resulting 
in increased intracellular cAMP levels that stimulate ste-
roidogenesis by activating cAMP-dependent kinases.68-70

Hereditary isolated glucocorticoid deficiency, resis-
tance to ACTH, and familial glucocorticoid deficiency 
(FGD) are the same names for an autosomal recessive 
syndrome that consists of glucocorticoid deficiency ac-
companied by normal mineralocorticoid secretion. FGD 
has been classified further as FGD types 1 and 2 and  
the triple A syndrome.71 Patients with FGD type 1 are 
homozygous or compound heterozygous for point  
mutations, resulting in ACTH receptors with abnormal 
function and account for 25% of FGD cases.71-77 In con-
trast, patients with FGD type 2 have ACTH resistance due 
to mutations in melanocotin-2 receptor accessory protein 
(MRAP).78 Triple A (Allgrove syndrome) is an autosomal 
recessive syndrome characterized by ACTH-resistant ad-
renal insufficiency, achalasia, and alacrima—which is caused 
by mutations in the achalasia-adrenocortical insufficiency-
alacrima syndrome (AAAS) gene79 thought to regulate nu-
clear pore complexes and nucleocytoplasmic transport.80

Patients with FGD type 1 usually present during  
infancy or early childhood with hypoglycemia.74,82-86 Less 
commonly, patients may present with a severe infection, 
frequent minor infections, or childhood asthma that  
resolves with treatment with physiologic doses of gluco-
corticoids.71,74,82 Hyperpigmentation thought to be due 
to increased ACTH levels acting on the MC1R may  
be seen as early as the first month of life, but usually  
becomes apparent after the fourth month of life.72-74,82-84,87 
There is one reported case of FGD type 1 without hyper-
pigmentation despite elevated ACTH levels in a patient 
with homozygous mutations in both the MC2R and the 
MC1R.88 The assumption that hyperpigmentation is 
caused by increased ACTH levels acting on the MC1R 
(both in FGD type 1 and Addison’s disease) was substanti-
ated in this patient whose MC1R mutation had previously 

been implicated in red hair and pale skin phenotypes. 
Neonates with FGD type 1 may also suffer from jaun-
dice.74,84,86,89 Tall stature accompanied by an advanced or 
dissociated bone age, in spite of normal age of onset of 
puberty, appears to be common in children with FGD 
type 1.71,74,77,82,83,87 Patients with FGD type 2 have normal 
heights71,90 and present earlier than patients with FGD 
type 1. The pathophysiology of tall stature in FGD type 1 
is unknown. Both forms of FGD exhibit absent adrenarche 
confirming the importance of ACTH in the induction and 
maintenance of adrenarche.78

At presentation, plasma cortisol, androstenedione, and 
dihydroepiandrosterone levels are low or low normal—
and plasma ACTH levels are elevated.71,74,82-86 When 
supine, patients with FGD type 1 have renin and aldoste-
rone levels that are near normal.71,83,85,86 Histologically, 
the zona fasciculata and zona reticularis are atrophied with 
FGD.82 However, demonstrating the lack of an 
essential role for ACTH in the embryologic develop-
ment and maintenance of the zona glomerulosa, adrenal 
cortices in patients with all types of FGD contain zona 
glomerulosa cells.71,81-83,87,91

Abnormalities in ACTH receptor expression may be 
seen in other conditions. Evidence suggests that the 
ACTH receptor-Gas-adenylyl cyclase-cAMP cascade 
maintains differentiation of adrenocortical cells and that 
impairment of this cascade leads to dedifferentiation  
and increased proliferation of adrenocortical cells.92,93 
Adrenocortical carcinomas from some patients have been 
found to have a loss of heterozygosity (LOH) for the 
ACTH receptor gene, resulting in markedly decreased 
ACTH receptor mRNA expression.93 Growth of the tu-
mors with LOH for the ACTH receptor gene also may 
be more aggressive than the other tumors. An activating 
mutation of Gi2 that constitutively suppresses adenylyl 
cyclase activity has also been found in adrenocortical  
tumors.92 Thus, decreased ACTH receptor activity may 
be associated with tumorigenesis.

Interestingly, many patients with ACTH-independent 
macronodular adrenal hyperplasia (AIMAH)—a cause 
of ACTH-independent Cushing syndrome—exhibit 
increased glucocorticoid levels in response to noncorti-
cotropin hormones that do not normally induce gluco-
corticoid release.94-99 These hormones include gastric 
inhibitory peptide, exogenous arginine and lysine vaso-
pressin, luteinizing hormone, human chorionic gonad-
otropin, angiotensin II, catecholamines, leptin, and 
serotonin receptor agonists.94-99 Increased expression 
of the receptors for these ligands in the abnormal adre-
nal glands has been implicated as a possible explanation 
for the abnormal induction of glucocorticoid release by 
these noncorticotropin ligands.99 However, receptors 
for some of these ligands are expressed in normal adre-
nal glands.99 Thus, the mechanism for this phenome-
non remains to be fully elucidated.

Other Melanocortin Receptors

Murine studies reveal that melanocortin-3 receptor 
(MC3R), another of the five members of the melanocor-
tin receptor family, regulates fat deposition as MC3R 
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deficient mice have normal body weight with increased 
fat mass.62 The role of the MC3R in humans is less clear. 
More than 24 human MC3R mutations have been identi-
fied without evidence of obesity.100,101 However, patients 
with these mutations were not phenotyped for fat mass to 
assess whether they phenocopy the mouse model, which 
exhibits normal body weight with altered partitioning 
leading to increased fat mass and reduced lean mass.101-103 
Homozygosity for a pair of single-nucleotide polymor-
phisms of the MC3R gene that result in production  
of partially inactive MC3Rs was found to be associated 
with pediatric-onset obesity in Caucasian American and 
African American children.104

The melanocortin-4 receptor (MC4R) is another 
member of the melanocortin receptor family and plays a 
role in controlling appetite and weight.105 The MC4R 
has baseline constitutive (i.e., ligand-independent) activ-
ity that can be inhibited by the inverse agonist agouti-
related peptide (AgRP).105,106 Activation of the MC4R 
by its natural agonist a-melanocyte stimulating hor-
mone (a-MSH) produces anorexigenic effects.105,107,108 
More than 150 naturally occurring MC4R mutations 
have been identified, causing hyperphagic obesity,  
increased lean body mass, increased bone density, and 
increased linear growth.109-114 Patients with homozygous 
mutations appear to have more severe obesity than  
their heterozygous relatives, consistent with codominant  
inheritance.7,115

MC4R mutations are thought to be the most com-
mon monogenic cause of human obesity. The prevalence 
of pathogenic MC4R mutations in obese populations 
varies widely ranging from 0.5% to 5.8% depending on 
the screening criteria and population.116-119 AgRP gene 
polymorphisms appear to be associated with anorexia 
nervosa.112,113

Little is known about melanocortin-5 receptors 
(MC5Rs) in animals and humans. There is only weak 
evidence from a single linkage and association study of 
families in Quebec that suggests that MC5Rs may also 
play a role in regulating body weight and fat mass.114

Another member of the melanocortin receptor family, 
the melanocortin-1 receptor (MC1R), controls skin and 
hair pigmentation. Activation of MC1Rs in skin and  
hair follicle melanocytes by the pro-opiomelanocortin 
(POMC)-derived peptides a-MSH and ACTH stimu-
lates the synthesis of eumelanin, a brown-black pig-
ment.120,121 Inhibition of MC1R baseline constitutive 
activity by agouti protein, or specific mutations, leads to 
release of pheomelanin, a red-yellow pigment, from the 
melanocytes.121

Inactivating homozygous mutations of the POMC 
gene cause hypoadrenalism, red hair, fair skin, and early-
onset obesity. Hypoadrenalism is characterized by gluco-
corticoid deficiency due to lack of ACTH production 
from the POMC precursor. Fair skin and red hair are due 
to a lack of ACTH and a-MSH-induced melanocyte re-
lease of eumelanin that results from activation of MC1Rs. 
Of note, non-white patients with homozygous POMC 
mutations do not appear to have the fair skin and red hair 
phenotype.118,122 In white individuals eumelanin synthe-
sis appears to be dependent on POMC-derived peptides, 
whereas in darker individuals other genes may control 

eumelanin synthesis.123 Obesity is due to lack of a-MSH–
induced anorectic effects, which normally result when 
a-MSH activates MC4Rs.124 Heterozygosity for POMC 
gene mutations has been associated with hyperphagia, 
early-onset obesity, and increased linear growth.124-126 
Both homozygous127,128 and heterozygous129 mutations 
of prohormone convertase 1 cause obesity in humans. 
Prohormone convertase 1 acts on POMC, proinsulin, 
and proglucagon. Patients with prohormone convertase 
1 deficiency also have neonatal enteropathy and postpran-
dial hypoglycemia. The cause of enteropathy is unknown 
but hypothesized to be related to the processing of GLP-2 
by prohormone convertase 1. GLP-2 is known to stimu-
late proliferation and repair of intestinal epithelium.130

Vasopressin Receptors

Nephrogenic diabetes insipidus (NDI) results from de-
creased responsiveness of the renal tubule to arginine 
vasopressin (AVP), with resulting excessive loss of free 
water. NDI is characterized by polydipsia and polyuria 
that is not responsive to vasopressin and vasopressin ana-
logs.131 Vasopressin binds to the V2 vasopressin receptor 
(AVPR2), a Gs-coupled receptor, in the basolateral mem-
brane of collecting duct principal cells in the kidney and 
activates translocation of aquaporin-2 (AQP2) water 
channels to the apical membrane, thereby inducing water 
permeability. X-linked NDI is caused by inactivating 
mutations of the V2 vasopressin receptor (AVPR2) gene 
located at Xq28 and accounts for about 90% of geneti-
cally determined NDI.132-135 More than 200 AVPR2 
mutations have been described including missense, non-
sense, insertions, deletions, and complex rearrange-
ments.136 Mutations have been categorized into five 
classes based on mechanism, including abnormal tran-
scription, mRNA processing, translation, aberrant fold-
ing and intracellular retention, loss of the G protein 
binding site, loss of the AVP binding site, and defects  
in intracellular trafficking.131,137,140 Some patients with 
X-linked NDI are responsive to high doses of desmopres-
sin. Autosomal recessive NDI (ARNDI) is caused by loss-
of-function mutations in the gene for the aquaporin-2 
water channel and accounts for about 10% of genetic 
forms of NDI.137,139 More than 40 known mutations 
cause ARNDI. Autosomal dominant forms of NDI are 
also caused by mutations in AQP2 that are functional  
but fail to be transported to the apical membrane. They  
account for , 1% of genetic forms of NDI and generally 
have a milder phenotype than ARNDI or X-linked NDI.

Gain-of-function mutations in the V2 vasopressin  
receptor have also been reported.141 DNA sequencing of 
two patients’ V2R gene identified heterozygous missense 
mutations in both, with resultant changes in codon 137 
from arginine to cysteine (R137C) or leucine (R137L). 
These mutations resulted in constitutive activation of the 
receptor and clinical features of inappropriate antidiuretic 
hormone secretion (SIADH), which was termed nephro-
genic syndrome of inappropriate antidiuresis (NSIAD).141 The 
patient with the R137L mutation demonstrated the ex-
pected decrease in AVP levels with a water-loading test 
but urine aquaporin 2 levels remained inappropriately 
elevated.142
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The Glycoprotein Hormone Receptor 
Group
The glycoprotein hormones include TSH, FSH, LH, and 
HCG. These hormones share common a subunits that 
dimerize with hormone-specific b subunits. TSH, FSH, 
and LH bind to the extracellular N-terminal domain of 
the TSH, FSH, and LH receptors, respectively.1,3,143,144 
The effects of HCG are mediated by the LH receptor, 
which is also known as the luteinizing hormone/ 
choriogonadotropin receptor (LHCGR).145

Glycoprotein hormone receptors have a large (350 to 
400 residues) extracellular N-terminal domain, also 
known as the ectodomain, that participates in ligand 
binding (see Figure 3-3).4,145 The ectodomain includes 
leucine-rich repeats that are highly conserved among the 
glycoprotein hormone receptors.4,145 There is 39% to 
46% similarity of the ectodomain and 68% to 72% simi-
larity of the transmembrane or serpentine domain among 
the three glycoprotein hormone receptors.4

The glycoprotein hormone receptors are coupled to 
Gs, and hormone binding stimulates adenylyl cyclase, 
leading to increased intracellular cAMP levels and pro-
tein kinase A (PKA) activation.145 Mutations leading to 
endocrine dysfunction have been reported for each of the 
glycoprotein hormone receptors.

LHCGR Receptors

Both inactivating and activating mutations of the LH 
receptor have been found in humans.145 The LH recep-
tor gene is located in chromosome 2 p21 and consists  
of 11 exons.146,147 Exon 1 encodes a peptide that directs 
the LH receptor to the plasma membrane.145 Exons 2 
through 10 encode the ectodomain.145 The last exon 
encodes the transmembrane domains that are also known 
as the serpentine regions.4,145,146 Single nonsense muta-
tions, amino acid changes, and partial gene deletions 
have been described that generate LH receptors with 
decreased activity.145 Single–amino-acid changes have 
also been found that lead to activation of Gs in the 
absence of ligand binding.145

Development of LH resistance requires biallelic  
mutations that inactivate the LH receptor gene, as one 
normal receptor allele is capable of producing adequate 
receptor protein to ensure physiologic signaling.145 In 
contrast, activating mutations of the LH receptor gene 
cause endocrine disorders in the heterozygous state.145

In the fetus, LH receptors are primarily activated by 
HCG.145 Leydig cells begin to express LH receptors 
shortly after testicular differentiation at 8 weeks of gesta-
tion.145 Thereafter, androgen production due to activa-
tion of these receptors by HCG plays an important  
role in the development of male genitalia and testicular 
descent.145 Thus, male infants with inactivating muta-
tions of the LH receptor may present with abnormally 
developed genitalia—including micropenis, cryptorchi-
dism, and an XY disorder of sexual differentiation.145

Males with mutations that completely inactivate the 
LH receptor exhibit failure of fetal testicular Leydig cell 
differentiation. This phenotype, which is known as type 
1 Leydig cell hypoplasia, includes female external genitalia 

with a blind-ending vagina, absence of Müllerian deriva-
tives, and inguinal testes with absent or immature Leydig 
cells.148-155 In addition, patients have elevated serum LH 
levels, normal serum FSH levels, and decreased serum 
testosterone levels that do not increase in response to 
HCG administration.148-155 Mutations that lead to this 
phenotype include a nonsense mutation (Arg545Stop) 
that results in a receptor that is missing TM4-7, an  
Ala593Pro change, and a TM7 deletion (DLeu608, Val609) 
that decreases cell surface expression of the LH recep-
tor.153,154,156 These mutant receptors are unable to couple 
to Gs.153,154,156

Males with mutations that do not completely inacti-
vate the LH receptor present with type 2 Leydig cell 
hypoplasia, which is characterized by a small phallus and 
decreased virilization.152 A mutation that leads to this 
phenotype includes the insertion of a charged lysine at 
position 625 of TM7 in place of hydrophobic isoleucine 
that disrupts signal transduction.157 Another mutation 
(Ser616Tyr, found in patients with mild Leydig cell  
hypoplasia) is associated with decreased cell surface  
expression of the LH receptor.154,157 Other deletion and 
nonsense mutations have also been found to cause mild 
Leydig cell hypoplasia.145

Males with inactivating mutations of the LH receptor 
may also present with a phenotype intermediate in sever-
ity between type 1 and type 2 Leydig cell hypoplasia. A 
compound heterozygote patient with Ser616Tyr on one 
allele and an inactivating deletion (Dexon 8) on the other 
allele presented with Leydig cell hypoplasia, micropenis, 
and hypospadias.158 The Cys131Arg mutation has also 
been found in patients with Leydig cell hypoplasia, small 
phallus, and hypospadias.159 This mutation is located 
in the leucine-rich repeat segment of the LH receptor 
extracellular domain and interferes with high-affinity  
ligand binding.159

Deletion of exon 10 of the LH receptor gene leads to 
an LH receptor that binds LH and HCG normally.160 
Interestingly, whereas HCG binding can elicit normal 
transmembrane signaling, LH binding fails to activate 
the receptor.160 Because HCG is the principal in utero 
LH receptor-activating hormone, and second-messenger 
response of the mutant receptors to HCG is not im-
paired, it is not surprising that a male patient found to be 
homozygous for the mutation was born with normal 
male genitalia.62,160 Pubertal progression and later go-
nadal function, however, are dependent on LH activation 
of the LH receptor.62,160

Because deletion of exon 10 of the LH receptor  
gene results in a mutant LH receptor with diminished 
intracellular signaling in response to LH, it is also not 
surprising that the patient homozygous for this mutation 
was found to have delayed pubertal development, small 
testes, and hypergonadotropic hypogonadism when eval-
uated at the age of 18 years.160 Prolonged HCG therapy 
resulted in normalization of testicular testosterone pro-
duction, increased testicular size, and the appearance  
of spermatozoa in semen.160 Similarly, inactivating 
mutations of the LH b subunit cause abnormal pubertal 
development, severe testosterone deficiency and azo-
ospermia but normal external genitalia in males. In  
females inactivating mutations of the LH b subunit are 
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associated with normal pubertal development and men-
arche followed by oligomenorrhea, enlarged multicystic 
ovaries and infertility.161

Mutations that constitutively activate LH receptors 
cause male-limited precocious puberty (MLPP), also 
known as testotoxicosis—which may be familial or spora-
dic.155,162,163 Boys with this condition pre sent with 
GnRH-independent precocious puberty before the age 
of 4 years when the Asp578Gly is present and as early as 
the first year of life when the Asp578Tyr mutation is 
present.145,164-166 Patients with this condition may also 
have an enlarged phallus at birth.164

During the first 5 years of life, patients with MLPP 
have very low LH and FSH levels but have testosterone 
levels in pubertal range.167 During adolescence and 
adult life, testosterone levels do not increase above age- 
appropriate concentrations and gonadotropin levels nor-
malize.145,167-169 Thus, adolescents and adults with MLPP 
do not usually manifest signs of androgen excess (such as 
hirsutism or severe acne).145,167 Most mutations that 
cause MLPP are located in the TM6 and i3, regions that 
participate in receptor-Gs protein coupling.145 A milder 
phenotype was reported in a patient with a heterozygous 
activating mutation (C617Y) in TM7.170 This mutation 
was inherited from the patient’s mother who was appar-
ently unaffected. Somatic activating mutations cause 
sporadic Leydig cell adenomas.105,171

Activating mutations of the LH receptor do not  
appear to have a phenotype in females. In prepubertal 
girls, this may be due to low or absent LH receptor  
expression or due to insufficient aromatase expression in 
prepubertal granulosa cells. During puberty, activation of 
LH receptors on ovarian theca cells leads to the produc-
tion of androgens that are converted to estrogens by 
aromatase in granulosa cells.145 LH, along with FSH, also 
plays a role in inducing the differentiation of follicles into 
Graafian follicles and triggers ovulation and release of 
the oocyte.145 Detailed phenotyping of the carrier mother 
of a MLPP male with the Asp578Gly activating mutation 
of the LH receptor failed to reveal any abnormalities in 
her menstrual cycles or fertility. LH dynamics, androgen, 
and FSH levels as well as response to GnRH agonists 
were normal.173

Females with inactivating mutations of the LH  
receptor may be asymptomatic or present with primary 
amenorrhea.145 Females with complete inactivating LH 
receptor mutations may present with primary amenor-
rhea, inability to ovulate, and decreased estrogen and 
progesterone levels accompanied by elevated LH and 
FSH levels.154,174 Affected individuals may have signs of 
low estrogen levels, including a hypoplastic uterus, a 
thin-walled vagina, decreased vaginal secretions, and 
decreased bone mass.154,174 A homozygous LH receptor 
mutation (N400S) has been associated with empty fol-
licle syndrome.

FSH Receptors

Inactivating and activating FSH receptor mutations have 
also been described,175 but they are far less common than 
LH receptor mutations.175 The FSH receptor gene is 
located in chromosome 2 at p21 and contains 10 exons.176 

The last exon of the FSH receptor gene encodes the 
transmembrane and intracellular domains.177

FSH is required in females for normal follicle matura-
tion and the regulation of estrogen production by ovarian 
granulosa cells.175,178,179 FSH is required in pubertal 
males for Sertoli cell proliferation, testicular growth, and 
the maintenance of spermatogenesis.175,180

The first inactivating mutation of the FSH receptor 
was found in Finnish females with autosomal recessive 
inherited hypergonadotropic ovarian dysgenesis (ODG). 
ODG is characterized by primary amenorrhea, infertility, 
and streak or hypoplastic ovaries in the presence of a 
46XX karyotype and elevated gonadotropin levels.181 
Twenty-two out of 75 Finnish patients with ODG were 
found to be homozygous for a C566T point mutation in 
exon 7 of the FSH receptor gene.182 This mutation leads 
to the production of an FSH receptor with an Ala189Val 
substitution in an area of the extracellular ligand- binding 
domain that is thought to play a role in turnover of the 
receptor or in directing the receptor to the plasma mem-
brane.182 The mutated receptor demonstrates normal 
ligand-binding affinity but has decreased binding capac-
ity and impaired signal transduction when studied in 
transfected mouse Sertoli cells.182 Males homozygous for 
this mutation have variable impairment of spermatogen-
esis and low to low-normal testicular volume but are not 
azoospermic and can be fertile.183 The C556T point mu-
tation is uncommon outside Finland, where the carrier 
frequency is 0.96%.184 Other mutations that alter signal 
transduction but not receptor expression or binding  
include Ala189Val, Asn191Ile, Ala419Thr, and Phe591Ser. 
The Ala189Val mutation causes primary hypergonado-
tropic amenorrhea in women and no spermatogenesis in 
men in the homozygous state and secondary amenorrhea 
in the heterozygous state.185,186 The nearby Asn191Ile 
mutation also causes hypergonadotropic amenorrhea in 
the homozygous state but no clinical phenotype in the 
heterozygous state.187 The Ala419Thr mutation was 
identified in a heterozygous woman with primary amen-
orrhea.188 The Phe591Ser mutation causes primary 
amenorrhea and premature ovarian failure (POF) in the 
homozygous state and a predisposition to sex cord ovarian 
tumors in the heterozygous state.189 Primary amenorrhea 
and POF have been described in women with homozy-
gous mutations that totally impaired receptor binding to 
FSH190 or that resulted in reduced expression of the FSH 
receptor on the cell surface.191

Compound heterozygosity for mutations that cause 
partial loss of FSH receptor function may cause endo-
crine dysfunction in women.192,193 Women may present 
with infertility, secondary amenorrhea, osteoporosis, and 
a history of delayed onset of puberty accompanied by 
elevated LH and FSH, low-normal plasma estradiol, low 
plasma inhibin B levels, slightly enlarged ovaries with 
immature follicles, and a small uterus.192 This may be 
caused by FSH receptor gene mutations that result in an 
Ile160Thr mutation in the extracellular domain that im-
pairs cell surface expression and an Arg573Cys mutation 
in e3 that interferes with signal transduction.192 Other 
women present with primary amenorrhea and very ele-
vated gonadotropin, low plasma estradiol and inhibin B 
levels, normal-size ovaries with immature follicles, and a 
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normal-size uterus.193 This condition is associated with an 
Asp224Val substitution in the extracellular domain lead-
ing to impaired cell-surface expression and a Leu601Val 
substitution in e3 impairing signal transduction.193

Activating mutations of the FSH receptor have also 
been described. Surprisingly, a hypophysectomized male 
was found to be fertile and to have serum testosterone 
levels above 4.9 nmol/L and normal testis volume in spite 
of undetectable gonadotropin levels.194 This patient was 
found to be heterozygote for an A1700G mutation in 
exon 10 of the FSH receptor gene that resulted in an 
Asp567Gly substitution in an area of the third intracyto-
plasmatic loop that is highly conserved among FSH, 
LH, and TSH receptors.194-196 The same substitution 
in corresponding areas of the LH and TSH receptors 
also results in constitutively active receptors and is found 
in MLPP and thyroid adenomas, respectively.194-196 
Other activating mutations have been identified to  
cause spontaneous ovarian hyperstimulation syndrome 
(OHSS). Ovarian hyperstimulation syndrome is a com-
mon complication of treatment protocols used to induce 
ova for in vitro fertilization and is characterized by mul-
tiple follicular cysts lined by luteinized cells, which can 
result in abdominal discomfort and distention as well as 
ovarian enlargement and fluid sequestration. One such 
mutation is the Asp567Asn, which was found in a woman 
with recurrent spontaneous OHSS.197 The Thr449Ile 
and Thr449Ala mutations cause a conformational change 
that leads to loss of specificity for FSH leading to sensi-
tivity to HCG198 and TSH199 causing spontaneous OHSS 
during pregnancy or with hypothyroidism. The Ile-
545Thr mutation caused spontaneous OHSS in a 
woman during the first trimester of pregnancy despite a 
normal HCG level.200 This mutant receptor displayed 

detectable constitutive activity as well as promiscuous 
activation by HCG and TSH.

TSH Receptors

The TSH receptor gene is located on chromosome 14 and 
contains 10 exons, with the first nine exons encoding the 
large extracellular domain and the tenth exon coding the 
remainder of the receptor.201-204 At low extracellular TSH 
concentrations, TSH receptor activation leads to stimula-
tion of Gas—which activates adenylyl cyclase, resulting in 
increased intracellular cAMP levels.205,206 At higher extra-
cellular TSH concentrations, activation of the TSH recep-
tor also stimulates the Gq and G11 proteins—activating 
phospholipase C and resulting in the production of diacyl-
glycerol and inositol phosphate.206

TSH receptors differ from the other glycoprotein 
hormone receptors in that they exist in two equally active 
forms.207,208 These are the single-chain and two-subunit 
forms of the TSH receptor (Figure 3-4). The single-
chain form of the TSH receptor is made up of three 
contiguous subunits: the A subunit, C peptide, and B 
subunit.208-210 The A subunit begins at the N terminal of 
the extracellular domain and contains most of the extra-
cellular domain.208-210 The C peptide is connected to the 
C terminal of the A subunit and continues the extracel-
lular domain.208-210 The C peptide contains a 50-amino-
acid sequence that is only found in TSH receptors.208-210 
The B subunit is connected to the C terminal of the C 
peptide and contains the TMs and the C-terminal cyto-
plasmic portion of the receptor.208-210 The two-subunit 
form of the receptor is missing the C peptide, which is 
cleaved from the protein during intracellular processing 
and consists of the A and B subunits attached by disulfide 
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bonds.211-214 It is surprising that both receptor forms are 
activated equally by TSH because the C peptide and 
nearby regions of the A and B subunits participate in 
signal transduction.207-209,215,216

Spontaneous single-allele mutations of the TSH  
receptor gene leading to replacement of Ser-281 (near the 
C terminal of the A subunit, with Ile, Thr, or Asn) result 
in a constitutively active TSH receptor that may cause 
intrauterine or congenital hyperthyroidism, or toxic ade-
nomas.210,217-219 Activating somatic mutations that cause 
toxic adenomas have also been found in different trans-
membrane domains of the TSH receptor.220-227 More 
specifically, clusters of mutations are located in the i3 and 
TM6 regions—found to be involved with signal transduc-
tion in all glycoprotein hormone receptors.220-222,224-226 
The prevalence of activating mutations of the TSH re-
ceptor in toxic adenomas has been estimated to range 
from 2.5% in Japan to 86% in Brazil.223,224,226,228-231

Activating somatic mutations of the TSH receptor 
have also been found in multinodular goiters.232 Inter-
estingly, different activating mutations have been found 
in separate nodules in the same individual.232 Some well-
differentiated thyroid carcinomas have activating muta-
tions of the TSH receptor.233-235 Somatic activating 
mutations of the GNAS gene encoding Gas have also 
been found in some toxic adenomas and differentiated 
thyroid carcinomas.92,236,237 Activating germline mutations 
of the TSH receptor can cause sporadic or autosomal 
dominant inherited non-autoimmune hyperthyroidism 
that presents in utero, during infancy, during childhood, 
and in some cases in adulthood.219,238-247 These mutations 
have been found in the N-terminal extracellular and trans-
membrane domains.219,239-248

Patients with heterozygous mutations that lead to  
constitutively active TSH receptors typically develop hy-
perthyroidism.208 In contrast, biallelic loss of function 
mutations in the TSH receptor genes is required to cause 
hypothyroidism.208 Most known loss-of-function TSH 
receptor mutations are located in the N-terminal extracel-
lular domain.249 A spontaneous Asp410Asn substitution, 
near the carboxy terminus of the C peptide, results in a 
TSH receptor with normal ligand binding affinity and 
impaired Gas-mediated signal transduction.250 Patients 
homozygous for this type of mutation present with com-
pensated hypothyroidism.250

Patients homozygous or compound heterozygous  
for loss-of-function mutations of the TSH receptor pre-
sent with the syndrome of resistance to TSH (RTSH). 
Loss-of-function mutations of the TSH receptor that 
cause RTSH have been identified in the N-terminal  
extracellular domain, TM4, TM6,251 i2, e1, and e3.252 
Clinical severity of RTSH may range from a euthyroid 
state accompanied by elevated TSH levels (fully compen-
sated RTSH), to mild hypothyroidism unaccompanied by 
a goiter (partially compensated hypothyroidism), to con-
genital thyroid hypoplasia accompanied by profound  
hypothyroidism (uncompensated RTSH).70,250,253-257 In 
patients with uncompensated RTSH, a small bilobar thy-
roid gland is located at the normal site.70 Loss-of-function 
mutations of the TSH receptor are a rare cause congenital 
hypothyroidism258,259 more common in Japan and Taiwan 
(up to 7% of children)260,261 where R450H is particularly 

frequent. Because the sodium-iodide symporter is TSH 
dependent,162 iodine and (99m) pertechnetate uptakes are 
diminished or absent in patients with RTSH.70,262 In rare 
cases, iodine uptake is high-normal.263 These compound 
heterozygous mutations of the TSH receptor had some 
Gas activity and no Gq activity suggesting that iodine 
uptake is solely controlled by Gas activity and not Gq ac-
tivity. Some families have been found to have an autoso-
mal-dominant form of RTSH that is not caused by a 
mutation of the TSH receptor.264,265

HCG and TSH Receptors during Pregnancy

Due to its structural similarity with TSH, at high con-
centrations HCG can activate the TSH receptor.266 Dur-
ing pregnancy, HCG activation of TSH receptors leads 
to elevation in thyroid hormones seen after the ninth 
week of gestation—and decreases in TSH levels between 
the ninth and twelfth weeks of gestation.267 This phe-
nomenon does not usually result in maternal hyperthy-
roidism (gestational thyrotoxicosis).267,268 However, when 
HCG levels are abnormally elevated due to gestational 
trophoblastic disease due to a molar pregnancy or cho-
riocarcinoma, hyperthyroidism may occur.269-273 The 
prevalence of thyrotoxicosis in gestational trophoblastic 
disease correlates with HCG levels. In one study of  
196 patients treated with chemotherapy for gestational 
trophoblastic neoplasia, the prevalence of thyrotoxicosis 
was 7%.274 Biochemical thyrotoxicosis only occurred 
in patients with HCG levels . 105 and clinical thyro-
toxicosis only occurred in patients with HCG levels 
.106. Serum TSH is consistently suppressed when HCG 
levels are above 4 3 105.275

A mother and daughter were identified with recurrent 
gestational hyperthyroidism and normal serum HCG 
levels.276 These individuals were found to be heterozy-
gous for a point mutation in the TSH receptor gene, 
resulting in a Lys183Arg substitution in the extracellular 
domain of the receptor. It is believed that this substitu-
tion increases activation of the receptor by HCG, causing 
gestational hyperthyroidism.

The Gonadotropin-Releasing Hormone 
Receptor Group
Gonadotropin-Releasing Hormone Receptors

The GnRH receptor gene is located on 4q13 and includes 
three exons.280,281 Unlike glycoprotein hormone recep-
tors, GnRH receptors lack an intracellular C-terminal 
domain.282,283 By contrast to most GPCRs, the GnRH 
receptor is coupled to Gq/G11 and hence ligand-binding 
leads to stimulation of phospholipase C and not adenylyl 
cyclase.284 Phospholipase C cleaves phosphatidylinositol-
4,5-diphosphate (PIP2) to inositol 1,4,5-triphosphate 
(IP3) and diacylglycerol, leading to increased protein  
kinase C (PKC) activity.285,286

Some patients with idiopathic hypogonadotropic  
hypogonadism (IHH) are homozygous or compound het-
erozygous for loss-of-function mutations in the GnRH 
receptor gene.287-289 Unlike patients with Kallmann syn-
drome, they have a normal sense of smell.287-289 GnRH 
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receptor mutations that cause IHH result in decreased 
binding of GnRH or impaired GnRH receptor signal 
transduction, or decreased GnRH receptor cell mem-
brane expression due to misrouting of GnRH receptor 
oligomers from the endoplasmic reticulum.40,41,287-289 
Some mutations, including E90K, L266R and S168R, 
that cause misfolding and retention within the endoplas-
mic reticulum exhibit a dominant negative effect due to 
retention of wild-type receptors.290

Female patients with mutations that partially compro-
mise GnRH receptor function may present with primary 
amenorrhea and infertility associated with a normal or 
small uterus and small ovaries with immature follicles.287,291 
Males with the same mutations may present with incom-
plete hypogonadotropic hypogonadism (characterized by a 
delayed and incomplete puberty) or with complete hypo-
gonadotropic hypogonadism (characterized by absent  
puberty).287,291

Some patients with IHH due to mutated GnRH  
receptors have partial or normal gonadotropin responses 
to exogenous GnRH.287,291 However, decreased amplitude 
in the pulsatile LH secretion can be observed in these 
patients.287 Females with a partial or normal gonadotro-
pin response to exogenous GnRH are more likely than 
nonresponders to become fertile in response to pulsatile 
exogenous GnRH. 287,292

Activating mutations of the GnRH receptor have not 
been described in the germline or in pituitary adenomas.293

The Thyrotropin-Releasing Hormone and 
Secretagogue Receptor Group
Thyrotropin-Releasing Hormone Receptors

Like the GnRH receptor, TRH receptor activation leads 
to increased phospholipase C activity.294 To date, only 
inactivating mutations that cause endocrine dysfunction 
have been reported for the TRH receptor. One patient 
was identified with central hypothyroidism due to mu-
tated TRH receptors.295 He presented during the ninth 
year of life with short stature (22.6 SD) accompanied by 
a delayed bone age (24.1 SD), a low plasma thyroxine 
level, and a normal plasma TSH level. Exogenous TRH 
did not induce an increase in plasma TSH and prolactin 
levels. He was found to be compound heterozygous for 
TRH receptor gene mutations, resulting in receptors 
that failed to bind TRH or induce IP3 production.  
Another family was identified with complete resistance  
to TRH due to a nonsense mutation in the TRHR  
(p.R17X) producing a TRH receptor that lacked the  
entire transmembrane domain.296 The proband was 
homozygous and presented with short stature, growth 
failure, and fatigue at age 11. He had a low free T4 with 
a low-normal TSH. TRH stimulation testing failed to 
stimulate TSH or prolactin. Surprisingly his 33 year-old 
sister who was also homozygous had escaped detection 
despite two normal pregnancies brought to term. She 
had no signs or symptoms of hypothyroidism but exhib-
ited thyroid function tests similar to the proband. She 
breastfed normally. Both the proband and his sister had 
normal cognitive function. This report suggested that 
the TRH receptor is not essential for normal cognitive 

function or female fertility and lactation. The mouse 
model corroborates these findings.297

Other Class A Receptors That Transduce 
Hormone Action
Free Fatty Acid Receptor 1

At the time a new GPCR is discovered, the ligand for the 
newly discovered receptor is often unknown. Thus, until 
a specific ligand is discovered, these GPCRs are known  
as orphan receptors. According to the Human Genome 
Organization (HUGO) Gene Nomenclature Committee, 
these G protein–coupled orphan receptors should be 
named alphanumerically GPR followed by a number until 
their ligand is known. Once a specific ligand is identified, 
a more specific name is given the receptor.

The ligands for GPR40 were unknown when the 
receptor was first discovered. The HUGO Gene  
Nomenclature Committee changed the name of the 
receptor to free fatty acid receptor 1 (FFAR1) when the 
ligands were identified as medium- and long-chain 
fatty acids. With rare exceptions that are clearly identi-
fied, this chapter follows HUGO Gene Nomenclature 
Committee recommendations (see www.gene.ucl.ac.uk/
nomenclature/index.html for more information on recep-
tor nomenclature).

FFAR1 is one of several GRCRs for lipid mediators. 
Lipid mediators are intercellular lipid messengers that 
include sphingosine 1-phosphate, sphingosylphosphoryl-
choline, dioleoyl phosphatidic acid, lysophosphatidic 
acid, eicosatetraenoic acid, bile acids, and free fatty  
acids.63 FFAR1 is activated by medium- and long-chain 
fatty acids, whereas FFAR2 (formerly known as GPR43) 
and FFAR3 (formerly known as GPR 41) are activated by 
shorter-chain fatty acids.63 There is now evidence that 
FFAR1 activation by medium- and long-chain fatty acids 
has endocrine implications. FFAR1 is expressed in human 
pancreatic b-islet cells.298 FFAR1 is involved in cholecys-
tokinin secretion from I cells in response to fatty acids.299 
It has also been implicated in fatty acid stimulated GLP-1 
and GIP secretion from L and K cells.300 GPR120 is 
expressed in enteroendocrine cells and has a physiologic 
role in GLP-1 secretion.301 FFAR2 and FFAR3 are 
expressed in adipose tissue and FFAR3 has been impli-
cated in leptin production.301

Fatty acid–induced stimulation of FFAR1 in b-islet 
cells leads to activation of the Gaq-phospholipase C 
second-messenger pathway, which in turn leads to re-
lease of calcium from the endoplasmic reticulum that 
augments insulin-mediated increases in intracellular 
calcium concentrations due to glucose-induced activa-
tion of voltage-gated calcium channels.302-305 Because an 
increased intracellular calcium concentration induces 
insulin release, FFAR1- mediated augmentation of glucose-
mediated increases in the intracellular calcium concentra-
tion leads to amplification of glucose-stimulated insulin 
release. 302-305

An identified variant in FFAR1 (Gly180Ser), found in 
a Sicilian population, resulted in obesity, impaired glu-
cose, and lipid stimulated insulin secretion.306 Two other 
variants, Arg211His and Asp175Asn, are not associated 

http://www.gene.ucl.ac.uk/nomenclature/index.html
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with alterations in insulin release.306,307 TAK-875, an 
FFAR1 agonist, was shown to reduce hemoglobin A1c in 
patients with type 2 diabetes in a phase 2 clinical trial.308 
Wild-type mice placed on an 8-week high-fat diet de-
velop glucose intolerance, insulin resistance, hypertri-
glyceridemia, and hepatic steatosis—whereas FFAR1 
knockout mice on the same diet do not develop these 
conditions.309 The clinical relevance for patients is not 
yet clear. However, an Arg211His polymorphism in the 
FFAR1 gene may explain some of the variation in insulin 
secretory capacity found in Japanese men: Arg/Arg ho-
mozygotes had lower serum insulin levels, homeostasis 
model of insulin resistance, and homeostasis model of 
beta-cell function than His/His homozygotes.310

KISS1 Receptor/GPR54

Homozygous inactivating mutations in the gene en-
coding the KISS1 receptor (GPR54) were initially  
described in French and Saudi Arabian patients with 
IHH; in both cases the affected subjects came from 
consanguineous families.311-314 The Saudi patients 
carried a Leu148Ser mutation, whereas the French 
patients carried a 155bp deletion. Leu148 is highly 
conserved among class A GPCRs.315 The mutation 
does not affect expression, ligand binding, or association 
with Gs but impairs ligand-induced catalytic activation 
of Gs.315 At the same time, an African American patient 
with IHH was described who was compound heterozy-
gous for inactivating GPR54 mutations.313 Since publi-
cation of these initial reports, additional patients have 
been described. A boy with a Jamaican father and a 
Turkish-Cypriot mother, and with cryptorchidism and 
micropenis at birth and undetectable LH and FSH levels 
at 2 months of age, was found to have compound hetero-
zygous GPR54 mutations.316 Another missense mutation 
(Leu102Pro) that exhibits complete inactivation of 
GPR54 signaling has been identified.317 Surprisingly, 
patients with this mutation exhibited spontaneous pulsa-
tile LH and FSH secretion with normal frequency and  
a blunted amplitude and family members had partial 
pubertal development.317

Unlike patients with Kallmann syndrome, patients 
with GPR54 mutations have an intact sense of smell. 
Furthermore, in contrast to patients with IHH due to 
GnRH mutations, patients with GPR54 mutations in-
crease serum gonadotropin levels in response to exoge-
nous GnRH. Thus, biallelic loss of function mutations 
in GPR54 are a rare cause of normosmic IHH.314,316

Ligands for GPR54 derive from a single precursor 
protein, kisspeptin-1.318,319 The longest derivative pro-
tein that acts as a ligand for GPR54 is metastin, so 
called because it is a metastasis suppressor gene in 
melanoma cells.318 Metastin consists of kisspeptin-1 
69-121.318,319 However, shorter C-terminal peptides 
derived from kisspeptin-1 bind and activate GPR54.318 
Administration of metastin to adult male volunteers 
increases LH, FSH, and testosterone levels.320 Studies 
in animal models suggests that Kiss1 expressing neu-
rons in the hypothalamus modulate GnRH expressing 
neurons to initiate puberty and modulate sex steroid 
feedback on GnRH release.314,321,

An activating mutation in GPR54 was identified in a 
patient with central precocious puberty.322 The adopted 
girl was found to have an Arg386Pro mutation, which 
led to prolonged activation of signaling in response to 
Kisspeptin.

Orexin Receptors

Orexins act on orexin receptors, located predominantly 
in the hypothalamus, to control food intake and play a 
role in the regulation of sleep/wakefulness.323-325 There 
are two types of orexin receptors: the orexin-1 and the 
orexin-2 receptors.325 There are also two types of orex-
ins, orexin A and orexin B, formed from the precursor 
peptide preproorexin.325 Orexins are also known as hypo-
cretins, and orexin A is synonymous with hypocretin-1 
and orexin B with hypocretin-2.324,325 Orexin A acts on 
orexin-1 and orexin-2 receptors, whereas orexin B only 
acts on orexin-2 receptors.323,326,327

Like most class A GPCRs, orexin receptors couple 
with Gq/11 and Gi/Go to activate phospholipase C and in-
hibit adenylyl cyclase, respectively.325,328-330 Surprisingly, 
evidence suggests that orexin receptors also couple with 
Gs—which increases adenylyl cyclase activity.330 Orexins 
increase food intake and duration of wakefulness.323,324,331 
Orexin A and activation of the orexin-1 receptor have 
greater orexigenic effects than orexin B and activation of 
the orexin-2 receptor.332 The orexin-2 receptor mediates 
the arousal effect of orexins.332 Most patients with narco-
lepsy with cataplexy have diminished levels of orexin A 
concentrations in cerebral spinal fluid and lack orexin-
containing neurons.324,333-336 This is thought to be due 
to postnatal cell death of orexin neurons in the hypo-
thalamus.337 HLA DQB1*0602 is associated with narco-
lepsy with cataplexy and an autoimmune process has been 
suggested but no autoantibodies have been identified. 
Thus far, no mutations in orexin receptors have been 
found in humans. A mutation in the orexin-2 receptor 
causes narcolepsy in dogs.338 There is one described mu-
tation (leu16ARG) in the HCRT gene in a child with 
early onset narcolepsy with cataplexy.339 This mutation 
was shown to impair processing and trafficking of the 
mutant orexin leading to undetectable orexin A concen-
trations in the CSF.

Ghrelin Receptors

Another class A receptor that transduces hormone action 
is the ghrelin receptor. The receptor is also known as the 
growth hormone secretagogue receptor type 1a because 
the receptor is also activated by a family of synthetic 
growth hormone secretagogues.105,332 Ghrelin is a prod-
uct of posttranslational modification of the ghrelin gene 
product proghrelin.340 Ghrelin is mainly produced in the 
stomach.341,342 Activation of ghrelin receptors located in 
the hypothalamus and pituitary somatotrophs enhances 
growth hormone secretion.343 The ghrelin receptor also 
has an orexigenic role.

Plasma ghrelin levels are elevated just prior to eating 
and decrease rapidly after eating.344,345 In addition, intra-
venous administration of ghrelin to humans increases 
appetite and food intake.346 Plasma ghrelin levels are 
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elevated in individuals with Prader Willi syndrome.347 
Thus, hyperphagia in patients with Prader Willi syn-
drome may be due at least in part to overactivation of 
ghrelin receptors by ghrelin. Screening of 184 extremely 
obese children and adolescents for mutations of the ghre-
lin receptor gene failed to identify a single mutation 
likely to cause obesity.348

Short individuals in two unrelated Moroccan kindreds 
were found to have a C to A transversion at position 611 
in the first exon of the ghrelin receptor gene.349 This 
transversion results in replacement of the apolar and 
neutral amino acid alanine at position 204 of the receptor 
by the polar and charged amino acid glutamate. This 
mutation interferes with normal constitutive activity of 
the receptor and decreases cell membrane expression of 
the receptor. Receptor activation by ghrelin, however, is 
preserved. Two thirds of individuals in the kindreds het-
erozygous for the mutation had height greater than or 
equal to 2 standard deviations below the mean. One het-
erozygous individual’s height was 3.7 standard deviations 
below the mean. Prior to onset of growth hormone 
therapy, the only individual in the kindreds homozygous 
for the mutation had a height 3.7 standard deviations 
below the mean. Surprisingly, the patient homozygous 
for the mutation became overweight during puberty. The 
weight of the patients heterozygous for the mutation 
varied from underweight to overweight. Another patient 
who presented with severe short stature (23 SD), vomit-
ing, ketosis, hypoglycemia, and low BMI was identified 
to be a compound heterozygote for a W2X and an 
R237W mutation in the ghrelin receptor.350 His IGF1 
was low at 44 ng/mL and he failed GH stimulation testing 
and had a normal IGF1 generation test, and he had im-
provement in his height velocity and hypoglycemia in 
response to growth hormone treatment. Four more 
ghrelin receptor mutations were identified in a Japanese 
cohort with short stature (nQ36, P108L, C173R, and 
D246A).351 nQ36 showed a minor reduction in activity. 
C173R led to intracellular retention. D246 caused  
impaired signaling and P108L led to reduced binding 
affinity to ghrelin. Two other mutations were identified 
in a cohort of patients with constitutional delay of growth 
and puberty in Brazil (Ser84Ile and Val182Ala).352 Both 
resulted in decreased basal activity. The patients were 
short at presentation (22.4 and 22.3 SD) but reached a 
normal adult height without treatment.

Another product of posttranslational modification of 
proghrelin, obestatin, appears to play a role in control-
ling appetite and weight.340 Activation of the obestatin 
receptor, previously known as GPR39, in rats results in 
decreased food intake and weight.

Melanin-Concentrating Hormone Receptors

Formerly known as SLC-1 or GPR24, the type 1 melanin-
concentrating hormone (MCH) receptor (MCHR1)—and 
the more recently discovered type 2 MCH receptor 
(MCHR2), formerly known as SLT or GPR145—may 
play a role in regulating feeding and energy metabolism in 
humans.353-356 When activated, MCHR1 couples with 
Gq/11 and Gi/o to increase phospholipase C activity and 
inhibit adenylyl cyclase activity, respectively.353,354,357 

MCHR2 couples with Gq/11, and MCH binding leads to 
increased phospholipase C activity.355,356

Studies in rodents reveal that MCH is an orexigenic 
hormone, and treatment of rodents with MCHR1 an-
tagonists decreases food intake, weight, and body 
fat.353,358,359,360,361 MCHR2 is not expressed in rodents.360 
Two loss-of-function mutations were identified in 
MCHR1 in humans (R210H and P377S).362 Cells trans-
fected with either mutant receptor failed to respond to 
MCH despite normal cell surface expression of the re-
ceptor, suggesting a receptor activation defect. These 
mutations were identified in two markedly underweight 
individuals and were not found in an obese cohort.362,363 
Analysis of the MCHR1 gene in more than 4000 obese 
German, Danish, French, and American children and 
adolescents revealed several single-nucleotide polymor-
phisms and gene variations in the German children  
and adolescents that may be associated with obesity.364 
Another study of 106 American subjects with early- 
onset obesity failed to definitively identify MCHR1 and 
MCHR2 mutations as a cause of obesity.365

CLASS B RECEPTORS THAT TRANSDUCE 
HORMONE ACTION

Growth Hormone–Releasing Hormone 
Receptor
The growth hormone–releasing (GHRH) receptor gene 
is located at 7p14.366 GHRH receptors interact with Gs to 
stimulate adenylyl cyclase, resulting in increased intracel-
lular cAMP levels that lead to somatotroph proliferation 
and growth hormone secretion.367 Thus, it is not surpris-
ing that activating mutations in Gas leading to constitu-
tive activation of adenylyl cyclase have been found in 
some growth hormone–secreting pituitary adenomas in 
humans.368

Many mutations in the GHRH receptor that cause 
isolated growth hormone deficiency have been identified. 
These include 6 splice site mutations, 2 microdeletions, 
2 nonsense mutations, 1 frameshift mutation, 10 mis-
sense mutations, and 1 mutation in the promoter.369-372 
The first naturally occurring mutation in the GHRH 
receptor (D60G) was found in the little mouse, which has 
a dwarf phenotype.373,374 This mutation in a conserved 
amino acid in the extracellular domain impairs the ability 
to bind GHRH.375 The first human mutation in the 
GHRH receptor (E72X) was identified in a consanguine-
ous Indian family.367 The same mutation was found in 
three apparently unrelated consanguineous kindreds 
from India, Pakistan, and Sri Lanka.366,376,377 A different 
mutation (5’ splice site mutation in intron 1) was identi-
fied in a large Brazilian kindred of more than 100 indi-
viduals.367 Both mutations result in the production of 
markedly truncated proteins with no receptor activ-
ity.367,377 A frameshift mutation was identified in a patient 
with severe short stature and was the first documented 
case of early onset anterior pituitary hypoplasia.371 In 
another family, two siblings with isolated growth hor-
mone deficiency were found to be compound heterozy-
gous for inactivating GHRH receptor gene mutations.378 
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Three more novel mutations were identified in families 
with severe short stature in the United Kingdom (W273S, 
R94L, and R162W).369 The only mutation found in the 
promoter region of GHRH affects one of the Pit-1 bind-
ing sites.379

Studies of subjects in these large kindreds who are 
homozygous or compound heterozygous for inactivat-
ing GHRH receptor gene mutations have shown that 
affected children experience severe postnatal growth 
failure with proportionate short stature.366,367,377,378 
Males have high-pitched voices and moderately delayed 
puberty.366,367,377 Unlike infants with complete growth 
hormone deficiency, they do not have frontal bossing, 
microphallus, or hypoglycemia.366,377,378 Bone age is 
delayed with respect to chronologic age but advanced 
with respect to height age.377 Some patients have been 
found to have pituitary hypoplasia.366,377 Growth veloc-
ity increased with exogenous growth hormone ther-
apy.366,367,377,378 Remarkably, growth hormone treatment 
of two siblings from Turkey with the E72X mutation 
allowed them to reach a normal adult height despite 
pretreatment heights of 26.7 and –8.6 SD and initia-
tion of growth hormone around age 14.380

Further studies in the Brazilian cohort revealed that 
homozygotes had increased abdominal obesity, a higher 
low-density lipoprotein (LDL), and total cholesterol but 
normal carotid wall thickness and no evidence of prema-
ture atherosclerosis.381 Treatment of these patients with 
GH for 6 months improved body composition, reduced 
LDL and total cholesterol, and increased high-density 
lipoprotein (HDL). Surprisingly this was associated with 
increased carotid intima-media thickness and atheroscle-
rotic plaques.382 Reevaluation 5 years after the discon-
tinuation of growth hormone showed a return to baseline 
for these measures.383 Heterozygotes for the null muta-
tion had normal adult heights and IGF1 SD scores but 
exhibited reduced body weight, body mass index (BMI), 
lean mass, fat mass, and increased insulin sensitivity.384

SNPs in the GHRH receptor have been shown to con-
tribute to height-SDS variation,385,386 but mutations remain 
a rare cause of isolated growth hormone deficiency.387

Gastric Inhibitory Polypeptide Receptors
The gastric inhibitory peptide receptor (GIPR) gene is 
located on the long arm of chromosome 19.388 Two func-
tional isoforms exist in humans due to alternate splic-
ing.389 GIPR activation induces Gas activation of adenylyl 
cyclase.389-391 Gastric inhibitory polypeptide (GIP) is also 
known as glucose-dependent insulinotropic polypeptide 
and is released by K cells in the small intestine in response 
to food. GIP has numerous physiologic actions, including 
stimulation of glucagon, somatostatin, and insulin release 
by pancreatic islet cells.392,393 Human mutations in the 
GIP receptor have not been identified to date. One study 
identified a SNP in the GIPR that is associated with insu-
lin resistance in obese German children.394 Another study 
identified an SNP in the GIPR that is associated with 
reduced fasting and induced C-peptide levels.395

The GIPR is implicated in food-dependent Cushing 
syndrome. Circulating cortisol levels in patients with 
food-dependent or GIP-dependent Cushing syndrome 

rise abnormally in response to food intake.94,95 GIP does 
not normally induce cortisol release from adrenocortical 
cells.396,397 These patients may have adrenal adenomas or 
nodular bilateral adrenal hyperplasia that overexpresses 
GIPRs that abnormally stimulate cortisol secretion when 
activated.396,398 Thus, in these patients postprandial GIP 
release leads to activation of these abnormally expressed 
and functioning adrenal GIPRs, resulting in excessive 
adrenal cortisol secretion.396,397

Parathyroid Hormone and Parathyroid
Hormone–Related Peptide Receptors
Two types of parathyroid hormone (PTH) receptors have 
been identified. The type 1 PTH receptor (PTHR1) is 
activated by PTH and parathyroid hormone–related 
peptide (PTHrP) and mediates PTH effects in bone and 
kidney.399 In spite of 51% homology to the PTHR1, the 
type 2 PTH receptor (PTHR2) is activated by PTH but 
not PTHrP.399-402 The PTHR2 is particularly abundant 
in the brain and pancreas but is also expressed in the 
growth plate; its natural ligand is TIP39.403-405 The func-
tion of the PTHR2 is largely unknown.399,400

The PTHR1 has a large aminoterminal extracellular 
domain containing six conserved cysteine residues.399 
Ligand binding induces the PTHR1 to interact with Gs 
and Gq proteins, leading to activation of the adenylyl 
cyclase/protein kinase A and phospholipase C/protein 
kinase C second-messenger pathways, respectively.406-411 
Interestingly, mutations in i2 interfere with coupling  
of the PTHR1 to Gq without interfering with coupling 
to Gs—whereas mutations in i3 disrupt coupling of the 
receptor to both G proteins.412,413 Binding of PTH to the 
PTHR1 leads to internalization of a portion of plasma 
membrane containing a ternary complex of activated  
receptor-Gsa-adenylyl cyclase that exhibits sustained 
production of cyclic AMP.414 By contrast, PTHrP bind-
ing to the PTHR1 receptor leads to formation of a com-
plex that remains on the cell surface and generates cyclic 
AMP for only a short period of time.414

Biallelic loss-of-function mutations in the PTHR1 
gene cause Blomstrand chondrodysplasia.399 This lethal 
disorder is characterized by accelerated chondrocyte 
differentiation, resulting in short-limbed dwarfism, 
mandibular hypoplasia, lack of breast and nipple devel-
opment, and severely impacted teeth.399,415 One patient 
with this rare condition was found to be homozygous 
for a point mutation that resulted in a Pro132Leu sub-
stitution in the N-terminal domain that interferes with 
ligand binding.416,417 Another patient was found to be 
homozygous for a frameshift mutation that results in  
a truncated receptor lacking TM5-7, and contiguous 
intracellular and extracellular domains.418

A third patient was found to have a maternally inher-
ited mutation that altered splicing of maternal mRNA, 
resulting in a PTHR1 with a deletion of residues 373 
through 383 in TM5 (which also interferes with ligand 
binding).419 In spite of heterozygosity for the mutation, 
the patient was unable to produce normal PTHR1s  
because for unknown reasons the paternal allele was not 
expressed.419 Heterozygosity for somatic or germline 
Arg150Cys missense mutations in the PTHR1 was  
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identified in two out of six patients with enchondroma-
tosis,420 a condition that is usually sporadic and which 
is attributed to a postzygotic somatic cell mutation.  
Enchondromas are benign cartilage tumors that develop 
in the metaphyses and may become incorporated into the 
diaphyses of long tubular bones, in close proximity to 
growth plate cartilage; there is an increased risk of malig-
nant transformation to osteosarcoma.16 Patients with 
multiple enchondromatosis (OMIM ID: 166000) have 
Ollier disease (World Health Organization terminology), 
a disorder characterized by the presence multiple en-
chondromas with an asymmetric distribution of lesions 
that vary in size, number, and location. When multiple 
enchondromatosis occurs with soft tissue hemangiomas, 
the disorder is known as Maffucci syndrome. In vitro 
studies showed that the Arg150Cys mutation was mildly 
activating but led to stimulation of phospholipase C rather 
than adenylyl cyclase.420 A transgenic knockin mouse 
expressing the mutant PTHR1 under the control of the 
collagen type 2 promoter showed development of tumors 
that are similar to those observed in human enchondro-
matosis.420 The clinical significance of these observations 
are uncertain, as most cases of enchondromatosis are 
caused by mutations in the IDH1 and IDH2 genes.421,422

Some cases of Jansen metaphyseal chondrodysplasia 
have been found to be caused by constitutively activating 
mutations of the PTHR1 gene.423-425 This autosomal-
dominant disorder is characterized by short-limbed dwarfism 
due to impaired terminal chondrocyte differentiation and 
delayed mineralization accompanied by hypercalcemia.423,424 
Interestingly, constitutive activation appears to result pre-
dominantly in excessive Gas activity because adenylyl 
cyclase activity is increased and PLC activity is unchanged 
in COS-7 cells expressing mutated receptors.423-425

Other Class B Receptors That Transduce 
Hormone Action
Other class B receptors that transduce hormone action 
include glucagon-like peptide-1, glucagon, calcitonin, 
and corticotrophin-releasing factor receptors.426 Class B 
receptors usually couple with heterotrimeric Gs proteins, 
leading to the activation of adenylyl cyclase—which in 
turn leads to elevated intracellular cAMP levels.426,427 
(See Chapter 19 for a discussion of the role of GLP1  
in promoting insulin secretion and the use of GLP1 ana-
logues or inhibitors of GLP1 breakdown in therapy.)

CLASS C RECEPTORS THAT TRANSDUCE 
HORMONE ACTION

Calcium-Sensing Receptors
The calcium-sensing receptor (CaSR) is located on the 
long arm of chromosome 3 (3q21.1).428 The CaSR has a 
large aminoterminal domain that contains nine potential 
glycosylation sites.429 Binding of ionized calcium to the 
CaSR leads to activation of phospholipase C via activa-
tion of Gq/11 proteins.429,430

The CaSR is an integral component of a feedback system 
that utilizes PTH and renal tubular calcium reabsorption to 

keep the serum concentrations of ionized calcium within  
a narrow physiologic range.431 Increased extracellular ion-
ized calcium concentrations activate CaSRs in parathyroid 
chief and renal tubular epithelial cells, leading to decreased 
PTH release and renal tubular calcium reabsorption.429,432 
When ionized calcium concentrations fall, CaSR activation 
decreases—leading to increased PTH release and enhanced 
renal tubular calcium reabsorption.429,432

The CaSR also binds magnesium, and thus PTH 
secretion can be inhibited by elevated serum concentra-
tions of magnesium with consequent hypocalcemia.433 
The CaSR may participate in magnesium homeostasis 
by altering reabsorption of magnesium in the thick  
ascending limb of Henle in the kidneys.434,435 It is prob-
able that increased peritubular levels of magnesium  
activate renal CaSRs, leading to inhibition of reabsorp-
tion of magnesium from the thick ascending limb of 
Henle—which in turn leads to increased renal excretion 
of magnesium.434,435

Familial (benign) hypocalciuric hypercalcemia (FBH 
or FHH) and neonatal severe hyperparathyroidism 
(NSHPT) are caused by loss-of-function mutations of 
the CaSR gene.436,437 Most of these mutations are located 
in the N-terminal extracellular domain.438,439 With few 
exceptions, individuals heterozygous for loss-of-function 
mutations have FBH, a benign condition characterized 
by very low urinary calcium excretion, mild hypercalce-
mia, normal or slightly elevated serum PTH levels, and 
few if any symptoms of hypercalcemia or hyperparathy-
roidism. By contrast, individuals homozygous for such 
mutations will develop NSHPT, a life-threatening condi-
tion characterized by severe hypercalcemia, markedly 
elevated serum PTH levels and skeletal defects.440,441 
Therefore, children of consanguineous FBH parents are 
at risk for NSHPT.438,442,443 Occasionally, infants with 
NSHPT are heterozygous for CaSR gene mutations.444 
In most cases FHH is transmitted in an autosomal domi-
nant manner, but autosomal recessive inheritance has 
been described in one kindred in which the CaSR muta-
tion was only weakly inactivating.445

Decreased CaSR function impedes calcium ion suppres-
sion of PTH release and renal tubular calcium reabsorp-
tion.437 Thus, FBH is characterized by mild hypercalcemia 
that is accompanied by inappropriately normal or elevated 
serum PTH levels and by relatively low urinary calcium 
excretion.440,446,447 Individuals with FBH may also have 
hypermagnesemia as a result of decreased peritubular inhi-
bition of magnesium reabsorption from the thick ascending 
loops of the kidneys by the CaSR.435 There are three type 
of FBH: FBH type 1 (FBH1), FBH type 2 (FBH2), and 
FBH type 3 (FBH3).448

FBH1 is due to heterozygous loss-of-function muta-
tions of the CaSR gene on 3q21.1.448 Two other chromo-
somal loci have been identified in patients with FBH who 
do not have CaSR gene mutations. FBH2 has been 
mapped to 19p13.3 and is biochemically and clinically 
similar to FBH1.448,449 FBH3, which is also known as the 
Oklahoma variant (FBHOK), has been mapped to 
19q13.448,450 Adults with FBH3 have hypophosphatemia, 
elevated serum PTH levels, and osteomalacia in addition 
to the clinical and biochemical findings found in individu-
als with FBH1 and FBH2.448,451 NSHPT is characterized 

http://www.omim.org/entry/166000
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by severe hypercalcemia accompanied by elevated circulat-
ing PTH levels, undermineralization of bone, rib cage 
deformity, and multiple long-bone and rib fractures.440

Activating mutations of the CaSR gene cause autoso-
mal-dominant hypocalcemic hypercalciuria (ADHH), 
also known as autosomal dominant hypocalcemia, as 
increased CaSR function leads to increased calcium ion 
suppression of PTH release and suppression of renal 
tubular calcium reabsorption.430,448,452-456 ADHH is 
characterized by hypocalcemia and hypomagnesemia 
accompanied by inappropriately normal or increased 
urinary calcium excretion and inappropriately normal 
or low serum PTH levels.430,454-456 Patients with ADHH 
may be asymptomatic or may present with tetany, mus-
cle cramps, or seizures during infancy or childhood.454-457 
Similar to inactivating mutations, most activating muta-
tions are located in the N-terminal extracellular do-
main.452,454,455,457 Treatment of patients with ADHH 
with activated forms of vitamin D (e.g., calcitriol) is 
complicated as normalization of serum calcium levels  
is associated with worsening of hypercalciuria, hence 
further increasing the risk of nephrolithiasis, in nephro-
calcinosis, and in renal impairment.454,455

Some patients with activating mutations of the CaSR 
gene will develop Bartter syndrome type V, which similar 
to other types of Bartter syndrome, is characterized  
by hypokalemic metabolic alkalosis and by hyperaldoste-
ronism due to elevated renin levels.458,459 Patients with 
Bartter syndrome type V, unlike patients with other types 
of Bartter syndrome, may also have symptomatic hypo-
calcemia and are at risk for developing nephrocalcinosis 
due to hypercalciuria.458,459 Evidence from in vitro func-
tional expression studies suggests that patients with mild 
or moderate heterozygous gain-of-function mutations of 
the CaSR develop ADHH, whereas those with severe 
heterozygous gain-of-function mutations of the CaSR 
will also develop Bartter syndrome type V.458-460

Some single–amino-acid polymorphisms of the CaSR 
gene appear to predict whole-blood ionized and serum 
total calcium levels and may increase the risk for bone 
and mineral metabolism disorders in individuals with 
other genetic and environmental risk factors for these 
disorders.461-463 Individuals heterozygous or homozy-
gous for a Gln1011Glu CaSR gene polymorphism tend 
to have higher calcium levels than individuals with the 
polymorphism.463,464 The 15.4% of 387 healthy young 
Canadian women with at least one CaSR gene allele with 
an Ala986Ser polymorphism were found to have higher 
total calcium levels than the remainder of the women 
without the polymorphism.462

Another study of 377 unrelated healthy Italian adult 
males and females found that 24% of study subjects 
were heterozygous or homozygous for the Ala986Ser 
polymorphism and confirmed the finding that individu-
als without the polymorphism have lower whole-blood 
ionized calcium levels than individuals with the poly-
morphism.463 The Ala986Ser polymorphism has also 
been associated with Paget disease and primary hyper-
parathyroidism.464-466 Individuals with a less common 
Arg990Gly polymorphism tend to have lower whole-
blood ionized calcium levels than individuals without 
the polymorphism.463 The Arg990Gly polymorphism 

has been found to be associated with hypercalciuria and 
nephrolithiasis.466,467

Auto-antibodies against the CaSR that interfere with 
binding of calcium to the receptor may cause autoim-
mune hypocalciuric hypercalcemia.468 These patients 
have primary hyperparathyroidism with the clinical and 
biochemical features of patients with FBH.468 Conversely, 
auto-antibodies that activate the CaSR are a cause of  
autoimmune-acquired hypoparathyroidism.469 Both con-
ditions may occur in association with other autoimmune 
conditions (such as autoimmune thyroiditis), with celiac 
disease in patients with autoimmune hypocalciuric hyper-
calcemia, and with autoimmune thyroiditis and autoim-
mune polyglandular syndrome types 1 and 2 in patients 
with autoimmune-acquired hypoparathyroidism.468-470 
Auto-antibodies that activate the CaSR were found in  
approximately one third of individuals with acquired  
hypoparathyroidism.470

G PROTEIN GENE DISORDERS

A growing number of human disorders are associated 
with somatic or germline mutations in genes that encode 
the subunits of G proteins and lead to either a gain of 
function or a loss of function in the signaling protein.471 
Here we will limit discussion to disorders associated with 
mutations of the GNAS gene that encodes Gas, as these 
mutations are the principal causes of endocrine disorders.

Inactivating Mutations of the GNAS Gene
Pseudohypoparathyroidism type 1a (PHP-1a; Albright 
hereditary osteodystrophy) and pseudopseudohypopara-
thyroidism (PPHP) are caused by heterozygous inactivat-
ing mutations of the GNAS gene that encodes Gas.472-477 
PHP-1a is characterized by end organ resistance to PTH 
with consequent hypocalcemia, hyperphosphatemia, and 
elevated circulating PTH levels. In addition, patients also 
manifest GHRH and TSH resistance as well as obesity 
and mildly impaired neurocognitive development. PHP 
Ia patients also show a constellation of developmental 
defects that have been termed Albright hereditary osteo-
dystrophy (AHO) and which include heterotopic ossifica-
tions, short stature, mental retardation, brachydactyly of 
the hands and feet characterized by shortened fingers and 
short fourth and fifth metacarpals.472-475 Patients with the 
associated condition PPHP have the same features of 
AHO as PHP-1a, but with the absence of hormone resis-
tance to PTH.472,473,476 The distinction between these two 
manifestations of the same gene defect is not stochastic 
but results from a complex mechanism of genomic im-
printing that controls transcription of the GNAS gene. 
Hence, patients with a GNAS mutation on a maternal 
allele will develop a more severe form of Gsa deficiency 
with hormone resistance (i.e., PHP-1a), whereas patients 
with identical mutations on the paternal GNAS allele will 
have a milder condition with normal hormone respon-
siveness (i.e., PPHP).472-476

Although most cells express Gsa from both parental 
alleles, in some cells Gsa expression is suppressed from 
the paternal GNAS allele. Thus, patients with PHP Ia 
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develop hormone resistance that is limited to the thyroid, 
pituitary somatotrophs, and proximal renal tubule cells 
because in these cells Gas is derived principally from the 
maternal GNAS allele.478 Thus, patients with maternally 
inherited inactivating GNAS gene mutations express 
very little Gas in these cells and develop hormone resis-
tance.478 Because Gsa is not expressed from the paternal 
allele in imprinted tissues, PPHP patients with paternally 
inherited inactivating GNAS gene mutations do not  
experience a deficit in Gsa protein in these cells, as they 
will have a normal amount of Gsa protein that is pro-
duced from the wild-type maternal GNAS allele.478 
Patients with either PHP Ia or PPHP express only 50% 
of the normal amount of Gsa protein in cells in which 
Gsa transcription is not controlled by the imprinting 
mechanism, which likely accounts for the similar features 
of AHO that occur in these two conditions. Subjects with 
paternally inherited GNAS mutations have variable fea-
tures of AHO without hormonal resistance and have 
been described to have pseudopseudohypoparathyroid-
ism (PPHP), progressive osseous heteroplasia (POH),479 
or osteoma cutis480-482 based on the clinical phenotype. 
The basis for these distinctions is unknown.

Subjects with PHP type 1b (PHP Ib; MIM 603233) 
lack typical features of AHO but may have mild brachy-
dactyly. PTH resistance is the principal manifestation  
of hormone resistance, but some patients have slightly 
elevated serum levels of TSH and normal serum con-
centrations of thyroid hormones as evidence of partial 
TSH resistance. It was initially thought that PHP-1b is 
caused by inactivating mutations in the PTHR1 gene.483 
However, no deleterious PTHR1 gene mutations have 
been found in patients with PHP-1b.484,485

Epigenetic defects in imprinting of GNAS are the 
cause of PHP-1b. There are three alternative first exons 
for GNAS (i.e., NESP55, XLas, and exon A/B) that 
splice onto exons 2 through 13 and are associated with 
differentially methylated regions (DMRs). Most rele-
vantly, the exon A/B DMR is methylated in the maternal 
germ cells and seems to be the principal control element 
for transcription from exon 1.478,486 Loss of methylation 
in the DMR upstream of exon A/B of the maternal allele 
is a consistent finding in patients with PHP 1b, and this 
epigenetic defect accounts for decreased Gas expression 
from the affected allele.487-489 Most cases of autosomal 
dominant PHP 1b are caused by microdeletions on the 
maternal allele that include exons 3 to 5 or 4 to 6 of  
the gene encoding syntaxin-16 (STX16) (reviewed in the 
journal Current Molecular Medicine487). Three other 
maternally inherited microdeletions involving NESP55 
and AS (delNESP55/ASdel3-4) or AS (delAS3-4) alone490 
have been identified, and these deletions produce a more 
global disruption of methylation that includes three 
GNAS DMRs (A/B, XL/AS, and NESP55). The genetic 
basis for most cases of sporadic PHP 1b remains un-
known and does not appear to be associated with the 
GNAS locus.491 These patients have global epigenetic 
defects in methylation that affect all three DMRs. In 
some cases, partial491 or complete492 paternal uniparental 
disomy (UPD) for chromosome 20 has been identified, 
in which two normal copies of GNAS are both derived 
from the father. Paternal UPD would predict a near 

complete deficiency of Gas in imprinted cells and tissues 
in which Gas is not transcribed from the paternal allele.

Gas is not expressed in the renal proximal tubules of 
these patients due to lack of a GNAS allele with a mater-
nal epigenotype. By contrast, both of the GNAS alleles 
with paternal epigenotypes are normally expressed in 
nonimprinted cells in which expression of Gsa from the 
paternal allele is not suppressed.493

Activating Mutations of the GNAS Gene
When a GPCR is activated by a ligand, the activated  
receptor interacts with the heterotrimeric G protein and 
allows release of bound GDP from the Ga subunit with 
replacement by GTP. The GTP-bound Ga dissociates 
from the Gbg dimer, and both complexes are free to as-
sociate with downstream signal generating molecules.6,7,9 
The generation of second messengers is terminated by an 
intrinsic GTPase within the Ga subunit that acts as a 
timer; hydrolysis of GTP to GDP inactivates Ga and 
increases its affinity for Gbg—leading to reassociation of 
an inactive heterotrimeric G protein that is ready for 
another cycle of receptor-induced activation.6,7,9 For 
Gsa, the amino acids Arg200 and Gln226 are critical to 
GTPase activity.493 GNAS mutations that result in sub-
stitutions of these amino acid residues lead to abrogation 
of GTPase activity and therefore prolong the active state 
of Gas thereby leading to constitutive (i.e., receptor 
ligand-independent) stimulation of adenylyl cyclase.493 
Somatic mutations of these residues that disrupt GTPase 
activity are present in approximately 40% of growth-
hormone–secreting and some ACTH-secreting and 
nonsecreting pituitary tumors; in some parathyroid, 
ovarian, testicular, thyroid, and adrenal tumors; and in 
some intramuscular myxomas.92,494,495

More widespread mosaic Arg200 Gas mutations that 
decrease GTPase activity cause fibrous dysplasia or 
(when tissue distribution of the mutation is very wide-
spread) McCune-Albright syndrome, which is character-
ized by the triad of café-au-lait spots, polyostotic fibrous 
dysplasia, and primary endocrine hyperfunction, particu-
larly gonadotropin-independent precocious puberty.496-500

Patients with McCune-Albright syndrome may also 
have excessive growth hormone production, hyperthy-
roidism, and hypercortisolism, as well as nodularity of 
the pituitary, thyroid, and adrenal glands due to the 
growth-promoting effects of excessive cyclic AMP in 
these tissues.497,501 Hypophosphatemia, which is not 
uncommon in patients with McCune-Albright syn-
drome, appears to be due to excessive production of 
the phosphatonin FGF-23 by fibrous dysplasia skeletal 
lesions.502,503 Patients with McCune-Albright syn-
drome may also have nonendocrine problems such as 
hepatobiliary abnormalities, cardiomyopathy, optic 
neuropathy, and sudden death. 501,504,505

CYTOKINE RECEPTORS

Cytokines are molecules produced by one cell that act on 
another cell.506 Thus, the term cytokine can apply not only 
to molecules with immunologic functions but also to 
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hormones. Therefore, growth hormone, prolactin, and 
leptin are classified as type 1 cytokines.507 These and 
other type 1 cytokines (including ILs 2–9, 11–13, and 15; 
erythropoietin; thrombopoietin; and granulocyte-colony–
stimulating factor) are characterized by a four a-helical 
bundle structure and signaling via type 1 cytokine recep-
tors.507 Type 2 cytokines include the interferons and 
IL-10 and do not include hormones.507

Type 1 cytokines are divided into long-chain and short-
chain cytokines.507 Prolactin, leptin, and growth hormone 
belong to the long-chain subclass of type 1 cytokines be-
cause their helixes are 25 amino acids in length.507 The 
short-chain type 1 cytokines, including IL-2 and stem cell 
factor, have helixes of approximately 15 amino acids in 
length.507

Structure and Function of Type 1 
Cytokine Receptors
All type 1 cytokine receptors have four conserved  
cysteine residues, fibronectin type 2 modules, a Trp- 
Ser-X-Trp-Ser motif in the extracellular domain, and  
a proline-rich Box 1/Box 2 region in the cytoplasmic 
domain.507,508 With the exception of stem cell factor, type 
1 cytokine receptors do not contain catalytic domains 
such as kinases.507

Type 1 cytokine receptors for long-chain type 1 cyto-
kines require homodimerization for activation.507,509 
First, the ligand binds a monomeric receptor.507,509 Then, 
the ligand interacts with a second receptor to induce  
receptor dimerization and activation.507,509 Activated 
receptors then stimulate members of the Janus family of 
tyrosine kinases (Jak kinases) to phosphorylate tyrosine 
residues on both the kinase itself and the cytoplasmic 
region of the receptors.507,510 Signal transducers and acti-
vators of transcription (STATs) then dock on the phos-
phorylated cytoplasmic receptor domains or Jak kinases 
via an SH2 domain and are tyrosine phophorylated.507 
The phosphorylated STATs then dissociate from the re-
ceptors or Jak kinases, form homo- or heterodimers, and 
translocate to the nucleus.507,511,512 In the nucleus, the 
STAT dimers bind and alter the activity of regulatory 
regions of target DNA.507,511,513

There are four Jak kinases.511,514 Jak3 is only expressed 
in lymphohematopoietic cells, whereas Jak1, Jak2, and 
Tyk2 are expressed in every cell.507,515,516 There are seven 
STATs (Stat1, Stat2, Stat3, Stat4, Stat5a, Stat5b, and 
Stat6), which have different SH2 domain sequences that 
confer different receptor specificities.507,510-512

Cytokine Receptors That Transduce 
Hormone Action
The actions of growth hormone, prolactin, and leptin  
are mediated via specific type 1 cytokine receptors.507 
Mutations of the growth hormone receptor (GHR) and 
the leptin receptor have been identified as the bases of 
specific endocrine disorders (Table 3-3).

Growth Hormone Receptors

The GHR gene is located on the short arm of chromo-
some 5 (5p13.1-p12), and 9 of the 13 exons of the gene 
encode the receptor.517-520 A secretion signal sequence is 
encoded by exon 2, the N-terminal extracellular ligand 
binding domain is encoded by exons 3 through 7, the 
single transmembrane domain is encoded by exon 9, and 
the C-terminal cytoplasmic domain is encoded by exons 
9 and 10.517-520 Growth hormone binding protein (GHBP) 
is produced by proteolytic cleavage of the extracellular 
domain of the GHR from the rest of the receptor.521 
Approximately 50% of circulating growth hormone is 
bound to GHBP.521

Binding of growth hormone to its receptor induces 
receptor dimerization and association with JAK2, a 
member of the Janus kinase family, which results in  
self-phosphorylation of the JAK2 and a cascade of phos-
phorylation of cellular proteins, including Stat1, Stat3, 
and Stat5.522-526 The most critical of these proteins is 
STAT5b, which couples GH binding to the activation 
of gene expression that leads to the intracellular effects 
of GH, including synthesis of IGF-I, insulin-like growth 
factor binding protein 3 (IGFBP3), and ALS. The 
phosphorylated STATs translocate to the nucleus, where 
they regulate growth hormone–responsive genes.523-526 
In particular, growth hormone indirectly controls 
growth by regulating production of insulin-like growth 
factor-1 (IGF-1)—which has direct effects on cell pro-
liferation and hypertrophy.527 Jak2 also activates the 
mitogen activated protein (MAP) kinase and insulin 
receptor substrate pathways.528-530 However, the extent 
to which these pathways contribute to growth hormone 
action is as yet unknown.520

Patients are considered to have growth hormone  
insensitivity (GHI) if they do not exhibit appropriate 
growth and metabolic responses to physiologic levels of 
growth hormone.521 The phenotype of GHI is variable 
and ranges from isolated moderate postnatal growth  
failure to severe postnatal growth failure accompanied by 

Receptor Germline Mutation Endocrine Disorder

Growth hormone  
receptor

Some inactivating 
(heterozygous)

Inactivating
(homozygous, compound 

heterozygous)

Partial growth hormone insensitivity with mild to moderate growth failure
Growth hormone insensitivity/Laron syndrome with moderate to severe 

postnatal growth failure

Leptin receptor Inactivating (homozygous) Obesity and hypogonadotropic hypogonadism

TABLE 3-3 Cytokine Receptors and Clinical Conditions Associated with Receptor Mutations
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the classic features of Laron syndrome in Ecuadorean 
patients with GHR deficiency.521,531-535 Features of GHR 
deficiency include frontal temporal hairline recession, 
prominent forehead, decreased vertical dimension of 
face, hypoplastic nasal bridge, shallow orbits, blue sclera, 
small phallus prior to puberty, crowded permanent teeth, 
absent third molars, small hands and feet, hypoplastic 
fingernails, hypomuscularity, delayed age of onset for 
walking, high-pitched voice, increased total and low-
density lipoprotein cholesterol, and fasting hypoglyce-
mia.521,535 All patients with GHI have normal or elevated 
circulating growth hormone levels, markedly decreased 
circulating IGF-1 levels, and a delayed bone age.521

Patients homozygous or compound heterozygous for 
deletion of exons 5 and 6—or homozygous or compound 
heterozygous for numerous nonsense, missense, frame-
shift, and splice-point mutations throughout the GHR 
gene—have been found to have GHI characterized by 
severe postnatal growth failure and usually low or absent 
circulating GHBP levels.521,536-545 Patients homozygous 
or compound heterozygous for the Arg274Thr or the 
Gly223Gly splice mutations that result in a truncated 
receptor that cannot be anchored to the plasma mem-
brane (or that result in the Asp152His missense mutation 
that interferes with GHR dimerization) have normal 
circulating GHBP levels.521

Patients heterozygous for mutations that alter the 
GHR have dimerization complexes that consist of two 
wild-type receptors, a wild-type receptor and a mutant 
receptor, and two mutant receptors. Thus, heterozygos-
ity for loss-of-function GHR gene mutations may have 
a dominant negative effect because the wild-type receptor/
mutant receptor dimers may not be able to function 
normally.546 As expected from this phenomenon, some 

patients with moderate to severe growth failure have 
been found to be heterozygous for loss-of-function 
point or splice mutations of the GHR gene that alter 
the cytoplasmic or extracellular domains.521,547-550 In 
some cases nonsense mediated mRNA decay can lead  
to degradation of the aberrant mRNA and prevent a 
potential dominant negative effect.551

Some patients with severe short stature and GHI  
do not have GHR mutations. Rather, they have defects 
in GHR-mediated intracellular signaling—including 
impaired STAT activation.552 Some patients with GHI 
were found to have STAT5b mutations.553-557 Unlike 
patients with GHR mutations, patients with STAT5b 
mutations also exhibited severe neurocognitive delay, 
chronic lung disease, and abnormal T-cell function.554 
Patients with GHI can now be successfully treated 
with recombinant IGF1,558 but this does not result in 
a normal adult height, in contrast to GH deficiency in 
which GH therapy can achieve normal adult height.

LEPTIN RECEPTORS

The leptin receptor (LEPR, also known as Ob-R) gene  
is located at 1p31. There are five isoforms of LEPR  
due to alternative splicing of the LEPR gene transcript 
(Figure 3-5).560 Only the Ob-Rb isoform contains both 
the Jak kinase binding and STAT motifs necessary  
to maximally transduce the effects of leptin.560 The 
Ob-Ra, Ob-Rc, and Ob-Rd isoforms contain intact ex-
tracellular and transmembrane but are missing the 
STAT motif from their cytoplasmic domains.560 The 
Ob-Re isoform is missing the transmembrane and cyto-
plasmic domains.560 Thus, the Ob-Rb isoform is thought 

Ob-Rb

Extracellular domain

Gln269 Tyr763 His796 Lys889

TM

Box 1 Box 2

Ob-Ra

Extracellular domain TM

Ob-Rc

Extracellular domain TM

Ob-Rd

Extracellular domain TM

Ob-Re

Extracellular domain

FIGURE 3-5 n  Leptin receptor isoforms. There are five leptin receptor isoforms. Box 1 represents the Jak kinase binding motif, and box 
2 represents the STAT motif. The Ob-Rb isoform is the only isoform that contains Jak kinase binding and STAT motifs, and it is thus 
thought to be the main isoform involved in mediating the effects of leptin. The Ob-Ra, Ob-Rc, and Ob-Rd isoforms are missing the 
STAT motif. The Ob-Re isoform is missing the transmembrane (TM) and cytoplasmic domains. (Reproduced with permission from 
Chen, D., & Garg, A. [1999]. Monogenic disorders of obesity and body fat distribution. J Lipid Res, 40, 1737.)
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to be the main isoform involved in mediating the effects 
of leptin.560

Three sisters from a consanguineous kindred  
were found to be homozygous for a splice mutation in 
the LEPR gene that resulted in expression of an 
831-amino- acid protein (Ob-Rhd) that lacks trans-
membrane and cytoplasmic domains.561 They had been 
hyperphagic and morbidly obese since birth.561 They 
were found to have elevated circulating leptin levels, 
decreased TSH and GH secretion, and failure of  
pubertal development due to hypogonadotropic hypo-
gonadism.561 Heterozygous carriers of the mutation 
are not morbidly obese and do not have delayed or 
absent puberty.561

Nonsense or missense LEPR mutations were identi-
fied in 3% of a selected cohort of 300 subjects with early 
onset obesity. Individuals with mutations had hyperpha-
gia, severe obesity beginning in the first year of life with 
a mean BMISDS of 15.1, altered immune function, and 
delayed puberty due to hypogonadotropic hypogonad-
ism. Importantly, circulating leptin levels were within the 
range predicted by the elevated fat mass, and clinical 
features were less severe than those of subjects with con-
genital leptin deficiency.562 Heterozygous family mem-
bers had an average BMISDS of 10.6 similar to that of 
family members with normal leptin receptors. Functional 
characterization of these missense mutations revealed 
defects causing intracellular retention, misfolding, or 
failure to signal to downstream pathways.563 Additional 
novel mutations have been reported that cause similar 
phenotypes.564,565

RECEPTOR TYROSINE KINASES

The receptor tyrosine kinase (RTK) superfamily consists 
of 15 receptor tyrosine kinase families (Figure 3-6).566 
With one exception, these families consist of receptors 

with one membrane-spanning domain (see Figure 3-6).566 
The single-membrane–spanning receptors typically con-
tain an N-terminal extracellular portion, a transmembrane 
helix, a juxtamembrane region, a tyrosine kinase (TK) 
domain, and a C-terminal region (see Figure 3-6).566 
These receptors require dimerization to be maximally  
activated.566-568 Receptors belonging to insulin RTK family 
differ from other RTKs, as they contain two membrane-
spanning polypeptide chains linked by disulfide bonds to 
two intervening extracellular peptide chains and thus do 
not dimerize (see Figure 3-6).562

Activation of RTKs leads to phosphorylation of  
tyrosine residues in the activation loop (A-loop) in the 
TK domain(s), resulting in activation of the TK(s).562,569 
Activation of the TK(s), in turn, induces the transfer of 
phosphate from adenosine triphosphate (ATP) to tyro-
sine residues in the cytosolic portion of the receptor and 
in cytosolic proteins that serve as docking sites for second 
messengers.562

There is a growing body of evidence suggesting that 
members of the receptor tyrosine kinase superfamily can 
directly and indirectly interact with heterotrimeric  
G proteins. The insulin, insulin-like growth factor-1, and 
insulin-like growth factor-2 receptors appear to directly 
interact with Gi/o and Gq/11, Gi/o, and Gi, respectively.570 
The fibroblast growth factor receptors appear to directly 
and indirectly interact with Gs.570 Congenital alteration 
of function of receptors in the insulin and the fibroblast 
growth factor RTK families leads to endocrine disorders 
(Table 3-4).

Insulin Receptor Tyrosine Kinase Family
The insulin RTK family includes the insulin receptor 
(INSR) and the insulin-like growth factor-1 receptor 
(IGF1R).570 These receptors are heterotetramers con-
sisting of two a and b subunits in an abba configuration 
(Figure 3-7).571-573 The cysteine-rich extracellular a 
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FIGURE 3-6 n  The 15 RTK families. Each family has a characteristic extracellular portion and a cytoplasmic portion that contains a 
tyrosine kinase domain. (Reproduced with permission from Hubbard, S. R. [1999]. Structural analysis of receptor tyrosine kinases. Prog 
Biophys Mol Biol, 71, 344.)
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subunits are linked by disulfide bonds, and each a sub-
unit is linked to a plasma membrane-spanning and cyto-
solic b subunit by disulfide bonds.573,574 Each b subunit 
contains a TK domain and a C-terminal region that 
contain tyrosine residues.562

Both insulin and insulin-like growth factor-1 (IGF-1) 
can bind INSRs and IGF1Rs. However, insulin has greater 
affinity for the INSR and IGF-1 has greater affinity for  
the IGF1R. Ligand binding alters the conformation of the 
receptor, resulting in trans-autophosphorylation of the 
C-terminal tyrosine residues on one b subunit by the TK 
on the other b subunit.575,576 The phosphorylated tyrosine 
residues create motifs that can be bound by Src homology 
2 (SH2)-domain-containing proteins, including Shc,  
Grb-2, SHP2, nck, phosphatidylinositol-3-kinase (PI3K), 
and Crk.577-581 The receptor TK also phosphorylates 

tyrosine residues in insulin receptor substrate proteins 
(IRS), including IRS-1 and IRS-2, that bind INSRs and 
IGF1Rs.581-584 When phosphorylated, these tyrosine 
residues create motifs that are bound by SH2-domain-
containing proteins.577,578,580,581,584 Thus, insulin receptor 
substrates can serve as docking proteins—allowing SH2-
domain-containing proteins to indirectly interact with 
INSRs and IGF1Rs when stearic constraints do not permit 
direct interactions between the proteins and the recep-
tors.577,578,581 Ultimately, IRSs, SH2-domain-containing 
proteins, and other proteins (including mSOS) interact to 
activate the Ras/Raf/MAPKK/MAPK and PI3K/protein 
kinase B (PKB) cascades (see Figure 3-7).580,581,584

Activation of the Ras/Raf/ MAPKK/MAPK cascade 
increases mitogenesis and proliferation, and activation  
of the PI3K/PKB cascade increases glucose uptake and 

Receptor Germ-Line Mutation Endocrine Disorder

Insulin receptor Inactivating (heterozygous) Some cases of type A syndrome
Inactivating (homozygous, compound 

heterozygous)
Rabson Mendenhall, Donohue (leprechaunism), and some 

cases of type A syndromes
IGF-1 receptor Gene deletion (heterozygous) Pre- and postnatal growth failure
FGFR1 Inactivating mutation (heterozygous) Kallmann syndrome, missing teeth, cleft palate
FGFR3 Activating mutations (heterozygous) Achondroplasia, severe achondroplasia with developmental 

delay and acanthosis nigricans, thanatophoric dysplasia 
types I and II, and platyspondylic lethal skeletal dysplasias 
(San Diego types)

TABLE 3-4 Receptor Tyrosine Kinases and Clinical Conditions Associated with Receptor Mutations
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FIGURE 3-7 n  Insulin receptor signaling. IRS proteins, SH2-domain–containing proteins (including Grb-2 and Shc), and other proteins 
(including SOS) interact to activate the Ras/Raf-1/MAP K cascade, the PI-3K/PKB cascades, and other enzymes—including SH-PTP2 
(SHP2) and p70(s6k). (Adapted with permission from White, M. F. [1997]. The insulin signaling system and the IRS proteins. Diabetologia, 
40, S10.)
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glycogen synthesis.573,585-590 Evidence suggests that IGF1 
has a greater effect on cell growth than on glucose me-
tabolism because activation of the IGF1R stimulates the 
Ras/MAPK cascade more than INSR activation.573,589 
Conversely, it appears that insulin has a greater effect on 
glucose metabolism because INSR activation stimulates 
the PI3K/PKB cascade more than IGF1R activation.573,590

THE INSULIN RECEPTOR

The INSR gene is located on 19p and contains 22  
exons.591 ab half-receptor precursors are derived from 
proteolysis of a single proreceptor comprised of a and 
b subunits in tandem and disulfide linkage of these sub-
units.581,591,592 These ab half-receptor precursors then 
join to form a single abba heterotetrameric insulin re-
ceptor.592 Interestingly, ab half-receptor precursors en-
coded by one allele may combine with ab half-receptor 
precursors encoded by the other allele to form a single 
insulin receptor.593 This phenomenon explains how het-
erozygous mutations resulting in impaired b subunit tyro-
sine kinase activity can have a dominant negative effect 
because activation of the INSR requires trans-autophos-
phorylation of one b subunit by the other b subunit.593

Mutations in the insulin receptor lead to Donohue syn-
drome (leprechaunism), Rabson-Mendenhall syndrome, 
or “type A insulin resistance syndrome.” Patients with 
leprechaunism or Donohue syndrome are severely insulin 
resistant.602,603 They present during infancy with severe 
intrauterine and postnatal growth retardation, lipoatrophy, 
and acanthosis nigricans.600,602 They also have dysmorphic 
features that include globular eyes, micrognathia, and 
large ears.600,602 Affected male infants commonly have 
penile enlargement, whereas affected female infants often 
have clitoromegaly and hirsutism.600,602 In spite of hyper-
insulinemia associated with glucose intolerance or diabetes 
mellitus, the major glucose metabolism problem for these 
patients is fasting hypoglycemia.600,602 Many patients with 
this condition do not survive past the first year of life.600,602 
Unlike patients with Rabson-Mendenhall syndrome,  
patients with leprechaunism do not present with diabetic 
ketoacidosis. 601

Patients with Rabson-Mendenhall syndrome present 
during childhood with severe insulin resistance.599-601 
Although patients with this disorder may present ini-
tially with fasting hypoglycemia, eventually they develop 
severe diabetic ketoacidosis that is refractory to insulin 
therapy.601 Patients with this condition also have acan-
thosis nigricans, accelerated linear growth, dystrophic 
nails, premature and dysplastic dentition, coarse facial 
features, and pineal hyperplasia. 597,599-601

Patients with “type A insulin resistance syndrome” 
have acanthosis nigricans and severe inherited insulin 
resistance in the absence of INSR autoantibodies.594-596 
Patients with this syndrome tend to be lean and develop 
glucose intolerance.596,597 Females with this syndrome 
also exhibit signs of ovarian hyperandrogenism, includ-
ing hirsutism, severe acne, clitoromegaly, oligomenor-
rhea, and infertility. 594-596

Patients with “type B insulin resistance syndrome” are 
distinguished from patients with type A insulin resistance 

syndrome by the presence of anti-INSR antibodies in 
the plasma that block insulin binding.594-596,598 Patients 
with “type B insulin resistance syndrome” present  
during adulthood with acanthosis nigricans, ovarian 
hyperandrogenism, and severe insulin resistance in  
association with signs of autoimmune disease—including 
alopecia areata, vitiligo, primary biliary cirrhosis, arthri-
tis, and nephritis.594-596,598 Surprisingly, these patients 
may present with fasting hypoglycemia that may or may 
not be accompanied by postprandial hyperglyce-
mia.594-596,598 Hodgkin disease and ataxia-telangiectasia 
are also associated with this syndrome.596 The term 
HAIR-AN (hyperandrogenism, insulin resistance, and 
acanthosis nigricans) has also been used to describe 
women with features of types A and B insulin resistance 
syndromes in association with obesity.596 However, this 
term is imprecise because many women who have been 
labeled as having HAIR-AN may actually have type A or 
B insulin resistance syndrome or severe polycystic ovary 
syndrome. 596

Mutations in the INSR have been found in all patients 
with leprechaunism and Rabson-Mendenhall syndrome 
and in 10% to 15% of patients with type A insulin resis-
tance syndrome.596,603,604 These mutations are divided 
into five classes.596,597,605 Class I mutations are frameshift 
or nonsense mutations that prematurely terminate trans-
lation and thus interfere with INSR synthesis. Class II 
mutations interfere with post-translational processing 
and intracellular trafficking of the INSR. Class III muta-
tions decrease insulin binding to the INSR. Class IV 
mutations are point mutations usually located on the  
intracellular region of the b subunit that decrease INSR 
TK activity. Class V mutations increase INSR degrada-
tion by increasing insulin-induced endocytosis and deg-
radation of the receptors.

Patients with Rabson-Mendenhall syndrome and 
leprechaunism are homozygous or compound heterozy-
gous for these mutations.596,606-616 Some patients with 
type A syndrome have been found to be heterozygous 
for dominant negative b-subunit mutations that reduce 
TK activity by 75%.605,610,617-621 Other patients with 
type A syndrome have been found to be homozygous  
or compound heterozygous for a-subunit mutations 
that interfere with receptor trafficking to the plasma 
membrane, b-subunit mutations that interfere with TK 
activity, or mutations that interfere with proreceptor 
cleavage into a and b subunits. Still other patients have 
been found to have decreased INSR mRNA levels that 
may be due to a loss-of-function mutation in the INSR 
gene promoter.597,622-626 Interestingly, one patient with 
leprechaunism with parents with type A syndrome  
has been described.610 The proband was found to be 
homozygous for an INSR mutation that decreases TK 
activity, and the parents were found to be heterozygous 
for the mutation.610

THE INSULIN-LIKE GROWTH FACTOR-1 
RECEPTOR

The growth-promoting effects of IGF-1 are mediated by 
IGF1Rs. IGF1R ab subunits are encoded by a single 
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gene.592 Like the insulin receptor, an ab half-receptor 
precursor is produced that then joins with a half-receptor 
precursor that may be encoded from the other allele to 
form a complete heterotetrameric IGF1R.592 The IGF1R 
has 100-fold less affinity for insulin than for IGF1.627

Patients who are heterozygous for a ring chromo-
some 15, resulting in deletion of the IGF1R gene, pre-
sent with intrauterine growth retardation and postnatal 
growth failure accompanied by delayed bone age, mental 
retardation, cardiac abnormalities, cryptorchidism, and 
dysmorphic features that include microcephaly, triangu-
lar face, frontal bossing, hypertelorism, and brachydac-
tyly.628,629 Similarly, IUGR and postnatal growth failure 
are commonly found in patients heterozygous for dele-
tion of distal 15q that results in deletion of the IGF1R 
gene. Patients with deletion of distal 15q often have 
microcephaly, triangular facies, hypertelorism, high-
arched palate, micrognathia, cystic kidneys, and lung 
hypoplasia or dysplasia.627,630-632 However, the ring chro-
mosome and deleted area of distal 15q may also be miss-
ing other genes—and it is unknown to what extent  
absence of the IGF1R gene contributes to the pheno-
type found in these patients.627,629

It has been suggested African Efe Pygmies are short 
due to resistance to IGF1.627 T-cell lines established from 
Efe Pygmies have decreased IGF1R gene expression, cell 
surface expression, receptor autophosphorylation, and 
intracellular signaling when compared with T-cell lines 
established from American controls.627 However, no 
IGF1R gene mutation has been identified in Efe Pygmies 
that can account for these findings. 627

No human homozygous IGF1R mutations have been 
identified and total loss of IGF1R function may be lethal 
as demonstrated in the mouse model.633-635 Heterozygous 
and compound heterozygous mutations are associated 
with severe intrauterine growth retardation, micro-
cephaly, and short stature with compound heterozygous 
mutations having a more severe phenotype.633,636-638

In addition to defective INSR function, some patients 
with leprechaunism and Rabson-Mendenhall syndrome are 
resistant to the glucose lowering or growth promotion of 
IGF1 and have abnormal IGF1R function—resulting in 
decreased ligand binding or altered intracellular signal-
ing.627,639-643 No deleterious IGF1R gene mutation has 
been identified in patients with these syndromes, and many 
patients with leprechaunism and Rabson-Mendenhall syn-
drome have normally functioning IGF1Rs and no evidence 
of IGF1 resistance.627,644

THE FIBROBLAST GROWTH FACTOR 
RECEPTOR FAMILY

There are four members of the fibroblast growth factor 
receptor (FGFR) tyrosine kinase family.562 These are 
FGFR1, FGFR2, FGFR3, and FGFR4. These recep-
tors consist of a single polypeptide chain that contains 
an N-terminal extracellular region, a transmembrane 
region, and a cytosolic region (see Figure 3-6).562 The 
extracellular region contains three immunoglobulin-
like domains: IgI, IgII, and IgIII (see Figure 3-6).645 
The cytosolic region contains a TK domain split into 

two segments (TK1 and TK2) by an intervening amino 
acid segment.645

Fibroblast growth factors, or FGFs, are a family of 
growth factors involved in angiogenesis, wound healing, 
and embryonic development. The FGFs are heparin-
binding proteins and interactions with cell surface- 
associated heparan sulfate proteoglycans have been 
shown to be essential for FGF signal transduction. 
FGFs are key players in the processes of proliferation 
and differentiation of wide variety of cells and tissues. In 
humans, 22 members of the FGF family have been 
identified, all of which are structurally related signaling 
molecules.645,646 As monomers, FGFs can only bind a 
single FGFR—forming an inactive 1:1 complex.567 
FGFR activation by dimerization occurs when two or 
more FGF molecules in 1:1 complexes are linked by 
heparan sulfate proteoglycans.567

Activation of FGFRs increases receptor TK activity.645 
Increased TK activity leads to autophosphorylation of a 
tyrosine residue in the C-terminal region, resulting in a 
binding site for the SH2 domain of phospholipase Cg 
(PLCg).647,648 Once PLCg is bound to this site, it is phos-
phorylated and activated.647,648 In chondrocytes, activation 
of FGFR3 also induces activation of STAT1.649

Fibroblast Growth Factor Receptor 1
Inactivating mutations of the FGFR1 gene are a cause  
of autosomal-dominant Kallmann syndrome (KS).650 
Individuals with KS have anosmia and isolated hypogo-
nadotropic hypogonadism.651,652 The FGFR1, which is 
located on 8p12, plays a role in olfactory and GnRH 
neuronal migration from the nasal placode to the olfac-
tory bulb and in the subsequent migration of the GnRH 
neurons to the hypothalamus.650 Prior to identification of 
these FGFR1 gene mutations, X-linked KS was found to 
be caused by inactivating KAL1 gene mutations.651,653,654 
The KAL1 gene is located on the X chromosome and 
encodes anosmin-1.651,653,654 Anosmin-1 is a ligand for 
the FGFR1 receptor.655 Like FGFR1s, anosmin-1 plays a 
role in olfactory and GnRH neuronal migration to the 
nasal placode, and in the subsequent migration of GnRH 
neurons to the hypothalamus.651,655,656

There is a high penetrance for anosmia and signs  
of hypogonadotropic hypogonadism (including lack  
of puberty, microphallus, and cryptorchidism) in the 
10% of KS patients with X-linked KS due to KAL1 gene 
mutations.651 Female carriers of KAL1 gene mutations 
do not have anosmia or isolated hypogonadotropic hypo-
gonadism.651 In contrast to patients with KS due to 
KAL1 gene mutations, the approximately 10% of KS 
patients with FGFR1 gene mutations (even within the 
same kindred) exhibit variable phenotypes ranging from 
anosmia and complete hypogonadotropic hypogonadism 
(characterized by cryptorchidism and microphallus in 
males and absent pubertal development in both genders) 
to anosmia or delayed puberty.650,657,658

It has also been noted that in most kindreds with 
FGFR1 gene mutations females present with more mild 
KS phenotypes than males.650,658 Female carriers may 
even be asymptomatic.650,658 Because the KAL1 gene is 
located on the X chromosome, females may produce 
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more anosmin-1 than males.650 Thus, a possible explana-
tion for milder KS phenotypes in females with FGFR1 
gene mutations may be that the increased anosmin-1 levels 
in females may lead to increased anosmin-1–induced acti-
vation of the mutant FGFR1s that may partially compen-
sate for the mutation.650 Interestingly, missing teeth and 
cleft palate are not an uncommon finding in individuals 
with KS due to FGFR1 gene mutations, whereas unilateral 
renal agenesis and bilateral synkinesia are associated with 
KS due to KAL1 gene mutations.657

Fibroblast Growth Factor Receptors 2-4
Gain-of-function mutations in the other three genes  
encoding FGFRs 2-4 cause many conditions—including 
Pfeiffer syndrome (activating mutations of FGFR1 and 
FGFR2), Crouzon syndrome (gain-of-function FGFR2 
mutations), Crouzon syndrome with acanthosis nigricans 
(an FGFR3 mutation), Apert syndrome (FGFR2 muta-
tions), and craniosynostosis (gain-of-function FGFR3 
mutations).645 Several autosomal-dominant short-limb 
dwarfism syndromes—including achondroplasia, severe 
achondroplasia with developmental delay and acanthosis 
nigricans (SADDAN), hypochondroplasia, and three 
types of platyspondylic lethal skeletal dysplasias (PLSD) 
[thanatophoric dysplasia I (TDI), thanatophoric dyspla-
sia II (TDII), and San Diego types (PLSD-SD)]—are 
often caused by heterozygous constitutively activating 
FGFR3 gene mutations.659-662

Individuals with achondroplasia have activating mu-
tations in the transmembrane domain of FGFR3, with 
the Gly380Asn found in . 95% of achondroplastic 
patients.660,663-665 From 40% to 70% of individuals with 
hypochondroplasia have an activating Asn540Lys muta-
tion in the TK1 domain.660,666-669 All individuals with 
TDII have an activating Lys650Glu mutation in the 
activating loop of the TK2 domain, and . 90% of indi-
viduals with TDI and PLSD-SD have FGFR3 muta-
tions.660,662 Patients with SADDAN have an activating 
mutation in the same codon as patients with TDII.670 
Instead of the Lys650Glu mutation associated with 
TDII, patients with SADDAN have a Lys650Met muta-
tion.670 However, unlike patients with TDII patients 
with SADDAN do not have craniosynostosis and a clo-
verleaf skull—and often survive past childhood.670

The FGFR3 gene is primarily expressed in endo-
chondral growth plates of long bones, brain, and skin 
pre- and postnatally.671,672 Constitutional activation of 
FGFR3s in chondrocytes leads to growth arrest and 
apoptosis.649,673,674 In addition, constitutive activation of 
FGFR3s is also postulated to alter neuronal migration 
because patients with SADDAN, TDI, and TDII have 
neurologic abnormalities that may include developmen-
tal delay, paucity of white matter, polymicrogyria, dys-
plastic temporal cortex, dysplasia of nuclei, and neuronal 
heterotopia.670,675-677 Furthermore, constitutive activa-
tion of FGFRs in skin fibroblasts and keratinocytes is 
thought to cause the acanthosis nigricans seen in pa-
tients with SADDAN and Crouzon syndrome with ac-
anthosis nigricans.678 However, it is not yet known why 
some activating FGFR3 mutations affect the skeletal 
system, central nervous system, and the skin, whereas 

other activating FGFR3 mutations only affect the skel-
etal system.670

Loss of function mutations in FGFR3 also have been 
associated with human disease. An uncommon syndrome 
characterized by camptodactyly, tall stature, scoliosis, and 
hearing loss (CATSHL syndrome) has been associated 
with a heterozygous missense mutation that is predicted 
to cause a p.R621H substitution in the tyrosine kinase 
domain and partial loss of FGFR3 function.679 These 
findings indicate that abnormal FGFR3 signaling can 
cause human anomalies by promoting as well as inhibit-
ing endochondral bone growth.680

NUCLEAR RECEPTORS

Using a phylogenetic tree based on the evolution of 
two highly conserved nuclear receptor domains (the 
DNA-binding C domain and the ligand-binding E  
domain), Laudet divided nuclear receptors into six  
related subfamilies. Subfamily 0 contains receptors, 
such as the embryonic gonad (EGON) and DAX1  
receptors, that do not have a conserved C or the E  
domain (Figure 3-8).681,682 Subfamily 1 includes the 
peroxisome proliferator-activated retinoic acid, thyroid 
hormone, and vitamin D3 receptors. Subfamily 2 in-
cludes the hepatocyte nuclear factor-4a (HNF-4a) 
and retinoid X receptors (RXRs). Subfamily 3 contains 
the steroid receptors. Evidence suggests that subfamily 
3 (which includes the glucocorticoid, androgen, pro-
gesterone, and mineralocorticoid receptors) rapidly 
evolved from a common steroid receptor gene about 
500 million years ago.683

Subfamilies 4 to 6 contain several nuclear receptors, 
namely NR4A1-3, NR5A1-2, NR6A1.684-686 The no-
menclature is as follows: nuclear receptor subfamily 4, 
group A, members 1 for NR4A1. NR5A1 is also known 
as steroidogenic factor-1 or SF-1.685

General Structure of the Nuclear 
Receptors
Nuclear receptors are made up of four domains: A/B, C, 
D, and E (Figure 3-9).681 Supporting the notion that 
nuclear receptor subfamilies are derived from a common 
ancestral orphan receptor, the C and E domains are 
highly conserved among the subfamilies.681 Mutation of 
several nuclear receptors are associated with endocrine 
disorders (Table 3-5).

The A/B domain is located at the N-terminal and 
contains the activation function 1 (AF-1)/t 1 domain.687 
The AF-1/t 1 domain regulates gene transcription by 
interacting with proteins (such as the Ada and TFIID 
complexes) that induce transcription.688,689 This transac-
tivation function of the AF-1/t 1 domain is not depen-
dent on binding of the nuclear hormone receptor to  
its ligand and is not specific in its choice of DNA target 
sequences.681,690-692 Thus, specificity of action of the 
nuclear hormone receptor is determined by the function 
of other nuclear hormone receptor domains.

The C domain has characteristics that help to confer 
specificity of action on each nuclear hormone receptor. 
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FIGURE 3-8 n  Phylogenetic tree of nuclear receptors based on the evolution of the highly conserved C and E domains. Numbers at the 
right side of the figure represent subfamilies, and capital letters represent groups of more closely related receptors. The small num-
bers to the right of the receptor names are used in combination with the subfamily letters and group letters in a proposed nuclear 
receptor nomenclature. This nomenclature proposes that nuclear receptors should be named NR, followed by subfamily number, 
group letter, and individual receptor number. Thus, the mineralocorticoid receptor is named NR3C2 and the PPARg receptor is named 
NR1C3 according to this nomenclature. Numbers to the left of the receptor names represent bootstrap values. Values that define 
subfamilies with more than one member are boxed. (Reproduced with permission from the Nuclear Receptors Nomenclature Committee 
[1999]. A unified nomenclature system for the nuclear receptor subfamily. Cell, 97, 161.)
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tor copressor (N-CoR), bind a nuclear receptor that is not bound by its ligand. These corepressors then associate with Sin3, which 
in turn associates with a histone deacetylase (HDAC). Then, HDAC represses transcription by deacetylating histone tails—resulting 
in compaction of the nucleosomes into structures that are inaccessible to transcription factors. Ligand binding induces structural 
changes in the E domain that result in release of the corepressor/Sin3/HDAC complexes from the receptor and binding of coactivator 
complexes that may include steroid receptor coactivator 1 (SRC-1), p300/cAMP responsive element binding protein (CBP), p300/CBP-
associated factor (P/CAF), or p300/CBP cointegrator-associated protein (pCIP) to the LXXLL motif of the AF2-AD. Then, the coactiva-
tor complexes induce transcription by acetylating (Ac) the histone tails—resulting in decompaction of the nucleosomes into struc-
tures that are accessible to transcription factors. Dashed lines are used to represent coactivator and corepressor complexes because 
their composition in vivo is yet unknown. (Adapted with permission from Robyr, D., Wolffe, A. P., & Wahli, W. [2000]. Nuclear hormone 
receptor coregulators in action: diversity for shared tasks. Mol Endocrinol, 14, 339. Copyright 2000, The Endocrine Society.)

This domain consists of two zinc-finger motifs respon-
sible for the DNA-binding activity of the receptor and 
the selection of dimerization partners.693,694 Each zinc-
finger module consists of a zinc ion surrounded by the 
sulfurs of four cysteine residues, resulting in a tertiary 
structure containing helices.693,694 The P-box lies near 

the cysteines of the first zinc finger and contains the 
three to four amino acids responsible for specificity of 
binding to response elements.694,695 The D-box consists 
of a loop of five amino acids attached to the first two 
cysteines of the second zinc finger that provides the  
interface for nuclear receptor dimerization.694
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The D “hinge” domain contains nuclear localization 
signals and contributes to the function of the adjacent C 
and E domains.681 Thus, the N-terminal portion of the 
domain contributes to DNA binding and heterodimer-
ization and the C-terminal portion contributes to ligand 
binding.695-698 The nuclear localization signal plays a par-
ticularly important role in the function of glucocorticoids 
and mineralocorticoid receptors because these receptors 
bind their ligand in the cytoplasm and must then localize 
to the nucleus to alter gene transcription.687

The E domain is known as the ligand-binding domain 
(LBD) or the hormone-binding domain. In addition to 
ligand binding, the E domain has effects on dimerization 
and transactivation.681 The LBD consists of 11 to 12 a 
helices (named H1 through H12) and contains a ligand-
binding pocket that is made up of portions of some of the 
different helices.699-703 For example, the thyroid receptor 
(TR) LBD has a ligand-binding cavity that includes com-
ponents from H2, H7, H8, H11, and H12.703 The con-
tribution of different parts of LBD to the ligand-binding 
pocket accounts for the finding that mutation of single–
amino-acid molecules in different helices of the LBD can 
interfere with ligand binding.687

Unlike the AF-1/t 1 transcriptional activating factor, the 
E domain activation factor 2 (AF2-AD) requires ligand 
binding to function (see Figure 3-9).700-707 Often, when the 
receptor is not bound by its ligand, corepressor complexes 
simultaneously bind the LBD and transcriptional machin-
ery consisting of protein complexes that place transcription 
factors on nucleosome binding sites (see Figure 3-9).700-707 
The corepressor complexes then suppress gene transcrip-
tion by using histone deacetylases to compact the nucleo-
somes into inaccessible structures (see Figure 3-9).708-711 
Ligand binding induces structural rearrangements in  
the E domain that lead to release of these corepressor 
complexes from the transcriptional machinery and the 
LBD, and exposure of the transcriptional machinery and 
the LXXLL motif of the AF2-AD to coactivator com-
plexes (see Figure 3-9).700-707 These coactivator complexes 
have histone acetyltransferase activity that acts to relax 

nucleosome structures, enabling transcription factors to 
access nucleosome binding sites (see Figure 3-9).712

Most nuclear receptors are capable of binding their 
hormone response element and repress transcription 
when they are not bound by their ligand.713 However, in 
the absence of ligand, steroid receptors are bound to a 
complex of heat-shock proteins instead of their response 
element and do not appear to repress transcription.714

Agonists and antagonists have different effects on 
the interaction between the ligand binding pocket and 
AF2-AD. For example, when 17b-estradiol binds to the 
estrogen receptor the position of the AF2-AD contain-
ing H12 is altered so that coactivators can access the 
LBD-binding coactivator binding site.699 However, 
when the estrogen antagonist raloxifene binds at the 
same site the coactivator binding site on H12 remains 
blocked by other portions of H12.699

Although some of the nuclear receptors are fully  
active when bound as monomers to DNA, the hormone 
receptors in the nuclear receptor superfamily are most 
active when bound as homodimers or heterodimers (see 
Figure 3-9).681 RXRs, hepatocyte nuclear factor 4, and 
the steroid receptors can bind DNA as homodimers or 
heterodimers.681,715,716 The a isoform of the estrogen 
receptor (ESR1) is particularly promiscuous, and is able 
to heterodimerize with HNF4-a and retinoic acid recep-
tors, the b isoform of the estrogen receptor (ESR2), 
RXR and the thyroid receptors.715,716 As a homodimer, 
RXR binds the dINSRect repeat 1 (DR1).717 It can also 
join the thyroid, vitamin D3, and peroxisome prolifera-
tor–activated receptors to form heterodimers.681,718-720

Interestingly, it has also been suggested that some 
steroid hormones also act on transmembrane receptors—
and these interactions may be responsible for the acute 
cellular effects of steroids.721 Progesterone has been 
shown to interact with the G protein–coupled uterine 
oxytocin, nicotinic acetylcholine, GABAA, NMDA, and 
sperm cell membrane progesterone receptors.722-727 Cell 
membrane estrogen and glucocorticoids receptors have 
also been identified. 728-731

Receptor Germ-Line Mutation Endocrine Disorder

Thyroid hormone receptor b 
(TRb)

Inactivating mutations (heterozygous 
and homozygous)

Generalized resistance to thyroid hormones

Vitamin D3 receptor Inactivating mutations (homozygous) Vitamin D3 resistance
PPARg2 Inactivating mutations (heterozygous) Obesity or early-onset type 2 diabetes  

mellitus
HNF-4 Inactivating mutations (heterozygous) Maturity-onset diabetes of the young 

(MODY) type 1
Glucocorticoid receptor Inactivating mutations (heterozygous) Glucocorticoid resistance
Androgen receptor Inactivating mutations (X-linked  

recessive)
Androgen insensitivity syndrome, Kennedy’s 

disease
Estrogen receptor a (ERa) Inactivating mutations (homozygous) Tall stature and incomplete epiphyseal fusion
Mineralocorticoid receptor Inactivating mutations (heterozygous, 

homozygous)
Pseudohypoaldosteronism type 1

Activating mutations (homozygous) Syndrome of apparent mineralocorticoid  
excess

DAX1 Inactivating mutations (X-linked  
recessive)

X-linked adrenal hypoplasia congenita

TABLE 3-5 Nuclear Receptors and Clinical Conditions Associated with Receptor Mutations
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SUBFAMILY 1 NUCLEAR RECEPTORS: 
THYROID HORMONE, VITAMIN D3, AND 
PEROXISOME PROLIFERATOR–ACTIVATED 
RECEPTORS
Thyroid Hormone Receptors
The two thyroid hormone receptor (THR) isoforms—
thyroid hormone receptor a (THRA) and thyroid hor-
mone receptor b (THRB)—are encoded by different 
c-erbA genes on chromosomes 17 and 3, respec-
tively.698,732 Alternate splicing leads to expression of 
TRa1, TRb1, and TRb2 with different tissue distribu-
tions. TRa1 is the predominant subtype in cardiac and 
skeletal muscle, bone, and the central nervous system. 
TRb1 is the predominant subtype in kidney and liver, 
whereas TRb2 is expressed in hypothalamus and pitu-
itary as well as retina and cochlea. THRs that are not 
occupied by the thyroid hormone triiodothyronine (T3) 
exist as homodimers or heterodimers with RXRs that 
are attached to DNA thyroid hormone response  
elements in association with corepressor proteins.733 
Thyroid hormone binding induces the release of the 
corepressors from the THR.733 A coactivator, steroid 
receptor coactivator-1 (SRC-1), is then able to attach to 
the THR—enabling activation of transcription.733

Generalized resistance to thyroid hormones (GRTH) 
is due to mutations in the THRB gene.732,734,735 Patients 
with this syndrome have impaired receptor response to 
triiodothyronine (T3).732 They have elevated T3 and 
thyroxine (T4) levels with normal TSH levels.732,734,735 
The clinical manifestations are variable but may include 
goiter, attention deficit disorder, hearing defects, learn-
ing disabilities, poor weight gain, mental retardation, and 
delayed bone age.732,734,735

Mutations have been found in the D and E domains of 
THRBs of GRTH patients.732,736,737 Thus, these mutations 
alter ligand binding or transactivation.732,737,738 However, 
most mutant THRBs retain the ability to repress transacti-
vation of target genes through interactions with corepres-
sors.737,738 Some of the GRTH mutant receptors continue 
to associate with corepressors and are unable to bind the 
coactivator SRC-1 even when bound by T3.738,739 Thus, 
mutant THRBs have a dominant negative effect in the 
heterozygous state because they are able to interfere with 
the function of wild-type receptors by repressing transcrip-
tion of target DNA.732,737,738

Patients who are homozygous for deleterious muta-
tions of THRB demonstrate more severe clinical abnor-
malities than patients who are heterozygous for these  
mutations. One patient with a deletion of both THRB 
alleles presented with deaf mutism, dysmorphic features, 
and stippled epiphyses.740 This condition is inherited in 
an autosomal recessive mode because the mutant allele  
is missing the THRB gene and is therefore unable to 
produce a THRB with corepressor function.740 Another 
patient homozygous for a THRB mutant (“kindred S 
receptor”) with an amino acid deletion in the ligand-
binding domain presented with mental retardation, very 
delayed bone age, and very elevated T3 and T4 lev-
els.736,741 Heterozygous carriers of the kindred S receptor 
mutation have milder clinical manifestations of GRTH 

because this mutant THRB retains corepressor activity 
and thus has dominant negative effects.736,741,742

Mutations in THRA were not identified until re-
cently.743,744 The first described proband is heterozygous 
for a nonsense mutation (E403X) that inhibits the wild-
type receptor in a dominant negative fashion.743 The 
patient had growth retardation developmental delay and 
constipation in the setting of low T4 and free T4, low 
reverse T3, normal T3 and free T3, and normal TSH. 
After thyroxine treatment, normalizing T4 levels, T3 
levels became elevated. The mutant receptor failed to 
bind radiolabeled T3 and failed to activate a thyroid hor-
mone responsive reporter gene and inhibited the activity 
of the wild-type receptor. The second report described a 
1 base insertion in a father and a daughter causing a 
frameshift and premature termination at codon 406.744 
Analyses of the mutant receptor in vitro after expression 
in cultured cells revealed that the mutant receptor fails to 
respond to stimulation by T3 and exerts a strong domi-
nant negative effect on the wild-type receptor.

Vitamin D Receptor
Severe rickets, hypocalcemia, secondary hyperparathyroid-
ism, and increased 1,25-dihydroxyvitamin D (calcitriol) 
levels occur in patients with the autosomal recessive syn-
drome of “vitamin D resistance.”745 These patients have 
defective vitamin D receptors (VDRs). Mutations causing 
this syndrome have been found in the zinc fingers of the 
DNA-binding domain (C domain), leading to decreased or 
abolished receptor binding to regulatory elements of target 
genes.746 Causative mutations have also been found that 
lead to the production of receptors that have decreased or 
abolished ability to bind calcitriol and heterodimerize with 
retinoid X receptors (RXRs), which are required for the 
VDR to maximally transactivate target genes.746,747

Less severe mutations in the VDR are associated with 
decreased gastrointestinal calcium absorption and bone 
mineral density, even during childhood, and an increased 
risk for osteoporosis and fractures.748-753 However, it has 
not been possible to replicate these findings in some eth-
nic groups.754-758 Thus, other factors (such as estrogen 
receptor genotype, dietary calcium, and age) probably 
contribute to the effects of VDR polymorphisms on bone 
mineral metabolism.751,753,759,760 Certain VDR polymor-
phisms are associated with decreased pre- and postnatal 
linear growth.761,762

Other important associations have been found with 
VDR polymorphisms. Homozygous polymorphisms 
have been reported to be associated with primary hyper-
parathyroidism.763 In addition, the presence of certain 
VDR alleles is associated with increased risk for the  
development of early-onset periodontal disease.764 
Conversely, absence of such alleles has been associated 
with familial calcium nephrolithiasis.765 Absence of cer-
tain alleles may be a risk factor for the development of 
sarcoidosis.766 However, the presence of these alleles is 
associated with hypercalciuria and nephrolithiasis and 
increased risk in women for the development of meta-
static breast cancer.767,768 VDR polymorphisms have also 
been associated with increased susceptibility to psoriasis, 
tuberculosis, leprosy, and other infections.769-773
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PPARg

PPARg has a role in regulating adipocyte differentiation 
and metabolism. This formerly orphan receptor was 
adopted by the ligand prostaglandin J2. Mutations in the 
gene encoding PPARg cause familial partial lipodystro-
phy type 3 (FPLD3).774

Patients with FPLD3 exhibit fat loss in the arms and 
legs, severe insulin resistance, early-onset type 2 diabetes 
mellitus, and severe hypertriglyceridemia Some hetero-
zygous mutations have a dominant negative effect on the 
wild-type receptor (V290M and P467L).775,776 These 
mutations lead to amino acid substitutions that disturb 
the orientation of H12 in the E domain leading to  
decreased ligand-dependent transactivation by AF-2/AD 
and coactivator recruitment.775 Other mutations are 
point mutations that cause FPLD3 simply due to haplo-
insufficiency without a dominant negative effect.777-784 In 
addition a frameshift mutation that causes a similar phe-
notype was identified.785 A mutation in PPARg expanded 
the phenotype to include muscular, immune, and hema-
tologic features.786 This mutation is thought to induce a 
conformational change affecting transcriptional activa-
tion by the receptor.

A missense mutation leading to a Pro115Gln substitution 
near a site of serine phosphorylation at position 114 that sup-
presses transcriptional activation in PPARg2 was found in 
some morbidly obese patients.787 The Pro115Gln substitu-
tion interferes with phosphorylation of the serine at position 
114, leading to increased transcriptional activation by 
PPARg2—which in turn leads to increased adipocyte dif-
ferentiation and triglyceride accumulation.787

SUBFAMILY 2 NUCLEAR RECEPTORS: 
HEPATOCYTE NUCLEAR FACTOR AND 
RETINOID X RECEPTORS

This subfamily includes the HNF receptors and the 
RXR. RXRs form heterodimers with other nuclear re-
ceptors (including the estrogen, vitamin D, and thyroid 
hormone receptors) and with PPARg (RXRs are dis-
cussed elsewhere in this chapter).

HNF Receptors
Alteration of another orphan nuclear receptor, HNF-4a, 
also causes an endocrine disorder. Mutations of the 
HNF-4a gene on chromosome 20 that alter the ligand-
binding domain (E domain) or the DNA-binding domain 
(C domain) have been found in patients with maturity-
onset diabetes of the young type 1 (MODY1).788-791 
Patients with MODY usually develop diabetes mellitus 
by the end of the third decade of life. They have a defect 
in glucose-mediated stimulation of insulin secretion.789,792 
Several studies have now described a biphasic phenotype 
of neonatal hyperinsulinism and macrosomia with later 
onset of diabetes in patients with HNF-4a muta-
tions.793-797 In most cases, the hyperinsulinism is transient 
but can be persistent requiring diazoxide treatment.795,796

Carriers of a glycine-to-serine substitution in codon 
115 in the DNA-binding domain (C domain) appear to 

be at increased risk for developing low-insulin diabetes 
mellitus.798 Hepatocyte nuclear factors 3 (HNF-3a, -3b, 
and -3g) are also regulators of the early-onset type 2 dia-
betes genes HNF-1 a, HNF-4 a, and IPF-1/PDX-1—
which are associated with MODY types 3, 1, and 4,  
respectively.799-802

SUBFAMILY 3 NUCLEAR RECEPTORS: 
THE STEROID RECEPTORS AND 
GLUCOCORTICOID, ANDROGEN, ESTROGEN, 
AND MINERALOCORTICOID RECEPTORS
Glucocorticoid Receptors
Mutations in glucocorticoid receptors cause primary gen-
eralized glucocorticoid resistance (PGGR) or primary 
generalized glucocorticoid hypersensitivity (PGGH).803 
PGGR is clinically characterized by the presence of  
elevated plasma cortisol and ACTH levels, accompanied 
by the effects of hyperaldosteronism and hyperandrogen-
ism in the absence of striae and central fat deposi-
tion.698,803,804,805 ACTH excess leads to adrenocortical 
hyperplasia increased cortisol secretion and increased 
production of adrenal steroids with androgenic (andro-
stenedione, DHEA, DHEA-S) and mineralocorticoid  
activity (cortisol, deoxycorticosterone and corticoste-
rone). The clinical spectrum is broad, ranging from  
asymptomatic to severe hyperandrogenism (characterized 
by severe acne, hirsutism, irregular menses, and infertil-
ity), mineralocorticoid excess (characterized by hypokale-
mic alkalosis and hypertension), and fatigue.804-806, Girls 
may present with ambiguous genitalia and both girls and 
boys may present with isosexual precocity.807 Clinical 
manifestations of glucocorticoid deficiency are infrequent 
and largely limited to fatigue.806,808,809 However, there 
were reports of childhood hypoglycemia.810,811

Both homozygous809,810,812,813 and heterozygous813-817 
mutations have been described. Heterozygous mutations 
that cause PGGR generally do so by exerting a dominant 
negative effect on the wild-type receptor.803

ACTH-secreting pituitary macroadenomas can also 
be caused by a frameshift mutation in the GR gene that 
interferes with signal transduction.818 Patients with this 
mutation manifest the symptoms of glucocorticoid re-
sistance. The tumor develops as a result of impaired 
negative feedback regulation by glucocorticoids of the 
hypothalamic-pituitary axis.

PGGH was described in a patient who presented 
with obesity, hypertension, and hyperlipidemia and  
was found to have a mutation in the GR (D401H) that 
demonstrated increased transactivation glucocorticoid 
responsive genes.819

Androgen Receptors
The human androgen receptor (AR) gene is located on the 
X chromosome. Known disorders characterized by AR 
dysfunction due to AR gene mutations are only expressed 
in patients with a 46 XY karyotype.820 Thus, these disorders 
are either transmitted by X-linked recessive inheritance or 
are due to sporadic mutations.
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More than 1000 mutations have been described in  
the AR gene with more than 500 mutations causing  
androgen insensitivity syndrome (AIS; testicular femini-
zation).821 The phenotype of this syndrome can vary 
in severity and has been divided into mild, partial and 
complete forms (MAIS, PAIS, and CAIS).822 CAIS 
is characterized by intraabdominal testes, absence of mul-
lerian structures, absence of androgen-induced body hair 
such as pubic and axillary hair, and a female appear-
ance.820,823,824 PAIS refers to individuals with ambiguous 
external genitalia with an enlarged clitoris or microphal-
lus and patients with Reifenstein syndrome.823 Reifenstein 
syndrome is characterized by severe hypospadias with 
scrotal development and severe gynecomastia.823 MAIS 
refers to patients with AR mutations who are otherwise 
normal phenotypic males who present with adolescent 
gynecomastia or later infertility.

The phenotypic heterogeneity of AIS is due to the 
wide variety of locations for the mutations causing AIS. 
Functional consequences of each mutation causing AIS 
relate to the function of the domain in which the muta-
tion is located. However, the degree of impairment of 
mutated receptor function in in vitro studies does not 
always correlate with the phenotypic severity of the  
syndrome.825

Mutations in exons that code for the AR hormone-
binding domain decrease hormone-binding affinity.826 
However, these mutations do not abolish the hormone-
binding capability of the receptor.826 Thus, patients with 
these mutations usually present with PAIS or occasion-
ally with CAIS.826-829 Patients with mutations in the 
hormone-binding domain do not appear to respond to 
treatment with high doses of testosterone.826 Mutations 
in the DNA-binding domain lead to failure of target 
gene regulation. Thus, patients with these mutations 
usually manifest the CAIS.830,831

CAIS is also caused by a point mutation that results in 
a premature termination condition, leading to transcrip-
tion beginning downstream of the termination signal and 
the AF1/tau1 domain.832 Numerous other mutations 
have been described that cause truncation or deletion  
of the AR and complete AIS.833-836 Two patients with 
ambiguous genitalia and partial virilization were found to 
be mosaic for mutant ARs.837,838

Some patients with Reifenstein syndrome have been 
found to have a mutation in the DNA-binding domain 
that abolishes receptor dimerization.839 Other patients 
have been found to have a mutation in a different area of 
the DNA-binding domain that does not affect receptor 
dimerization, or to have mutations in the hormone-
binding domain in the E domain.840-843 The Ala596Thr 
mutation in the D-box area of the DNA-binding domain 
has been associated with an increased risk of breast  
cancer.844

AIS is also a feature of Kennedy disease, which is an 
X-linked recessive condition causing spinal and muscular 
atrophy.827 This condition is caused by extension of 
a poly-CAG segment in the AR gene exon that codes  
for the N-terminus of the AR, leading to an increased 
number of glutamine residues in the A/B domain.845,846 
ARs with a polyQ region increased to 48 glutamine resi-
dues accumulate abnormally in transfected cells due  

to misfolding and aberrant proteolytic processing.847 
Because polyQ extension does not completely abolish of 
transactivation, patients with Kennedy disease exhibit a 
mild partial AIS phenotype consisting of normal viriliza-
tion accompanied by testicular atrophy, gynecomastia, 
and infertility.

Gain-of-function mutations in the AR have been  
described in prostate, breast, testicular, liver, and laryngeal 
cancers.821

Estrogen Receptors
Two major full-length estrogen receptor isoforms have 
been identified in mammals. Estrogen receptor a (ESR1) 
was discovered first and mediates most of the known ac-
tions of estrogens.698 ESR1 is expressed primarily in the 
uterus, ovaries, testes, epididymis, adrenal cortices, and 
kidneys.848 Estrogen receptor b (ESR2) was discovered in 
1996.849 ESR1 and ESR2 share 95% and 50% homology 
in the DBD and LBD, respectively.850 There is little 
homology in the N-terminal between the two isoforms.850 
ESR2 is expressed primarily in the uterus, ovaries, testes, 
prostate, bladder, lung, and brain.848 Although ESR2 has 
a high affinity for estrogens, it has less transactivating 
ability than ESR1 and has not yet been found to be  
involved in any pathologic condition.698,851,852

There is evidence supporting the existence of other 
functional estrogen receptors.853 Some of these putative 
estrogen receptors localize to the cell membrane instead 
of or in addition to the nucleus. A 46-kDa amino termi-
nal truncated product of ESR1, named ER46, localizes  
to the cell membrane and mediates estrogen actions that 
are initiated at the cell membrane.854 Another of these 
putative estrogen receptors has been named ER-X and  
is postulated to be a G protein–coupled receptor that 
localizes to the cell membrane.855 Another putative 
receptor is the aptly named heterodimeric putative estro-
gen receptor (pER), which has been found on the cell and 
nuclear membranes.856 The pER acts as a serine phos-
phatase.856 Five other estrogen-binding proteins have 
also been identified, and at least three of them localize to 
the cell membrane.857-860

It had been thought that androgens are the main  
hormones responsible for closing the epiphyses during 
puberty. In 1994, however, it was shown from extensive 
studies of a 28-year-old man with incomplete epiphyseal 
closure and continued linear growth (in spite of other-
wise normal pubertal development) that the estrogen 
receptor mediates epiphyseal closure.861 He was found to 
have a homozygous C-to-T point mutation of codon 157 
of the second exon in the ESR1 gene, introducing a pre-
mature termination signal. Expression of this gene leads 
to the production of a nonfunctional ESR1 lacking both 
the DNA- and hormone-binding domains. He was also 
found to have increased estradiol levels, impaired glucose 
tolerance with hyperinsulinemia, and decreased bone 
density.

Further strengthening the association between ESR1 
and epiphyseal closure is the observation that women 
with ESR1-positive breast cancer and a mutation in  
the B domain (B’ allele) of ESR1 have an increased inci-
dence of spontaneous abortion and tall stature.862 These 
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associations were not found in female carriers of the  
allele without breast cancer or with ESR1-negative breast 
cancer. Thus, a second (as yet undiscovered) mutation is 
likely to play a role in the development of tall stature and 
spontaneous abortions in female carriers with ESR1-
positive breast cancer.

Mineralocorticoid Receptors
Mineralocorticoid resistance is also known as pseudohy-
poaldosteronism (PHA). Both sporadic and familial cases 
with either autosomal-dominant or autosomal-recessive 
cases have been reported.863-867 Clinical presentation 
of patients with PHA ranges from asymptomatic salt 
wasting; to growth failure; to chronic failure to thrive, 
lethargy, and emesis; to life-threatening dehydration  
accompanied by severe salt wasting.864-866,868-870 Patients 
with the severe forms of PHA typically present within  
a year of birth and may even present in utero with polyhy-
dramnios due to polyuria.871 Biochemically, the condition 
is characterized by urinary salt wasting, hyponatremia, el-
evated plasma potassium, aldosterone, and renin activity 
and urinary aldosterone metabolism that are unresponsive 
to the mineralocorticoid treatment.872-874

Two forms of PHA are recognized (types I and II). 
Autosomal recessive (generalized) PHAI results from 
mutations in the epithelial sodium channel (ENaC), 
whereas autosomal dominant (renal) PHAI is due to 
mutations in the mineralocorticoid receptor (MR). 
PHAII is the result of mutations in a family of serine-
threonine kinases known as WNK1 and WNK4, which 
are downstream of aldosterone action.875 PHAI is char-
acterized by renal tubular mineralocorticoid resistance, 
whereas PHA II results from mineralocorticoid resistance 
in the kidney, intestine, salivary or sweat gland and  
is also known as Gordon syndrome.876 Patients with 
these conditions present with hyperkalemia that only 
responds to treatment with nonchloride ions, such as 
bicarbonate or sulfate, which increase delivery of sodium 
to the distal tubule.877 In general, patients with autoso-
mal dominant PHA1 have a mild salt wasting syndrome 
and improve with age, whereas patients with autosomal 
recessive PHA1 have severe salt wasting, hyperkalemia, 
as well as increased sweat and salivary sodium and fre-
quent respiratory tract infections that fails to improve 
with age.878

More than 50 different mutations of the MR causing 
autosomal dominant PHAI have been described (all het-
erozygous).878-889 There is clear heterogeneity of clinical 
manifestations within families. Haploinsufficiency due  
to mRNA or protein degradation is clearly sufficient  
to cause autosomal dominant PHAI.884,887,890 Yet some 
mutations have been shown to exert dominant negative 
effects on the wild-type receptor.887

Mutations causing constitutive activation of the 
MR have been described and cause severe early-onset 
hypertension.890 An interesting syndrome involving 
overactivation of the MRs is the syndrome of apparent  
mineralocorticoid excess. Patients with this autosomal-
recessive condition can exhibit pre- and postnatal 
growth failure, hypervolemic hypertension, medullary 
nephrocalcinosis, and hypokalemic metabolic alkalosis 

accompanied by hyporeninemic hypoaldosteronism.892-895 
Patients with this syndrome may also be asymptomatic 
and exhibit only biochemical abnormalities.896 Patients 
with this syndrome also have increased serum and uri-
nary cortisol-to-cortisone ratios.895 This syndrome is 
caused by mutations in the 11 b-hydroxysteroid dehy-
drogenase type 2 (11 b-HSD2) genes that reduce the 
activity of the enzyme.894,895,897-899 11 b-HSD2 converts 
the active glucocorticoid cortisol to inactive cortisone. 
Thus, decreased activity of 11 b-HSD2 increases cortisol 
levels in MR-containing tissues, leading to increased 
binding and activation of MRs by cortisol.894,895

A transient form of mineralocorticoid resistance, 
probably due to abnormal maturation of aldosterone re-
ceptor function, also exists.891 This variant of PHA is 
known as the syndrome of early-childhood hyperkalemia. 
Children with this disorder present with failure to thrive 
or linear growth failure accompanied by hyperkalemia 
and metabolic acidosis. This condition resolves sponta-
neously by the second half of the first decade of life.

SUBFAMILY 0 NUCLEAR RECEPTORS: DAX1

Subfamily 0 nuclear receptors include DAX1.682 DAX1 
plays a role in the regulation of steroid, mullerian- 
inhibiting substance, and gonadotropin production.

DAX1
The dosage-sensitive sex-reversal adrenal hypoplasia 
congenital critical region on the X chromosome gene 1 
(DAX1) is an orphan nuclear receptor because its ligand 
has not yet been identified.900 It has homologies in the E 
domain to other orphan receptors, including RXRs.901 
However, DAX1 has an unusual DNA-binding C domain 
that contains a tract of amino acid repeats instead of zinc 
finger motifs.901 DAX1 inhibits steroidogenic factor 1 
(SF-1)-mediated transcription. SF-1 is another orphan 
nuclear receptor that regulates transcription of adrenal 
and gonadal steroid hydroxylases, mullerian-inhibiting 
substance, and gonadotropin genes.902,903

DAX1 gene mutations have been identified that cause 
X-linked adrenal hypoplasia congenita.901 Patients with 
this condition have congenital adrenal insufficiency and 
are therefore deficient in glucocorticoid, mineralocorti-
coid, and androgen production.901,904 Gonadotropin 
deficiency and azoospermia also occur in these pa-
tients.904,905 Female carriers may have delayed puberty.905 
All mutations that have been found to cause X-linked 
congenital adrenal hypoplasia are either located in or 
prevent transcription of the area of the E domain that 
inhibits SF-1- mediated transcription.900,906-908 Thus, 
DAX1 mutations may cause X-linked congenital adrenal 
hypoplasia by altering SF-1 regulation of gonado- and 
adrenogenesis.906 DAX1 deletion may also occur in the 
setting of the contiguous gene deletion syndrome,  
resulting in complex glycerol kinase deficiency (cGKD) 
if individuals have deletions extending from the GK 
gene into the Duchene muscular dystrophy (DMD) 
gene or involving a significant extension telomeric  
from DAX1.909
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SUMMARY

Understanding of receptors that transduce or influence 
hormone action has increased dramatically. As molecular 
biology techniques improve, it is expected that knowledge 
of receptor action will continue to increase at a rapid pace. 
It is likely that subtle defects in receptor function (such as 
regulatory or promoter region mutations that increase or 
decrease receptor gene expression, or mutations in second 
messenger proteins) will be found that cause endocrine 
disorders. It is also likely that new receptors will be discov-
ered that transduce or influence hormone action and that 
endocrine roles will be found for receptors that were not 
previously thought to mediate or alter hormone action.
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QUESTIONS

 1. A 15-year-old male presents with hypertension. He 
has a family history of stroke in father and grand-
father. Lab evaluation reveals a potassium level of 
3.4mEq/L. plasma renin activity is suppressed and 
aldosterone level is high. Urine and serum metaneph-
rines and catecholamines were normal. Renal ultra-
sound with Doppler was normal. Adrenal CT was 
normal.

Which of the following tests is most likely to make the 
diagnosis?

 a. Measuring the cortisol to cortisone ratio
 b. Normal saline and dexamethasone suppression of 

aldosterone
 c. Sequencing of the mineralocorticoid receptor
 d. Adrenal venous sampling
 e. MRI of the adrenal glands

Answer: b

 2. A 16-year-old female presents with 1 year of oligo-
menorrhea and hirsutism. She had menarche at age 12 
and had regular periods for 1.5 years followed by a 
steady decline in frequency of menses. Her last men-
strual period was 1 year ago. On examination, her 
weight and height are at the 50th percentile and have 
not changed significantly over the past year. Her blood 
pressure is 156/102. She is Tanner 5 for breast and 
pubic hair development without clitoromegaly. She 
has facial acne, back acne and facial hair (sideburns, 
upper lip and chin). She has no striae or a buffalo 
hump. The LH to FSH ratio is not increased.

What is the most likely diagnosis?
 a. ACTH dependent Cushing syndrome
 b. Late onset Congenital adrenal hyperplasia
 c. Glucocorticoid resistance
 d. Polycystic Ovarian Syndrome
 e. Glucocorticoid-remediable aldosteronism

Answer: c

 3. You are called to see an 18-day-old boy in the cardiac 
ICU. He was found unresponsive and in ventricular 
tachycardia. EMTs resuscitated him. His potassium 
was 9 and his sodium was 114. His newborn screen for 
congenital adrenal hyperplasia was normal. Serum 
17-hydroxyprogesterone is pending. Adrenal ultra-
sound was performed and is normal. His ACTH on 
arrival was 10 times the upper limit of normal and his 
cortisol was 2.34. His triglycerides were elevated.

What is the most likely diagnosis?
 a. 21-hydroxylase deficiency
 b. Pseudohypoaldosteronism type I
 c. Adrenal hypoplasia congenita
 d. Addison’s disease
 e. Adrenoleukodystrophy

Answer: c

 4. You are called by the newborn nursery to see a baby 
with ambiguous genitalia. Pregnancy and delivery 
were unremarkable. Prenatal ultrasound demonstrated 
hypospadias vs. ambiguous genitalia. Amniocentesis 
revealed a karyotype of 46XY. Exam is remarkable 
for presence of testes in a bifid scrotum with incom-
plete fusion of the labioscrotal folds, distal shaft  
hypospadias and a stretched phallic length of  
3.2cm. Electrolytes were normal. Anti-Mullerian 
Hormone was .180ng/ml on day of life 2. Abdomi-
nal ultrasound revealed no Mullerian structures. 
Labs obtained on week 3 of life reveal an LH of  
4.7, testosterone of 898ng/dL, a dihydrotestosterone 
of 245ng/dL, 17-hydroxyprogesterone of 241ng/dL, 
17-hydroxypregnenolone of 839ng/dL, androstene-
dione of 78ng/dL.

What is the most likely diagnosis?
 a. 3 beta HSD deficiency
 b. 5 alpha reductase deficiency
 c. SRY deletion
 d. Partial androgen insensitivity
 e. P450 oxidoreductase deficiency

Answer: d

 5. A 3-year-old boy is found to have an elevated cal-
cium after she was admitted to the hospital with a 
bronchiolitis. He is otherwise healthy. His mother 
and father have no significant past medical history. 
There is no family history of kidney stones. His lab 
evaluation reveals an ionized calcium of 6.0 mg/dL 
(4.5-5.6) and calcium of 12.5mg/dL. Magnesium was 
2.6 mg/dL (1.8-2.4) and phosphorus was 3.5 mg/dL 
(3.5-6). Intact PTH done on the same sample was 
28pg/ml(16-87). Fractional excretion of calcium was 
0.92%. 25-hyroxyvitamin D and 1,25-hyroxyvitamin 
D levels are normal. Renal ultrasound was normal.

What is the most appropriate next step?
 a. Technetium sestamibi scan
 b. Measure serum calcium in the parents
 c. Skeletal survey
 d. PTHrp
 e. Parathyroid surgery

Answer: b
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 6. A 4-year-old boy is referred for short stature. His 
height SDS is -4. His weight is ,3rd percentile. 
His birth weight was 3.5SD below the mean and 
his birth length was 5SD below the mean. He was 
proportional. IGF1, IGFBP3 and acid-labile sub-
unit levels were elevated. Bone age was delayed. 
Growth hormone stimulation testing with cloni-
dine and arginine peaked at 50ng/ml.

Which of the following will make the diagnosis?
 a. Overnight growth hormone sampling
 b. IGF1 generation test
 c. SNP array
 d. Trial of growth hormone
 e. Sequencing of the IGF-1R gene

Answer: e

 7. A 4-year-old Caucasian boy is referred for obesity. 
His BMISDS is 15. His parents report an insatiable 
appetite since birth. He is on hydrocortisone for a 
diagnosis of adrenal insufficiency. On exam he has  
red hair.

What is the most appropriate test?
 a. Obtain an MRI of the hypothalamus and pituitary
 b. Sequence the MC4R gene
 c. Sequence the POMC gene
 d. Sequence the PC1/3 gene
 e. Indirect calorimetry

Answer: c
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INTRODUCTION

Pediatric endocrinology evaluations are often accompa-
nied by requests for laboratory tests. Each clinician must 
determine the correct lab test to be ordered, establish the 
circumstances for proper testing (e.g., fasting, time of 
day, stimulation protocol), and choose a specific labora-
tory method to be utilized. When the results return, the 
pediatric endocrinologist must interpret them correctly 
to arrive at the appropriate diagnosis and to determine 
management. If treatment is initiated, monitoring meth-
ods, which may include specific laboratory tests, must 
be instituted. The evaluation of laboratory assays is an 
essential component of pediatric endocrinology prac-
tice. One could suggest that of all specialties in medi-
cine, pediatric endocrinology is the one most dependent 
on laboratory tests. It is thereby apparent that for opti-
mal endocrine diagnosis and management, thorough 
understanding of laboratory methodology is crucial. 
Therefore, a section on laboratory techniques is an inte-
gral component of any instructional manual of pediatric 
endocrinology.

Hormones circulate at remarkably low levels, yet 
relatively small perturbations can distinguish health 
from disease states. As a frame of reference, the major 
extracellular cation, sodium, circulates at approximately 
140 millimolar (1023 mol/L), whereas normal glucose 
levels are in the 4 millimolar range. In contrast, rela-
tively abundant hormones such as cortisol have concen-
trations in the low micromolar range (1026 mol/L), and 
others such as growth hormone and thyroglobulin are 
only in the low picomolar range (10212 mol/L) (Figure 4-1). 
Given this thousand- to billion-fold difference, it is not 

surprising that assays using chemical analysis are  
not applicable in the measurement of hormones. To 
reach an appropriate level of sensitivity and specificity 
at these concentrations of an analyte, two types of  
assays are generally employed: immunoassays and  
tandem mass spectrometry (MS/MS) coupled with 
chromatography.

Endocrine hormone assays have applied improved 
technology to evolve from colorimetric tests and radio-
immunoassay (RIA) with monoclonal antibodies, sensi-
tive detection techniques, extensive automation, and, 
increasingly, tandem mass spectrometry. With automa-
tion, the sudden availability of platforms with a menu of 
commonly ordered hormone tests has rapidly broadened 
access of endocrine testing so that currently more than 
3000 laboratories offer a wide range of endocrine tests.1 
In most general laboratory settings, one of five common 
immunoassay analyzers is used for hormone detection 
(Table 4-1). These analyzers consolidate more than 20 to 
30 hormone or other assays on a single platform that can 
operate in batch or random access mode with unat-
tended capability, timely turnaround, and cost-effective 
throughput. Despite these practical advantages, there 
are some challenges to consider. In many laboratories 
utilizing such high-throughput instruments, appropriate 
in-depth knowledge of endocrinology and the technical 
aspects of the analytic systems is limited, such that 
troubleshooting is often outsourced to device manufac-
turers whose primary focus may not be on analytic  
accuracy. Furthermore, platforms of consolidated ana-
lyzers may not be appropriate for specimens from pedi-
atric-age patients for several reasons: available normal 
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1

Sodium
Glucose
DHEA-sulfate
Cortisol
25-OH vitamin D
Thyroxine
IGF-1
Testosterone (male)
Norepinephrine
Testosterone (female)
1,25(OH)2 vitamin D
Estradiol (male)
Free thyroxine
Insulin
Growth hormone
Free triiodothyronine
Thyroglobulin

10 100

pM

1 10 100

nM

1 10 100

µM

1 10 100

mM

FIGURE 4-1 n  Relative concentrations of selected hormones. Concentrations are rounded for illustration purposes.

Analyzer

Number  
of Units  

Worldwide Methods Supported Protein Hormones Steroid Hormones
Thyroid  
Hormones

Abbott  
Architect

Beckman  
Access

Roche  
Elecsys

Siemens  
Dimension

Ortho Vitros

. 6500

. 2500

. 6000

. 1000

. 3100

Chemiluminescence

Chemiluminescence

Electrochemiluminescence

Chemiluminescence

Chemiluminescence 1 
enzyme immunoassays, 
nephelometry

FSH, hCG (total B-hCG), 
LH, prolactin, SHBG, 
C-peptide, insulin,  
intact,

TSH, total b-hCG LH, 
FSH, prolactin, iPTH 
thyroglobulin, many 
others

Vitamin D, DHEA-S, 
cortisol (serum and 
urine), estradiol,  
estriol, progester-
one, testosterone 
and others

TT3, TT4, FT3, 
FT4, T3-uptake, 
and others

TABLE 4-1 Prevalent Commercial Immunoassay Analyzers

reference range data may be inadequate; the assay may 
perform well at a normal adult range but be unsatisfac-
tory in the pediatric range; or the failure to remove 
cross-reacting contaminants by extraction and chroma-
tography steps may lead to falsely elevated results.2-4 
Similar pitfalls may be encountered as mass spectrometry 
technology is expanded to more laboratories.

This chapter is intended as a reference work for pedi-
atric endocrinologists in training or in practice to assist 
in the requisition and interpretation of laboratory tests  
to facilitate optimal clinical diagnosis and management. 
It will first cover the two main assay formats used to 
measure hormone levels, namely (1) antibody-based  
immunoassays and (2) mass spectrometry. Later sections 
discuss preanalytic variables and then validation tech-
niques, both analytic and clinical. Dispersed throughout 
the chapter are short clinical vignettes that illustrate how 
a strong foundation in laboratory methods can impact 

clinical care. This chapter is not intended to provide  
a comprehensive review of all laboratory assays. Princi-
ples of molecular endocrinology testing are discussed in 
Chapter 2.

HORMONAL ASSAYS
Immunoassays
Immunoassay is an important methodology in the endo-
crine laboratory. Understanding the basic principles  
involved allows specialists to (1) identify when a particu-
lar immunoassay is or is not appropriate for a particular 
clinical scenario, (2) anticipate potential physiologic and 
technical issues affecting the interpretation of laboratory 
results, and (3) understand how to work with the clinical 
laboratory to investigate unanticipated or clinically dis-
cordant test results.
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Competitive Immunoassay versus 
Immunometric (Sandwich) Assay

There are two main immunoassay formats relevant to 
endocrinology laboratory testing, and understanding 
some of the basic differences between these formats helps 
both interpretation of results and troubleshooting of 
unexpected situations.5 The first class of assays is termed 
competitive, with the classic radioimmunoassay (RIA) as 
the archetypal example. A primary antibody against the 
substance (“analyte”) of interest is added to the patient’s 
sample, together with a radiolabeled version of the ana-
lyte (“tracer”) that competes with the endogenous analyte 
for binding to the primary antibody (Figure 4-2, upper 
panel). After a sufficiently long incubation time, the  
primary antibody is precipitated using a second anti-IgG 
antibody, polyethylene glycol, or (most commonly nowa-
days) by using primary antibody attached to a solid  
support such as a bead, which allows a simple centrifuga-
tion step to collect the primary antibody. Any unbound 
tracer or analyte is washed away, and the amount of 
tracer in the precipitate is then quantified.

Analyte

Analyte

Tracer

Incubate Count

Count

Analyte concentration

Sparse analyte,
High tracer signal

Sparse analyte,
Low signal

Incubate
Wash

Add detection
antibody

Plentiful analyte,
Low tracer signal

Plentiful analyte,
High signal

Centrifuge

Competitive immunoassay

Immunometric (sandwich) assay

Antibody on bead

Capture antibody on plate

FIGURE 4-2 n  Comparison of competitive versus immunometric immunoassays. In competitive immunoassay (top), the labeled tracer 
(signal conjugated analyte) and unlabeled (analyte) compete to bind specific antibody sites. In the two-site method (bottom), analyte 
of interest is sandwich between the capture and signal antibodies.

To convert this tracer signal into a concentration, a 
standard curve is prepared from samples where varying 
concentrations of a known amount of analyte have been 
added. For a competitive immunoassay, the amount of 
signal detected (amount of tracer bound to antibody) 
decreases as the analyte in the patient’s sample increases. 
Importantly, anything that prevents the tracer from bind-
ing to the primary antibody would also decrease signal 
and increase apparent analyte concentration. For example, 
taking an immunoassay optimized for serum and using it 
for an extremely concentrated urine sample or in a body 
fluid where the protein concentration is extremely high 
can significantly alter the results. Because high salt or 
high protein concentration can inhibit tracer binding  
to antibody, tracer signal will be low and the apparent 
analyte concentration very high, even in the complete 
absence of any analyte.

The second class of immunoassays is termed immuno-
metric, with the most important example being the non-
competitive, so-called sandwich assay. Typically, as shown 
in Figure 4-2 (lower panel), an antibody attached to a 
solid support (plate, wall of a tube, or a bead) is used to 
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capture the analyte of interest, followed by the addition 
of a second, labeled antibody that binds to a different site 
on the analyte, creating an antibody-analyte-antibody 
sandwich. After unbound detection antibody is washed 
away, that which remains generates a radioactive (immu-
noradiometric [IRMA]), chemiluminescent (immunoche-
miluminometric [ICMA]), colorimetric (enzyme-linked 
immunosorbent assay [ELISA]), or fluorescent (immu-
nofluorescence assay [IFMA]) signal, depending on the 
label chosen.

The immunometric assays offer certain inherent  
advantages over competitive immunoassays. First of all, 
the fact that two antibodies are involved, each binding to 
a separate epitope on the analyte, greatly increases ana-
lytic specificity, including the ability to select very specific 
isoforms of an analyte.6 For example, one antibody can 
be directed at the N-terminus of a peptide, whereas the 
other antibody can be directed at the C-terminus, ensur-
ing that only full-length peptide is detected. A second 
advantage is that immunometric assays tend to be more 
analytically sensitive than their competitive assay coun-
terparts.7 This arises from the fact that the sensitivity of 
a competitive immunoassay largely depends on the affin-
ity of the antibody used in the assay—and developing 
very high affinity antibodies is not an easy or predictable 
task. In contrast, the sensitivity of an immunometric  
assay can be improved by use of a higher activity signal, 
which is more easily detected even when analyte concen-
trations are very low. As signal detection technology 
continues to improve, increasingly sensitive immuno-
metric assays can be developed. A third advantage of 
immunometric assays arises from the ability to use mono-
clonal antibodies, which can be more easily produced in 
quantity and have more predictable characteristics than 
polyclonal antibodies.

Potential Confounders in Immunoassays

Clinical Scenario

A 16-year-old girl with schizophrenia has recently developed 
galactorrhea and secondary amenorrhea. Her prolactin is  
elevated at 43 μg/mL, which her attending psychiatrist states 
is a level commonly seen for young women treated with  
risperidone. A medical student on the service asks whether 
the level could also be consistent with a prolactinoma and a 
“hook effect” accounting for a falsely low level.

Sandwich immunometric assays are potentially vulner-
able to what has been termed the “hook” or “prozone” 
effect that can lead to falsely normal or low values in the 
presence of large amounts of the analyte8 (Figure 4-3). 
Generally, as analyte concentration increases, more anti-
body-analyte-antibody sandwiches are formed, leading to 
more signal detected. At extremely high analyte concen-
trations, however, it is possible for both capture and  
detection antibodies to be saturated with analyte prior to 
formation of a sandwich complex, leading to the detection 
antibody being washed away and the low signal being 
misinterpreted as a low concentration of analyte. This 
phenomenon is not seen with competitive immunoassays. 
To minimize the chances of a hook effect, most immuno-
metric assays have now modified their methods as follows: 
analyte is allowed to bind to capture antibody, a thorough 
wash step removes excess unbound analyte, and only then 
is the detection antibody added. In the now extremely 
rare situation where a hook effect is still suspected, serial 
dilutions of the sample may be performed to see if the 
apparent concentration of the analyte actually rises with 
increasing sample dilution.

There is some inconsistency in the literature around 
the terms heterophilic antibody and human antianimal anti-
body (HAAA) or human antimouse antibody (HAMA). 

S
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l

Analyte concentration

Washed
away

FIGURE 4-3 n  Hook (prozone) effect leading to falsely low results. Extremely high analyte concentration leads to occupancy of all binding 
sites without creating the assay “sandwich” configuration. Signal antibody is washed away and the low signal is interpreted as a  
low concentration of analyte (dotted line). Dilution of sample may lead to increasing signal and an apparent increase in the measured 
analyte concentration.
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Some authors use these terms interchangeably; others 
reserve the term heterophilic for low-affinity antibodies 
that spontaneously arise against multiple, poorly defined 
antigens and use HAMA or HAAA only for those pa-
tients who develop specific high-affinity antibodies due 
to treatment with a murine monoclonal antibody or due 
to recurrent exposure to a particular animal species (e.g., 
scratches endured by a rabbit handler). Regardless of the 
term used, any given patient may have antibodies present 
that bind to and interfere with animal (mouse monoclo-
nal; rabbit, goat, or donkey polyclonal) antibodies used  
in a particular immunoassay,9 even without previous 
exposure to that particular animal. These antibodies can 
bridge the capture and detection antibodies in an immu-
nometric assay, as shown in Figure 4-4 (left panel), creat-
ing a sandwich and a high signal (false elevation) even in 
the absence of analyte. Alternatively, they could attach at 
the binding site of the capture antibody and prevent 
binding of the analyte (Figure 4-4, right panel), eliminat-
ing formation of the sandwich, and causing a falsely low 
value. Competitive immunoassays are less often affected, 
although they may show falsely high values if the inter-
fering antibody outcompetes the assay antibody for 
tracer, or falsely low values if they bind preferentially to 
the analyte over the tracer.

When a heterophilic/HAAA/HAMA effect is suspected, 
the sample should be assayed on a different immunoassay 
platform, as the interference is often specific for one 
manufacturer’s assay but not another’s. Such a maneuver is 
often the quickest to accomplish, but the sending lab must 
ensure that the second lab is truly using a different plat-
form. Another option is to use heterophilic antibody 
blocking agents, which are a mixture of animal immuno-
globulin fragments or other proprietary agents that soak 
up the interfering antibodies. A disadvantage of this  
approach for pediatrics is that a significantly larger volume 
of sample is required to assay both with and without use of 
the blocking agent. A third, more labor-intensive option is 
to assay the sample on serial dilutions, as those showing 
antibody interference effects tend not to show linear  
responses on dilution.

Clinical Scenario

An adolescent with papillary thyroid cancer is treated by total 
thyroidectomy and radioactive iodine. Several months post-
operatively, a thyroglobulin measured by ICMA (Tg-ICMA) 
is undetectable and thyroglobulin antibodies (TgAb) are 
negative, which is taken as proof that cancer has not re-
curred. However, great consternation occurs when a sample 
is sent for a different TgAb assay that is positive (the original 
TgAb assay remains negative), calling into question the  
undetectable Tg-ICMA. Thyroglobulin measured by a com-
petitive assay (Tg-RIA) is consistently detectable at a low 
level and does not decrease despite other favorable prognos-
tic indicators (decreasing titer of TgAb, no lymph node  
involvement) or additional radioactive iodine treatment.

Specific autoantibody interferences appear to be rare 
compared to the heterophilic/HAAA/HAMA interfer-
ences described in the previous section, with the notable 
exception of TgAb in patients with thyroid cancer. TgAb 
is present in about 20% to 25% of thyroid cancer patients 
and leads to false depression of thyroglobulin levels by im-
munometric assay (e.g., Tg-ICMA). In addition, different 
thyroglobulin antibody assays may report discordant (neg-
ative versus positive) results in some cases. Although a 
competitive assay such as Tg-RIA is less often affected by 
TgAb interference than is the Tg-ICMA, if the autoanti-
body is of sufficiently high affinity to outcompete the assay 
antibody, a Tg-RIA may show false elevation in the pres-
ence of such TgAb.10 Overall, any Tg immunoassay result, 
whether performed by Tg-ICMA or Tg-RIA, must be 
viewed as potentially affected in a patient with TgAb pres-
sent (and even possibly in patients whose TgAb is report-
edly negative). Helpful proxies for Tg include following 
TgAb titer, which should fall over time in patients without 
cancer recurrence.11 Imaging studies may also help assess 
the probability of recurrence. Although rare, autoantibod-
ies may be of sufficiently high affinity to affect both com-
petitive and immunometric assays alike. Consequently, 
they would be less likely to show differences when assayed 
on different platforms and are not affected by hetero-
philic antibody blocking agents. In these scenarios, diag-
nosis may require measurement of specific autoantibody 

Heterophilic/human anti-
animal antibody

Human antianimal antibody cross-linking capture
and detection antibodies = falsely elevated result

Human antianimal antibody blocking formation
of antibody-antigen-antibody “sandwich” = falsely
low result

Washed
away

FIGURE 4-4 n  Mechanism of immunometric assay interference by heterophilic or human antianimal antibodies. See text for details.
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(e.g., a parathyroid hormone [PTH] antibody assay in 
someone with a discordantly high or low PTH level).

Limitations of Immunoassays

The ability of an antibody to bind a specific target with 
high affinity is remarkable, yet there are limitations. The 
small size and relatively poor immunogenicity of steroid 
molecules make it difficult to obtain an antibody that can 
clearly distinguish a specific steroid from other similar ste-
roids. For example, an antibody raised against testosterone 
may show significant cross-reactivity with a conjugated 
form such as testosterone glucuronide, or with the struc-
turally similar dihydrotestosterone molecule. A solvent  
extraction step to remove water-soluble conjugates such as 
glucuronides, coupled with a chromatographic step to 
separate out structurally similar molecules, will greatly 
improve the analytic specificity of the assay12 (Figure 4-5A). 
The extraction step also separates testosterone from bind-
ing proteins that can interfere with accurate measurement.

Testosterone immunoassays that do not involve such 
extraction and chromatography steps, including the ma-
jority of assays found on most automated laboratory 

platforms, may perform adequately at the higher levels 
found in adult males (. 300 ng/dL) but will frequently 
measure inappropriately high values in the range most 
pertinent to women and prepubertal children (Figure 4-5B). 
Because in practice the lower values are more concordant 
with the clinical picture, endocrinologists caring for 
women and children have traditionally relied on immu-
noassays that involve extraction and chromatography 
steps, or assays involving chromatography and tandem 
mass spectrometry.

Free and Bioavailable Hormone Tests

Clinical Scenario

A pediatrician caring for a newborn male infant is informed of 
an abnormal newborn screening result with a low total T4 and 
normal TSH. He contacts his colleague in pediatric endocri-
nology about how to initiate a workup for hypopituitarism that 
may accompany central hypothyroidism. Instead, the pediatric 
endocrinologist recommends a repeat set of tests that includes 
a free T4 measurement.

The free hormone hypothesis states that free, or un-
bound, steroids or thyronines, vitamins, or peptides are 
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FIGURE 4-5 n  A, Increasing specificity of analysis via extraction and chromatography. After organic solvent extraction, water-soluble 
conjugates remain in the aqueous phase while steroid molecules generally remain in the organic phase. Similar steroid molecules 
can be separated by an additional chromatography step. B, Correlation of testosterone assays (extraction/chromatography/RIA ver-
sus nonextraction immunoassay or tandem mass spectrometry). Left panel: Steroid immunoassays without additional preparation 
steps prior to assay tend to give higher values than immunoassays after extraction and chromatography, likely because of steroid 
conjugates and compounds of similar structure (occasional lower values may reflect issues with incompletely removed steroid bind-
ing proteins). Right panel: Measurement of steroids by HPLC-mass spectrometry (which also involves extraction and chromatography) 
produces testosterone results very similar to those obtained with immunoassay after extraction and chromatography.
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available to enter cells or interact with cellular proteins 
by virtue of their small size and sometimes their hydro-
phobic nature.13 Free hormone in this section means 
not liganded to a binding protein. As free and bound 
hormone pass through a tissue bed, the free hormone 
may be taken up by the tissues, additional free hormone 
may become available from the bound fraction, or the 
complexed hormone may be taken up by cells.14 The 
systems may be further complicated by multiple binding 
proteins. Clearly, the activities of several steroids, thyro-
nines, and even protein hormones are reduced by binding 
to specific high–affinity binding proteins and albumin. 
Conversely, the absence of binding proteins can reduce 
the total hormone level, but the free hormone level  
may be unaffected. For example, the majority of thyroid 

hormone in circulation is carried by thyroxine-binding 
globulin (TBG). TBG deficiency is characterized by low 
total thyroid hormone levels, normal free thyroid hor-
mone levels, normal TSH (in equilibrium with the free 
T4), and clinical euthyroidism.

Testosterone binds to sex hormone binding globulin 
(SHBG) and serum albumin. Testosterone binds SHBG 
with much higher relative affinity, but SHBG is present 
in much lower concentrations than albumin. Free testos-
terone may be measured by equilibrium dialysis, which 
is accepted as the best indication of the physiologic 
availability of testosterone (Figure 4-6A). The free frac-
tion may also be estimated mathematically from the 
testosterone, SHBG, and albumin concentration; how-
ever, not all assumptions may be valid in calculated free 

Hormone

BSA/HSA
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DNA

Steroid Response Element
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FIGURE 4-6 n  A, Free steroids may enter cells by pas-
sive diffusion through plasma membranes. Bound 
steroids may not diffuse through membranes. Once 
in the cell, steroids may interact with enzymes, or 
nuclear receptors. B, Free thyroxine (FT4) measure-
ments, routinely made by analog immunoassay 
largely reflect total thyroxine. (Fritz KS, Wilcox RB, 
Nelson JC [2007]. A direct free thyroxine [T4]  
immunoassay with the characteristics of a total T4 
immunoassay. Clin Chem 53:911-915.) Dialysis with 
HPLC and tandem mass spectrometry or dialysis 
and immunoassay methods provide theoretic ac-
curacy. Dialysis methods should be used where 
binding proteins vary from the norm. T4 interacts 
with the antibody used in the FT4 test and com-
petes with the analog; however, the analog does 
not bind thyroxine-binding globulin (TBG).
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testosterone.15, 16 Analog methods measure free testos-
terone directly using a competitive test in automated 
assay instruments (Figure 4-6B), but the analog methods 
may at best weakly reflect free hormone activity. Simi-
larly, free T4 measured by analog methods can perform 
poorly in some settings.

Bioanalytic testosterone refers to the fractions of tes-
tosterone bound to serum albumin plus the free hor-
mone; for this reason this fraction is also called free and 
weakly bound testosterone. The dissociation rate of albu-
min bound is very fast relative to that of the SHBG 
bound, and for that reason it is thought to be available to 
the tissues for actions. This idea, supported by empirical 
evidence, is in contrast to the free hormone hypothesis, 
as free and protein-associated hormone may be available 
to the tissues.14 In practicality, measurement of free or 
bioavailable hormones provides the same information to 
the clinical encounter.

Mass Spectrometry
Mass spectrometry is a qualitative and quantitative ana-
lytic technique that separates molecular ions based on 
their mass and charge, or more exactly according to the 
mass/charge ratio (Figure 4-7). In clinical laboratories, 
mass spectrometry is invariably preceded by chromato-
graphic assays that separate hormones. Separation tech-
niques include high-pressure liquid chromatography 

(HPLC), column chromatography, gas chromatography, 
thin-layer chromatography, electrophoresis, and other 
variations limited only by the imaginations of the inven-
tors. In all chromatography assays, the hormone is  
attracted to both a mobile phase and a stationary phase, 
and separation occurs by variations in attraction of  
hormone to the two phases. Table 4-2 highlights some of 
the chromatographic techniques used in endocrinology.

Clinical Scenario

A pediatrician is notified that a male infant she discharged 
on day-of-life 2 had a filter paper newborn screen performed 
by mass spectrometry, and the result of this test was highly 
suspicious for congenital adrenal hyperplasia. She reaches 
the family by phone, and the baby is evaluated in the office 
on day-of-life 7. Laboratory testing reveals sodium 134, 
potassium 6.1, and markedly elevated 17-OH progesterone 
concentration, confirming the diagnosis. The baby is admit-
ted to the hospital, and the pediatric endocrinology team is 
consulted.
Mass spectrometry is increasingly employed in endo-

crine laboratories. In the late 1990s, incorporation of 
mass spectrometry technology led to a significant expan-
sion of newborn screening programs, particularly for  
inborn errors of metabolism and extending to congenital 
adrenal hyperplasia, as illustrated in the preceding case 
scenario. Detection systems have become increasingly 
sensitive and sophisticated. New-generation liquid chro-
matography (LC)-MS/MS steroid assays have shown 

Ion Source Quadrupoles

C
ount

HPLC liquid stream

To waste To waste To waste

FIGURE 4-7 n  (left to right) Box 1. The liquid stream from HPLC is vaporized and ions are formed. Un-ionized molecules are swept to 
waste. Box 2. Ions are selected by mass/charge whereas other mass/charge molecules are swept to waste. Box 3. Ions are frag-
mented. Box 4. Fragments of the selected mass/charge are counted, others are swept to waste.

Acronym Description Typical Mobile Phase Typical Stationary Phase

GC Gas chromatography Helium, nitrogen Polymer coated inside a capillary column
HPLC High pressure liquid  

chromatography
Water, acetonitrile,  

methanol
Polar or nonpolar additions to very tiny 

bead particles
Column  

chromatography
Various sorbents in a  

traditional column
Polar or nonpolar ion  

exchange or affinity
Buffers and solvents
Salts or ligands that affect affinity

TLC Thin layer  
chromatography

Methanol, acetone Particles of silica coated on a glass plate

CE Capillary electrophoresis Electrical charge moves  
ions

Resin with fixed charge coated in a  
capillary

TABLE 4-2 Common Chromatographic Assay Types
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improved accuracy, precision, sensitivity, selectivity, and 
clinical utility over simple direct and complex reference 
immunoassays.17, 18 Assay technology that employs mass 
spectrometry, especially for steroids and biogenic amines, 
is regarded as more accurate than immunoassay, such 
that it is now the standard assay for these molecules in 
reference laboratories. The performance characteristics 
of immunoassay and mass spectrometry are summarized 
in Table 4-3.

It is important to note that, as with immunoassay, assay 
design is crucial for accuracy and specificity with mass 
spectrometry. Detection systems such as flame ionization 
detection for gas chromatography (GC), visible or ultra-
violet detection coupled with HPLC, and staining of thin 
layer chromatography (TLC) have a place in research but 
are generally not sufficiently specific, sensitive, and robust 
for clinical hormone measurement. Gas chromatography 
with mass spectrometry can have similarly useful specific-
ity and sensitivity characteristics; however, generation of 
derivatives is required to help the molecules evaporate 
into the gas phase, adding complexity.

The mass/charge ratio is the fundamental feature that 
allows discrimination of compounds by mass spectrome-
try. Steroid hormones, normally neutral, for example, are 
charged in an interface and then accelerated as gas-phase 
ions into a mass spectrometer operated under vacuum. At 
the same time the solvent is dried and swept away along 
with other uncharged molecules. In tandem mass spec-
trometry (MS/MS), molecules (gas-phase ions) of inter-
est are selected and fragmented, then products specific to 

the analyte are again selected for detection. Thus, the 
tandem mass spectrometer adds levels of selection with 
each process. Experimental sequences can be derived that 
allow simultaneous measurement of similar analytes from 
a single sample. The whole process is controlled by addi-
tion of fixed amounts of an internal standard. Optimally, 
in isotope dilution mass spectrometry, the standard is the 
same molecule as the target analyte except that heavy 
stable isotopes, such as deuterium or carbon-13, are  
inserted.19 Because the mass is different, the internal 
standard is read separately, and the analysis is based on 
the ratio of analyte to internal standard. The specificity 
of HPLC and isotope dilution mass spectrometry theo-
retically offers a means for sensitive, robust assays.

The specificity of mass spectrometry methodology is 
not derived from an antibody-antigen interaction, thus it 
does not depend on potentially limited antibody reagent. 
Still, just as there are potential pitfalls in immunoassay 
measurements, there can be barriers to accurate HPLC 
mass spectrometry measurements (Table 4-4). Extraction 
and good HPLC chromatography solve many of the issues 
for steroid tests, reducing interference and suppression  
of ionization.20 Review of molecular fragments can often 
reveal interference; these are called qualifier ions.

Protein mass spectrometry has been slower to dis-
place immunoassay techniques because the immunoas-
says remain effective tools and mass spectrometry may 
be challenging. Large proteins are difficult to measure 
by HPLC tandem mass spectrometry because of instru-
ment limitations and because variations in posttranslational 

Method
Analytic  
Sensitivity

Analytic  
Precision

Analytic  
Specificity Interference Remarks

Competitive  
Immunoassay

—RIA
—EIA
—FIA

Poor to  
excellent

µg to pg

Poor to 
good

10% to 30% 
CV

Poor to good
Polyclonal Ab

Nonspecific—pH, ionic 
strength, degradative 
enzymes, matrix

Specific—cross  
reactants

Poor specificity maybe  
clinically advantageous 
in some cases (e.g., 
RIA method may cap-
ture all biologically  
active forms of growth 
hormone), whereas 
highly specific method 
may only measure se-
lected isoform of 
growth hormone and 
can exclude polymor-
phism with LCMS 
method.

Two-site  
“sandwich”

immunoassay
—IRMA
—ELISA
—ICMA

Good to  
excellent

ng to pg

Good to  
excellent

, 5% to 20%

Good to excellent
Monoclonal Ab  

Affinity purified 
poly Ab

Same as above in  
addition to:
—Autoantibodies
—HAMA
—High dose hook  

effect

Automated methods  
exhibit excellent  
precision but may  
suffer accuracy and 
sensitivity.

LCMSMS Good to  
excellent

ng to pg

Good to  
excellent

, 10% to 
20%

Excellent Matrix
Isomers

Performance characteristic 
highly dependent on 
performing laboratory, 
as most methods are 
laboratory developed 
and manual.

TABLE 4-3 Performance Characteristics of Endocrine Methods

RIA, radio immunoassay (RIA); EIA, enzyme immunoassay; FIA, fluorescence immnoassay; IRMA, immunoradiometric; ELISA, enzyme-
linked immunosorbent assay; ICMA, immunochemiluminometric; LCMSMS, high pressure liquid chromatography with tandem mass 
spectrometry; HAMA, human antimouse antibody; LCMS, liquid chromatography with mass specrometry.
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Potential Problem Effect Detection and Solution

Interference High results if analyte is affected
Low results if internal standard is affected
Isobaric compounds
Ions that have the same mass to charge, as  

the analyte can cause high results

Peak review and review of  
alternant qualifier fragment

Poor standardization Inaccuracy Various governmental and industry 
agencies have standardization 
programs

Matrix effects Interference with ionization Identification of and HPLC  
separation of interferences

Heavy isotope internal standards

Use of nonspecific derivative 
to increase sensitivity

Interference if the derivative becomes the  
measured ion

Avoid measurement of derivative 
fragment ions

Noise Background ions from nonspecific interferents 
such as serum separator can reduce precision

Avoid or improve extraction and 
chromatography

TABLE 4-4 Common Problems and Solutions for HPLC Mass Spectrometric Assays

HPLC, high-pressure liquid chromatography.

modification and natural abundance of heavy stable iso-
topes creates groups of mass species to measure that  
are difficult to discriminate. Several types of mass spec-
trometers are available and may be used clinically in  
the future. One type is matrix-assisted laser desorption/
ionization coupled with time of flight mass (MALDI-
TOF) spectrometry, which has been used largely as a 
discovery tool and has not found general utility in quan-
titative experiments. Protein capture with antibodies 
followed by digestion into peptides has been used to 
develop commercial tests. Thyroglobulin, for example, 
can be measured in this way to avoid autoantibody inter-
ference; however, currently the sensitivity does not quite 
match immunoassay. These techniques are new and less 
is known about their reliability.21

INTERPRETATION OF TEST RESULTS

Laboratory studies should provide reliable information 
to aid in the diagnosis and management of patients. It  
is crucial that potential confounders that can lead to mis-
interpretation be promptly and correctly recognized. 

Method validation is the responsibility of the laboratory 
and includes components mandated by regulatory agen-
cies such as the Clinical Laboratory Improvement 
Amendments (CLIA), Food and Drug Administration 
(FDA), and Clinical Laboratory Standards Institute 
(CLSI) in the United States. Many laboratories have  
internal programs that assure that their assays are per-
forming within stringently defined limits.22, 23 Mean-
while, preanalytic variables, defined as factors related  
to the subject and specimen collection and delivery but 
independent of the assay itself, can also lead to erroneous 
interpretation.23, 24 Finally, one must always recognize 
that assay validation and clinical validation of assay utility 
are not interchangeable concepts. Clinical validation lies 
at the interface of the laboratory and the clinician. Fre-
quent communication between clinical and laboratory 
personnel facilitates optimal care.

Preanalytic Variables
Normal endocrine physiology, nonendocrine illness,25 

sample collection and handling, and drugs or interference 
factors influence measured hormone levels (Table 4-5). 

Variable Hormone

Episodic secretion Pituitary hormones, cortisol, testosterone
Exercise (acute) Adrenocorticotropic hormone (ACTH), antidiuretic hormone (ADH), aldosterone, cortisol,  

epinephrine, glucagon, growth hormone (GH), prolactin, norepinephrine, testosterone
Circadian rhythm,  

diurnal variation
ACTH, cortisol, dehydroepiandrosterone sulfate (DHEAS), epinephrine, estradiol, follicle-stimulating 

hormone (FSH), GH, luteinizing hormone (LH), norepinephrine, prolactin, testosterone
Seasonal variation Estradiol, prolactin, testosterone
Postural change Aldosterone, epinephrine, norepinephrine, renin
Nutrition C peptide, estradiol, glucagon, insulin-like growth factor-I (IGF-I), insulin-like growth factor binding 

protein-1 (IGFBP-1), insulin, proinsulin, thyroxine-binding globulin (TBG), renin, aldosterone

TABLE 4-5 Preanalytic Physiologic Variables Affecting Hormonal Measurements
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Many hormones are secreted in an episodic manner. 
Chronologic age, pubertal stage, emotional and physical 
stress, nutritional status, and postural effects contribute to 
variation. Consequently, some hormones, growth factors, 
or surrogate markers may have very wide normal basal 
ranges and large intrasubject variability. Intrasubject vari-
ability can be demonstrated with diurnal variation, for 
example, in levels of luteinizing hormone (LH), follicle-
stimulating hormone (FSH), estradiol, and testosterone.26 
Variability has also been verified for 24-hour integrated 
concentrations26, 27 and for dynamic responses.28

Valid test results are dependent on proper patient 
preparation, specimen handling and transport, and timely 
accessioning into the laboratory system.29, 30 Quality 
management stipulates that the laboratory provide a col-
lection manual, and current electronic online availability 
allows almost any location ready availability to this infor-
mation at any time. When stimulation and timed testing 
are desired, access to the variables of specimen collection 
is essential: the details of patient preparation, attention  
to the time and site of specimen collection, specifics of 
testing protocols, and influences of concomitant medica-
tions should all be clearly stated in collection manuals. 
Container specifications and acceptable preservatives 
must be listed for each analyte, and minimal and ideal 
volumes to allow retesting or add-on of additional tests 
should be stipulated. Immediate postcollection handling, 
such as the time until serum separation from a clot and 
intervals until refrigeration or freezing must occur, 
should be specifically mentioned and easily located in the 
instructions. Clinical data required for proper interpreta-
tion may be included in a test description. Should  
any questions arise, the clinician should consult with the 
specific laboratory to understand collection and handling 
requirements for a particular assay.

Analytic Validation, Quality Assurance, 
and Quality Control

Clinical Scenario 1

An investigator inadvertently runs two tubes containing 
nothing but water on a peptide RIA and is nonplussed when 
the results show a significant level of the peptide in these 
tubes.

Clinical Scenario 2

A laboratory declines to run a tumor marker immunoassay 
ordered on viscous cyst fluid due to a lack of analytic valida-
tion data, but relents when the physician insists that the 
laboratory run the sample with a disclaimer “nonvalidated 
sample type; interpret with caution.” Despite the disclaimer, 
the laboratory is later sued successfully for inappropriate 
diagnosis and unnecessary treatments based on what turns 
out to be a falsely positive result.

Both of these brief clinical vignettes illustrate why regu-
latory agencies and anyone concerned with quality labora-
tory testing place such emphasis on analytic method  
validation. A peptide RIA may give accurate results in  
serum, but totally inaccurate results in a protein-free fluid; 
perhaps the tracer in scenario 1 stuck to the sides of  
the plastic tube, leading to decreased tracer binding and  
an apparent detectable level of peptide where none was 

actually present. Scenario 2 represents a situation of misdi-
agnosis; the viscosity of the solution might have affected the 
interaction of the assay components, with substantial impact 
on the patient and legal consequences for all involved.

Analytic validation is meant to ensure that an assay 
method is accurate for its intended use.31 Components 
of an analytic validation include the following: (1) linear-
ity/reportable range; (2) precision; (3) analytic sensitiv-
ity; (4) analytic specificity, interferences, and recovery; 
(5) accuracy/method comparison; (6) sample types and 
matrix effects; (7) stability; and (8) carryover. Determin-
ing reference intervals is an important part of many ana-
lytic validations and crosses over to clinical validation. 
Note that even though not all of these components  
are always required from a regulatory point of view, all 
represent good-quality laboratory practice.

Linearity/Reportable Range

Also referred to as the “analytic measurement range” 
(AMR), this is the range of concentrations over which 
the assay is known to be reliable. Standards of known 
concentration (calibrators) are assayed and plotted 
against the signal generated in the assay. For the hypo-
thetical study shown in Figure 4-8, the upper limit of 
the AMR would likely be at the concentration repre-
sented by calibrator D, because the higher concentra-
tion represented by calibrator E does not result in a 
similar degree of increased signal. However, it may be 
possible to dilute the sample so that one can make  
a measurement within the AMR, thereby allowing for 
assay of concentrations above the upper limit of the 
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FIGURE 4-8 n  Linearity study used to determine analytic mea-
surement range. The concentrations represented by points A 
and D represent the likely minimum and maximum concentra-
tions of the analytic measurement range. Higher concentrations 
such as that represented by point E may still be measured on a 
diluted sample if it can be proven that the response remains 
linear when a dilution is performed.
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AMR. The calibrator choice may alter the absolute 
value reported, particularly with peptides and proteins 
where the standard may represent only one of a mixture 
of differentially modified (e.g., glycosylated or cleaved) 
forms present in the circulation.

Precision

Also known as reproducibility or replicability, this defines 
whether the random error of the assay is small enough to 
make the assay clinically useful. A commonly used anal-
ogy is that of the target shooter: how close together are 
the bullet holes? Note that precision is distinct from ac-
curacy (a different part of the validation study); precision 
addresses only if the shots are close together, not whether 
they are actually hitting the bulls-eye. Both intra-assay 
(e.g., 20 measurements done on the same assay run) and 
inter-assay (1 measurement done daily for 20 days) preci-
sion are studied and the standard deviations (SDs) of the 
replicate measurements calculated. Generally precision is 
presented as the coefficient of variation (CV), which is the 
SD divided by the mean, expressed as a percentage. For 
example, at a mean value of 100 ng/mL, an assay with an 
SD of 5 ng/mL would have a CV of 5%. Note that the 
concentration of the analyte factors into the assay’s preci-
sion, as CV values tend to be higher at either limit of the 
AMR (Figure 4-9).

Clinical Scenario

A 14-year-old boy is referred to the pediatric endocrinology 
clinic for evaluation of delayed puberty. A serum testosterone 
level drawn 3 weeks prior to the visit was reported as  
36 ng/dL by the hospital lab, which had been taken as evi-
dence that the boy had indeed initiated puberty. Repeat test-
ing in the clinic returns a value of ,30 ng/dL. The pediatric 
endocrinologist becomes concerned that the patient is dem-
onstrating regression in his testosterone production and 
contacts the laboratory director, who explains the functional 
sensitivity for the testosterone assay on the platform is  
indeed 30 ng/dL.

Analytic Sensitivity

This part of a validation study determines how low an 
analyte concentration can be measured with acceptable 
precision. It is distinct from “diagnostic sensitivity” (how 
often a result is positive in a patient with disease), which 
is a general part of a clinical validation study done  
well after the analytic validation has been completed. A 
frequent problem is the use of many different terms for 
analytic sensitivity, for example minimal detectable concen-
tration, limit of detection (LOD), or limit of absence, all of 
which describe the lowest possible concentration that can 
be confidently distinguished from zero. Although an assay 
developer might cite the LOD to make the assay look as 
sensitive as possible, the clinician should realize that val-
ues down near the LOD are hugely variable and not really 
quantitative. A more conservative and clinically useful 
analytic sensitivity limit is the limit of quantitation (LOQ), 
also known as functional sensitivity and typically defined 
as the lowest concentration that can be measured with a 
CV of less than 20%. In the previous scenario, a CV of 
20% at 30 ng/dL equates to a SD of 6 ng/dL. Therefore, 
it is inappropriate to conclude the change in testosterone 
from 36 ng/dL to , 30 ng/dL is absolutely indicative of 
diminished testosterone production. Here, the clinician 
should specify that the testosterone assay include extrac-
tion and chromatography, rather than simply a direct 
measurement on an automated laboratory platform, 
which should improve the assay performance at lower 
testosterone levels.

Analytic Specificity, Interferences, and 
Recovery

Specificity in this context refers to the ability of the assay to 
measure a specific analyte without cross-reacting with 
other substances in the sample. Analytic specificity studies 
may involve the addition of known amounts of similar ana-
lytes to a sample; for example, a cortisol assay may be tested 
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FIGURE 4-9 n  Estimating the Precision profile over a range of analyte concentration. Lower limit of quantitation (LLOQ) is defined as 
the lowest concentration at which interassay precision is 20%. Upper limit of quantitation (ULOQ) is the highest measuring concen-
tration at which interassay precision is 20%.
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for cross-reactivity with cortisone, prednisone, predniso-
lone, dexamethasone, 17-hydroxyprogesterone, and other 
steroids. Closely related are interference studies to see  
if commonly encountered situations such as hemolysis, 
hyperbilirubinemia, and lipemia affect the test results.  
Recovery studies are less often performed; here, a standard 
of known concentration is added into a sample, and the 
sample assayed to see what percentage of the added stan-
dard is detected (ideally 100%, but frequently less).

Accuracy/Method Comparison

Determining the accuracy of an assay is a multistep  
process, not all of which can be addressed in a typical 
analytic validation study. Accuracy may be part of the 
original test development decision-making process—for 
example, including an extraction and chromatography 
step to avoid otherwise problematic cross-reactions. Full 
determination of the clinical accuracy of a test may not 
be possible until the analytic validation is completed and 
the test released to investigators for clinical validation 
studies. Therefore, so-called accuracy studies in an ana-
lytic validation are by necessity limited to just a small 
portion of the whole accuracy process. The interference 
and recovery studies mentioned earlier are pertinent to 
test accuracy, but the most common approach is to com-
pare the new test method to another comparator method. 
Ideally, the method used for comparison will be some 
type of gold standard reference method, but often such 
a method is not available. As a proxy, the method under 
validation is compared to a well-accepted method, and 
the results shown (new method result on the y-axis, 
comparison method result on the x-axis) on a correlation 
plot (Figure 4-10, left panel). Also frequently used is a 
difference plot (Figure 4-10, right panel), which better 
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FIGURE 4-10 n  A correlation plot compared with a difference 
plot. For the correlation plot (A), values for free T4 from a new 
assay (y-axis) are compared with values from an established 
free T4 assay (x-axis) showing a best fit (solid line) deviating 
slightly from the line of identity (dotted line). For the difference 
plot (B), the difference between the values from the new versus 
the old assay is plotted on the y-axis, whereas the mean value 
of the results from both assays is plotted on the x-axis. The 
systematic upward bias of the new assay is seen more clearly 
on the difference plot.

shows intermethod differences that may escape notice 
on a simple correlation plot.

Sample Types and Matrix Effects

Sample types are not automatically interchangeable. 
EDTA plasma from a lavender top tube may perform fine 
in an assay, whereas heparin plasma from a green top 
tube may not. One parathyroid hormone assay may give 
comparable results from both EDTA plasma and red top 
tube serum, whereas a different parathyroid hormone  
assay may not. As noted in our vignettes, the matrix (e.g., 
protein-free, viscous, high salt, containing high levels of 
paraproteins) may have a profound effect on the accuracy 
of a laboratory assay. Whatever sample types/matrices 
will be used should be studied to ensure the accuracy of 
results.

Stability

Typically, sample stability is studied at ambient (about 
22° to 26° C), refrigerated (about 2° to 6° C), and regu-
lar frozen (around 218° to 220° C) temperatures. For 
assays used in clinical studies where specimens may be 
banked for prolonged periods, stability studies should 
also be performed at deeper frozen (e.g., 270° C) tem-
peratures. Aliquots stored at these temperatures for 
varying periods of time are recovered and assayed to see 
if results are stable relative to baseline. Stability limits 
are an inherent property of the assay rather than the 
analyte: an osteocalcin assay designed to pick up only 
full-length molecules may have a short stability limit for 
samples at room temperature, whereas another assay 
that detects osteocalcin molecule fragments as well as 
full-length protein may have a much longer stability 
limit. Stability limits for common hormone assays are 
listed in Table 4-6, but consultation with the specific 
laboratory is recommended. It is also worthwhile to un-
derstand the routine laboratory protocol for freezing 
aliquots for add-on studies.

Carryover

Another important quality process is to ensure that there 
is no cross-contamination between samples, and that a 
sample with very high values will not “carry over” and 
falsely elevate results in the next sample to be assayed. 
Assays should be designed to minimize this problem, but 
there should also be awareness on the part of the labora-
tory staff to check for carryover whenever a sample with 
an extremely elevated value is encountered.

CLINICAL VALIDATION

Analytic validation assures that the laboratory assay ac-
curately reflects the true quantitative value of an analyte. 
The issue of whether the laboratory value reflects a 
pathophysiologic process and can be used in diagnosis 
and management of an endocrine disease requires clinical 
validation. To provide context to laboratory values, refer-
ence intervals are an absolute requirement in clinical 
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Hormone

Patient Preparation, Sample 
Collection, and Hormone 
Stability Assay Notes

Adrenocorticotropic  
hormone (ACTH)

EDTA
6-hour RT, 4° C
Ship frozen
Avoid FT

1-24 ACTH, used for stimulation studies, and pro- 
opiomelanocortin (POMC) fragments can lower  
ACTH levels as measured by two-site methods.

Antidiuretic hormone  
(ADH)

EDTA
Avoid FT
Ship frozen

Solid-phase purification required as extraction before  
assay.

Aldosterone Patient: posture and sodium
Stability: 6 hours at RT,  

2 days at 4° C

Spironolactone and tetrahydroaldosterone 3-glucuronide 
may cross-react in some assays.

Calcitonin 1 day at RT
1 day at 4° C

Large calcitonin and others cross-react in some radioim-
munoassay (RIA) methods.

High dose suppression of values possible with two-site 
methods.

Heterophile antibodies and human antianimal antibodies 
may give falsely elevated results in two-site methods.

Cortisol saliva Sampling time important
Stable refrigerated or RT 6 

days
Avoid tooth brushing and  

eating

Any blood in the sample invalidates the salivary cortisol 
result due to much higher cortisol levels in blood.

Cortisol, urine-free  
cortisol

With boric acid 5 days at RT 
and 14 days at 4° C

Prednisolone and 6-beta-hydroxycortisol may cross-react.

C peptide EDTA: 1 day at RT
RT: 1 day at 4° C
Ship frozen

C peptide immunoreactivity may be unstable.
Some immunoassays may be affected by anti-insulin  

antibodies.
DHEA, serum 4 hours RT

12 days 4o C
Delta 5 steroids unstable at RT.

Dopamine, epinephrine,  
norepinephrine— 
plasma

Patient preparation: posture 
and activity

Stability: 0 days at 4° C
Must freeze sample ASAP

Very unstable analytes present in low concentrations.

Dopamine, epinephrine,  
norepinephrine— 
urine

Stable if acidified below pH3
Stability: 14 days at 4° C
Must freeze sample ASAP

Unstable at neutral or basic pH.

Estradiol 2 days at RT
6 days at 4° C

RU-486, Efavirenz, and steroid-binding proteins may  
interfere with some assays.

Free IGF-I Avoid FT
Ship frozen

Direct methods controversial.

Growth hormone (GH) 2 days at RT
2 days at 4° C

20-kD GH react in certain RIA methods.
Human placental lactogen (hPL) may augment or  

suppress hGH levels.
44-191 GH in RIA methods.
High hGH concentrations may require sample dilution  

if accurate results are needed.
After treatment, anti-GH antibodies may suppress GH 

levels in sandwich assays.
Glucagon EDTA

Avoid FT
Ship frozen

Unstable; keep frozen.

Insulin-like growth  
factor (IGF)-I

2 days at RT
2 days at 4° C

IGF binding proteins react in methods that do not  
exclude or block.

Variable reactivity with therapeutic IGF-I and IGF-I/IGF-
BP3 complex with some assays.

Insulin 6 hours at RT
1 day at 4° C
Ship frozen

Variable reactivity with various recombinant insulins.
On treatment, hook effect possible for two-site assays.
Human anti-insulin antibodies may interfere (use free 

and total measurements to avoid this issue).
Assays typically most reactive with human insulin, less 

reactive with porcine insulin, and least reactive with 
bovine insulin.

TABLE 4-6 Hormone Assays: Preanalytic and Other Considerations

Continued
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Hormone

Patient Preparation, Sample 
Collection, and Hormone 
Stability Assay Notes

IPTH, intact parathyroid 
hormone

EDTA
4 hours at RT
1 day at 4° C

Assay terminology: second-generation N-terminal  
anti-1-24, third-generation N-terminal anti-1-6

Second- and third-generation typically use C-terminal 
anti-39-84.

Midrange parathyroid hormone RIAs (MPTH) recognize 
parathyroid hormone (PTH) molecules containing 
amino acid sequences 44-68.

C-terminal (CPTH) assays recognize molecules containing 
amino acids 39-84.

Circulating PTH fragments are not biologically active  
unless they have key N-terminal residues (1-24) and 
can lower or raise results from two-site methods.

Third-generation assays do not detect PTH 7-84 that is 
not biologically reactive.

Fragments are especially high with renal failure.
Human anti-PTH antibodies may interfere with assays.

LH and FSH 2 days at RT
2 days at 4° C

HCG for stimulation or due to tumor may augment RIA 
values and suppress two-site methods.

Osteocalcin EDTA
Avoid FT

Some RIAs more sensitive to degradation.

Proinsulin 1 day at RT
1 day at 4° C

High insulin levels associated with treatment may  
suppress proinsulin levels in two-site assays.

Human antibodies specific to insulin or proinsulin.
Prolactin 2 days at RT

2 days at 4° C
Macroprolactin or big prolactin a complex of prolactin 

and IgG lacks biologic activity because not freely  
available to tissues.

Two-site assays may demonstrate suppression (high-
dose hook) at extremely high prolactin levels.

PTH-rP, parathyroid- 
hormone-related  
protein

Plasma with protease  
inhibitor

Avoid FT
Ship frozen

Unstable; collect with protease inhibitor and keep frozen.
PTHrp N terminal contains key PTH sequences and is  

biologically active.
Also known as the humoral hypercalcemia of malignancy 

factor.
Renin EDTA

Process at RT and snap 
freeze

Ship frozen
Do not leave cold

Process ambient and freeze rapidly to avoid plasma  
renin activity (PRA) increases due to cold-activated 
proteases.

Activity assays known as PRA.
Also direct renin assays.

Testosterone 2 days at RT
6 days at 4° C

Use assays certified by Centers for Disease Control and 
Prevention for accuracy

Thyroglobulin 2 days at RT
2 days at 4° C

Circulating anti-TG antibodies significantly suppress  
two-site methods.

RIA methods are less likely to be impacted.
TSH, thyroid- 

stimulating hormone
2 days at RT
2 days at 4° C

bHCG or alpha subunit with some methods causing 
falsely lower results.

Heterophile antibodies have been reported as causing 
falsely high values.

Controversy about TSH reference ranges.
Vitamin D 25 OH Ship frozen Some assays may or may not efficiently measure  

D2 form and C-3 epimer.

TABLE 4-6 Hormone Assays: Preanalytic and Other Considerations—cont’d

Notes: Stability: RT 5 room temperature. FT 5 freeze/thaw cycle. Stability studies using normal sera have shown that all hormone levels 
except ACTH, ADH, DHEA, dopamine, epinephrine, glucagon, 17-hydroxypregnenolone, insulin, norepinephrine, osteocalcin, IPTH, 
pregnenolone, and renin are relatively stable when kept at ambient temperature (20° to 25° C) for 1 day. Stability may be worse for  
patient samples and for samples kept at elevated temperatures, and may vary with the method. For most reliable hormone data, pa-
tient samples generally should be separated as soon as possible and kept frozen until measurement. Consult your laboratory for proper 
handling. Circulating antihormone antibodies will usually suppress two-site assay data. Hormone assay precision, the 95% confidence 
interval for a hormone level, ranges from 610% to 20% to 615% to 30%, depending on the absolute hormone concentration and the 
method used.
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practice. Because most tests are not standardized, values 
vary by method and by laboratory. Reference intervals 
are key to applying test results from different sources. 
Laboratories use one of several methods to develop or 
validate a set of reference data for each analyte.

Clinical Scenario

A 13-year-9-month-old boy presents for evaluation of short 
stature and delayed puberty. He reports that he has always 
been among the shortest kids in his class, but the difference 
has become magnified in the past 1 to 2 years. His parents are 
of average height, and his father states that he grew well past 
his high school graduation. On exam, the patient appears 
younger than his stated age and his height is at the second 
percentile for his age. He shows no evidence of puberty. His 
bone age is read as closest to the 11-year-6-month-standard. 
The pediatric endocrinology fellow notes that his insulin-like 
growth factor (IGF)-1 level returns at a Z score of 22.3 for 
his age. On the other hand, his IGF-1 level is at a Z score of 
only 20.6 for his bone age and 20.5 for his height age. She 
asks her attending which reference range is most appropriate 
to interpret the IGF-1 level and whether this influences the 
suspicion for growth hormone deficiency.

Healthy individuals are tested and the results are evalu-
ated using statistics. Published reference intervals also can 
reflect the population norm but not reflect physiologic 
health; for instance, obesity or vitamin D insufficiency 
may be the population norm. To generate a reference in-
terval, a minimum of 120 individuals should be tested32; 
however, in practice the numbers are often lower. For 
pediatric-age patients, nearly all hormone values must be 
interpreted with regard to age. Moreover, several hor-
mones will also change significantly during the course of 
puberty independently of chronologic age. Therefore, 
depending on the hormone assay, reference intervals that 
are partitioned to capture specific populations should be 
provided. Generating reference intervals for multiple 
subpopulations poses a challenge to the clinical laboratory, 
and in the absence of laboratory-derived data, practitio-
ners must rely on the literature for comparison.

Evaluation of results of a reference interval study may be 
accomplished using simple or more complex statistics. A 
frequency plot of the results shows the number of individ-
ual results at each concentration range (Figure 4-11). If the 
smoothed curve describing the frequency distribution is 
bell shaped, the curve is “normal” or Gaussian. More com-
monly the distribution is skewed, and results tail more on 
the high or low side. Results may be power transformed to 
reduce the skewness and then analyzed. When this ap-
proach is used, the standard deviation on each side of the 
mean may be different. Increasingly, as an adjunct to the 
reference interval, the laboratory will also report a Stan-
dard Deviation Score (SDS) or Z score that may aid in in-
terpretation, which is simply the difference of the result 
from the mean divided by the standard deviation. Whether 
the distribution is normal or skewed, the reference interval, 
by definition, should encompass the central 95% of results.

For existing analytes, a reference method with an ex-
tensive normal data set allows for a less costly and more 
accessible way of establishing reference intervals. A subset 
of normal samples can be used to confirm the reference 
database if the results utilizing the newly implemented 
method are similar to those used to establish the reference 
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FIGURE 4-11 n  A, Normal distribution has a symmetric frequency 
distribution. Quantities are indicated on the x-axis, and the fre-
quency of individuals with any given quantity is indicated on the 
y-axis. B, A skewed distribution has an asymmetric frequency 
distribution. This picture is frequently found. A skewed distribu-
tion power transformed (0.3 power). C, After the curve is fitted, the 
central 95% are selected, and then the limits are “untransformed” 
by taking the (3.333 power) to return to the usual units.

population.32 Ideally, the laboratory would also test speci-
mens in subjects with disease to demonstrate that the test 
appropriately distinguishes them from the normal range. 
Laboratories now increasingly rely on device manufactur-
ers to provide this base data set against which the smaller 
internally derived normal data are statistically evaluated 
for transference.33 Current practice may fall short of these 
requirements because method differences and bias between 
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QUESTIONS

 1. Which of the following terms is defined as the mea-
surement of the replication of repeated measurements 
of the same specimen?
 a. Accuracy
 b. Linearity
 c. Precision
 d. Sensitivity
 e. Specificity

Answer: c

 2. The presence of heterophile antibodies can lead to 
interference in immunometric (sandwich) antibody 
assays and false results. Which of the following is true 
regarding heterophile antibodies in immunoassay?
 a. Competitive immunoassays can have a false high 

report from a heterophile antibody mimicking 
antigen and bridging an interaction between the 
capture and signal antibodies.

 b. Immunometric assays can be subjected to a false 
low report because of blocking antibody preventing 
antibody-antigen interaction.

 c. Competitive immunoassays cannot be impacted by 
heterophile antibodies.

 d. All of the above
 e. None of the above

Answer: b

 3. Which of the following is commonly measured via a 
receptor technique for biologic activity?
 a. TSH
 b. TSH receptor autoantibodies (TRAb)
 c. Thyroid-stimulating immunoglobulins (TSI)
 d. Thyroid peroxidase antibody (TPOAb)
 e. Total T4

Answer: c

 4. A laboratory reports the analytic measurement range 
for a hormone assay as 10 to 550 units/mL. The lab 
technicians test blood samples in 180 normal indi-
viduals and establish the normal reference interval  
as 150 to 200 ng/mL. They perform replicate mea-
surements at the lower limit of the reference interval 
and determine a mean of 150 ng/mL with a standard 
deviation of 10 ng/mL. What is the coefficient of 
variation at 150 units/mL for the assay?
 a. 6.7%
 b. 10%
 c. 15%
 d. 16%
 e. 20%

Answer: a

 5. Several automated immunoassay systems that measure 
free thyroxine employ a labeled analog of thyroxine. 
How does the analog function in this assay?
 a. Competes with thyroxine for binding sites on 

thyroxine binding globulin
 b. Competes with free thyroxine for binding sites on 

a thyroxine antibody
 c. Competes with HAMA to negate interference
 d. Produces a light flash when it binds thyroxine 

binding globulin
 e. None of the above

Answer: b

 6. Mass spectrometric assays often utilize a chromato-
graphic step before measurement of steroids. The 
chromatographic step improves specificity of mass 
spectrometry. What physical property is the basis for 
the separation of steroids by mass spectrometry?
 a. Weight
 b. Polarity of the steroid
 c. Mass to charge ratio
 d. The functional groups on the steroid molecule
 e. None of the above

Answer: c

 7. Isobars are distinct structures that have the same 
mass, which creates a challenge to assay specificity. 
For example, with mass spectrometric assays a 
chromatographic separation must be utilized, un-
less the two structures fragment uniquely. Which of 
the following pairs are isobars?
 a. Corticosterone and 11-desoxycortisol
 b. DHEA and testosterone
 c. 17-Hydroxyprogesterone and deoxycorticosterone
 d. All of the above
 e. None of the above

Answer: d

 8. Immunometric assays offer some advantages over com-
petitive immunoassays, leading them to become the 
preferred format of measurement for many hormones. 
Which of the following is not an inherent advantage of 
immunometric assays over competitive immunoassays?
 a. Potential for increased sensitivity with improved 

signal detection technology
 b. Increased specificity because of recognition of two 

distinct epitopes on the analyte
 c. Less prone to “prozone” or “hook” effect
 d. Readily utilize monoclonal antibodies, which have 

more predictable characteristics than polyclonal 
antibodies

 e. None of the above
Answer: c
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INTRODUCTION

Normal gonadal differentiation and sex development 
depend on the meticulous choreography and synchrony 
of a network of endocrine, paracrine, and autocrine sig-
naling pathways reflecting the actions and interactions  
of specific genes, transcription factors, and hormones. 
Perturbations of this intricate network of gene regulation 
and gene expression governing fetal gonadal develop-
ment result in disorders of sex development (DSD).  
Approximately 1 in 4000 infants is born with a DSD.1 

These disorders include a spectrum of abnormalites  
in which chromosomal, genetic, gonadal, hormonal, or 
anatomic aspects of sex are atypical. Understanding the 
developmental biology and embryology of the urogenital 
system is crucial to categorizing and identifying the  
molecular basis of the disorder, and its treatment where 
possible in an individual patient. Knowledge of the many 
genes, proteins, and hormones involved in gonadal sex 
determination and sexual differentiation is rapidly increas-
ing. Clarity in terminology provides a framework to ap-
proach the differential diagnosis in a patient. The pediatric 
endocrinologist’s role in the care of a child with ambiguous 
genitalia begins at diagnosis or earlier for infants identified 
through prenatal testing. In such circumstances the physi-
cian’s responsibility for the management of this child is 
only starting and will continue until transition to adult 
care providers is deemed appropriate.

TALKING WITH THE PARENTS

For parents, the birth of their child is a long-anticipated 
and exciting event. Due to the increased frequency of 
prenatal ultrasound examinations, parents have usually 
been told the sex of their child and have selected their 
infant’s name. In some instances, abnormal genital de-
velopment has been identified through ultrasound and 
the parents have been informed of this situation and 
educated regarding the likely diagnostic and treatment 
plans. In the absence of prior knowledge, the parents are 
suddenly confronted with a newborn with a birth defect 
involving the external genitalia and uncertainty regard-
ing their infant’s gender. The apprehension regarding 

the baby’s health and gender are particularly traumatic if 
the parents had no prior awareness of the abnormal 
genital development. 

Initially, the parents need to be congratulated on the 
birth of their child. They need to hear that their child 
has a problem of sex development and that this condi-
tion will be carefully and completely addressed. They 
need to learn that abnormalities of sex development  
involve the complex system that directs the development 
of reproductive system including external genital devel-
opment. Explanation that it may be impossible to tell the 
sex of their child simply by examining the external geni-
talia is essential. It is important to emphasize that the 
atypical development is not the parents’ fault and that 
they should not feel guilty. Physician and healthcare 
professionals should not offer guesses or presumptive 
diagnoses. The parents can be reassured that necessary 
studies will be obtained to provide information to ascer-
tain their child’s gender. These studies may also identify 
the etiology of the DSD. The infant’s care should involve 
a multidisciplinary team that includes pediatric endocri-
nologists, pediatric urologists/surgeons, geneticists, neo-
natalogists, radiologists, behavioral health providers, and 
pediatric endocrine nurse educators. One team member 
needs to serve as the prinicipal communicator with the 
family.

Although contemporary society includes overt refer-
ences to sex and sexuality, parents may have difficulty 
thinking of their child as a sexual being and feel embar-
rassed discussing their child’s sex and future sexuality. 
Cultural attitudes, preexisting expectations, and family 
support systems impact the parent’s responses. The med-
ical team needs to promote an open and caring network 
to provide support for the parents and engage the parents 
in the medical decision-making process progressively as 
information becomes available.

The initial treatment goal is to determine if there is an 
underlying or associated life-threatening condition that 
requires specific urgent treatment. If the child’s gender 
remains unclear, information needs to be obtained to as-
sist the parents in determining the most appropriate sex 
of rearing. Usually, this can be accomplished within a 
matter of hours or days. In more complex instances, the 
diagnostic process may take longer. In situations in which 
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apprehension, increase their comfort when viewing 
their infant’s genitalia, and reinforce their perception 
that their infant’s needs are similar to those of all  
infants. Information can be presented in a manner that 
will minimize anxiety and better equip parents to par-
ticipate in the decision-making process. To provide the 
best support for their infant, each parent must reach an 
individual resolution with a commitment to a positive 
perspective concerning this situation. Discussion of the 
many concerns (particularly those related to gender 
identity, pubertal development, sexual orientation, sex-
ual function, and fertility) may be helpful. Honest dis-
cussions will engender positive feelings that enhance 
positive interactions and enable the parents to promote 
their child’s self-esteem.

Unless the gender assignment is clear at this point, the 
healthcare team should recommend that the parents de-
lay naming the infant, announcing the baby’s birth, and 
registering the birth until more information becomes 
available. The message should be clear that they will be 
involved in deciding the appropriate gender of rearing 
for their child since it is their privilege and responsibility 
to participate in the process leading to a gender assign-
ment. Until sex of rearing is established, it is best to refer 
to the infant as “your baby” or “your child.” Terms such 
as he, she, and it should be avoided.

TERMINOLOGY

Under the auspices of the Pediatric Endocrine Society 
(North America) and the European Society for Pediatric 
Endocrinology, an international consensus statement was 
formulated that recommended a revised classification  
of the medical terminology used for disorders of sex  
development to avoid confusing and derogatory terms.1 
This descriptive classification attempts to be sensitive to 
concerns of parents and flexible enough to incorporate 
novel molecular genetic information. The updated clas-
sification system integrates molecular genetic consider-
ations into the nomenclature for “disorders of sexual 
differentiation (DSD)”1 and provides an approach to the 
diagnostic evaluation.

Terms such as pseudohermaphrodite, intersex, and gen-
der labeling in the diagnosis should be avoided.3 To 
accommodate all types of DSD, the classification system 
is broad and includes some conditions that do not pre-
sent with obvious abnormalities of genital development 
(Box 5-1). The primary goal of this classification system 
is to provide a framework for diagnosis, assessment, and 
care management based largely on sex chromosome sta-
tus. Currently, microarray and candidate gene analyses 
are increasingly available and utilized.The DSD catego-
ries include sex chromosome DSDs such as 45,X/46,XY 
(formerly mixed gonadal dysgenesis); ovotesticular DSD 
(formerly true hermaphroditism); 46,XY DSDs such as 
disorders of testicular development, disorders of andro-
gen synthesis and action (replacing and expanding the 
former category of male pseudohermaphroditism), and 
XY sex reversal; and 46,XX DSDs such as masculinization 
of the XX individual (replacing female pseudohermaphro-
dite) and XX sex reversal. Because of the complexities of 

it is impossible to identify the specific etiology, the general 
DSD category (see later) provides a basis for decision  
making.

Factors to be considered in the medical decision-
making process include the extent of external and in-
ternal reproductive system development, evidence of 
gonadal functionality (potential for pubertal hormone 
secretion and fertility), and hormone responsiveness. 
In some instances, these factors are more relevant than 
the karyotype. Genes and gene products mapped to 
diverse autosomal areas of the genome influence the 
sex development of the developing fetus and child. 
When consensus has been reached regarding a diag-
nostic category, available outcome information for  
that diagnosis should be reviewed. Knowledge of the 
specific etiology, including details of the diagnosis,  
enables planning therapeutic interventions and genetic 
counseling for future pregnancies. Although the exact 
details are unclear, the extent, timing, and duration  
of prenatal androgen exposure likely influences CNS 
differentiation and affects multiple functions. Hence, 
healthcare providers need to be cognizant that available 
outcome data to assist in the decision-making processes 
are limited. Currently accessible information in pub-
lished reports is largely based on retrospective studies 
obtained using diverse methodologies.2

The first interview with the parents should set a 
positive and optimistic tone to promote parental bond-
ing with their infant. Indeed, the emotional tone of this 
initial interaction is usually more meaningful than the 
factual information provided and is recalled by parents 
for many years. Respect for the family and individual 
perspectives together with a willingness to repeat or 
defer detailed explanations are crucial. In the midst of 
the emotional distress associated with the uncertainty of 
their infant’s gender, parents cannot be expected to as-
similate the vast amount of information that eventually 
needs to be shared. Repeated discussions with the par-
ents will enable them to deal emotionally and intellec-
tually with their concerns regarding their infant and to 
allow them to appropriately interact with their infant, 
family members, friends, and colleagues.

Factual explanations regarding the process of sexual 
differentiation with a focus on their infant’s situation 
should be initially outlined. The primary goal at this 
point is to provide the parents with a basic understanding 
that the internal and external genital structures for both 
boys and girls develop from the same primordial tissues. 
It is also helpful to explain that there are not exclusively 
male and female hormones. Rather, the environments in 
which male and female fetuses develop are characterized 
by differing relative amounts of these hormones. The use 
of simple sketches and provision of pictures and diagrams 
can be helpful to explain the embryology of genital devel-
opment to the parents. Some parents may benefit from 
practicing the words they will use to discuss the infant’s 
health with other family members. Detailed explanations 
and discussion can be repeated multiple times as the 
child ages.

During the early dialogues, examining the infant 
with the parents to identify the specific physical findings  
of their infant is often beneficial. This can reduce their 
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chromosomal and gonadal development, some diagnoses 
can be included in more than one of the three major cat-
egories. The number of genes identified to be involved  
in sex development continues to increase. Nevertheless, 
despite many recent advances the specific molecular etiol-
ogy of the genital ambiguity in an individual cannot always 
be identified.

SEX DETERMINATION

Sex determination is the binary switch that launches  
the developmental destiny of the embryonic gonads to be-
come testes or ovaries. Sexual differentiation refers to the 
process through which male or female phenotype develops. 
The gonads, internal genital ducts, and external genital 

structures all develop from bipotential embryologic tissues. 
Each cell in the developing gonad has the potential to dif-
ferentiate into either a testicular or ovarian cell. How the 
transcriptome of the undifferentiated cell realizes its path-
way to develop into an ovary or testis provides an opportu-
nity to elucidate cell fate decision making. However, “the 
fate decisions in individual cells are highly coordinated 
such that cells of discordant fate are rarely seen.”4 Thus, 
male and female development depends on the regulated 
orchestration of the expression and interaction of specific 
genes and gene products. Sex determination is largely  
influenced through transcriptional regulation whereas  
secreted hormone and hormone receptors influence sex 
differentiation.

Through Alfred Jost’s experiments with fetal rabbits in 
the 1940s and 1950s, the critical requirements for a testis 

BOX 5-1 Summary of Disorders Associated with Ambiguous Genitalia

Sex ChromoSome DSD
• 45,X Turner syndrome
• 45,X/46,XY gonadal dysgenesis
• 46,XX/46,XY gonadal dysgenesis
• 46,XX gonadal dysgenesis

DiSorDerS of GonaDal Differentiation

• Denys-Drash syndrome (WT1)
• Frasier syndrome (WT1)
• Meacham syndrome (WT1)
• WNT4
• SF1/NR5A1
• CBX2

46,xY DSD
• SRY
• Campomelic dwarfism (SOX9)
• Dosage sensitive sex reversal (duplications of DAX1)
• Desert hedgehog (DHH) mutations
• GATA4
• FOG2
• MAP3K1
• ATR-X syndrome
• Vanishing testes

multiple ConGenital anomalieS

• IMAGe syndrome (CDKN1C)
• Pallister-Hall syndrome (GLI3)
• ARX
• Genitopatellar syndrome (KAT6B)
• CHARGE syndrome (CHD7)

ovoteStiCular DiSorDer

46,XX Testicular Disorder
• SRY positive
• SRY negative

46,XX Ovarian Disorder
• RSPO1
• FOXL2
• NOBOX
• FIGLA

DiSorDerS of CholeSterol anD SteroiD 
BioSYntheSiS

• Leydig cell hypoplasia (LHCGR)
• Smith-Lemli-Opitz syndrome (DHCR7)
• Lipoid adrenal hyperplasia (StAR)
• Side chain cleavage deficiency (CYP11A1)

virilizinG ConGenital aDrenal hYperplaSiaS

• 21-Hydroxylase deficiency (CYP21A2)
• 11b-Hydroxylase deficiency (CYP11B1)
• 3b-Hydroxysteroid dehydrogenase deficiency (HSD3B2)

DiSorDerS of Sex SteroiD SYntheSiS

• 17a-Hydroxylase/17,20-lyase deficiency (CYP17)
• Cytochrome b5 Deficiency (CYP5)
• 3a-Hydroxysteroid Dehydrogenase Isozyme Deficiency 

(AKR1C2 and AKR1C4)
• P450 oxidoreductase deficiency (POR)
• 17b-Hydroxysteroid dehydrogenase deficiency (HSD17B3)
• 5a-reductase deficiency (SRD5A2)
• Placental aromatase deficiency (CYP19)
• Maternal hyperandrogenism

DiSorDerS of anDroGen aCtion

• Androgen insensitivity (AR)

perSiStent mullerian DuCt SYnDrome

• AMH mutation
• AMH-R mutation

mullerian DuCt aBnormalitieS

• Mayer-Rokitansky-Kuster-Hauser
• MKKS mutation

other

• Hand-foot-genital syndrome (HOXA13)
• Environmental endocrine disrupters
• VACTERL syndrome
• MURCs syndrome
• Cloacal extrophy
• Aphallia
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and testosterone for male sexual differentiation were  
established.5 Chromosomal composition of the human 
embryo, XX or XY, determines gonadal sex. The genetic 
locus primarily responsible for this binary switch, the 
sex-determining region on the Y (SRY) gene on the 
Y chromosome, was identified through studies of patients 
with disorders of sexual differentiation. Studies involving 
creation of transgenic SRY1 mice confirmed the essen-
tial role of SRY and provided further molecular under-
standing of testicular differentiation.6,7

In the usual situation, the karyotype (46,XY or 46,XX) 
of the primordial gonad determines whether it differen-
tiates into a testis or ovary, respectively. Local factors 
(such as hormones secreted by the developing gonads or 
tissue-specific transcription factors) influence the ensu-
ing differentiation of the internal and external genital 
structures. This process integrates sex-specific pathway 
signals that appear to antagonize each other. Divergence 
from the normal sequence of events leads to disorders  
of sex differentiation that can manifest as abnormal go-
nadal differentiation, inconsistent internal genital dif-
ferentiation, or ambiguity of the external genitalia. Al-
though genital ambiguity is usually not considered to be 
a medical emergency, it may be highly distressing to the 
parents and extended family. Hence, prompt referral and 
evaluation by a multidisciplinary team with expertise in 
disorders of sex differentiation is strongly recommended. 
Information regarding our current knowledge of sex 

determination is presented, followed by a discussion of 
the various causes and treatments for ambiguous genital 
development.

DEVELOPMENT OF THE REPRODUCTIVE 
SYSTEM

Urogenital Development
The gonads are derived from intermediate mesoderm. 
In humans, at 4 to 6 weeks of gestation, the urogenital 
ridges develop as paired outgrowths of coelomic epithe-
lium (mesothelium). The gonads, adrenal cortex, kid-
ney, and reproductive tract derive from the urogenital 
ridge (Figure 5-1). Several genes are requisite for the 
development of the bipotential gonad. The Wilms tumor 
(WT1) gene codes a zinc transcription factor that  
is expressed in embryonic mesodermal tissues and ap-
pears to influence mesodermal-epithelial interactions.8 
GATA4 is expressed in the somatic cells of the urogenital 
ridge and bipotential gonad before showing sex specific 
expression. Chromobox homolog 2 (CBX2) appears to 
play a role in early gonadal development and may pro-
mote transactivation of steroidogenic factor-1 (NR5A1), 
which is encoded by NR5A1/SF1. NR5A1 is expressed  
in the urogenital ridge and appears to upregulate SRY 
expression. In addition to transcription factors and  
specific secreted factors (hormones), physical contact 

FIGURE 5-1 n Cartoon of the genes involved in the process of sexual differentiation. Wilms tumor (WT1), EMX2, LIM1, and steroidogenic 
factor-1 (SF1) play roles in differentiation of gonad from urogenital ridge. Genes involved in testicular differentiation include SF-1, SOX9, 
sex-determining region on Y (SRY), and anti-Mullerian hormone (AMH). The dosage-sensitive sex-adrenal hypoplasia congenital critical 
region on X (DAX1) appears to function as an anti-testis factor. Wnt4 promotes development of the Mullerian ducts, whereas Wnt7a 
promotes expression of the receptor for AMH (AMH-RII). Sertoli cells secrete AMH, which, acting through its cognate receptor (AMH-RII), 
promotes regression of the Mullerian ducts. Leydig cells secrete testosterone and insulin-like hormone-3 (INSL3). Testosterone stabilizes 
the Wolffian ducts and is converted to DHT by 5a-reductase in target tissues to promote differentiation of the prostate and development 
of male external genitalia. INSL3 is involved in transabdominal testicular descent.
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with the mesonephros appears to be important for sub-
sequent gonadal differentiation.9

Due to their origin as part of the developing urogenital 
system, ovaries and testes are initially located high in the 
abdomen near the kidneys. One of the earliest morpho-
logic changes is increased proliferation and size of devel-
oping 46,XY gonads. The bipotential gonad consists of at 
least four cell lineages, which are germ cells, supportive 
cells, steroidogenic cells, and connective tissue. Although 
sex determination has been equated with testis differen-
tiation, recent data challenge this dogma. Rather, specific 
signaling molecules activate or repress gonadal determi-
nation for both testes and ovaries. Competition between 
specific genes and proteins influences cell fate decisions  
in gonadal development.10 Specific examples include 
Forkhead transcription factor 2 (FOXL2) vs. SRY-box 9 
(SOX9) and SOX9 vs. Wingless-type MMMTV integra-
tion site family member (WNT)/b-catenin, which are 
discussed later.11

Germ Cell Development
Germ cells are not required for the initial development 
of ovaries or testes. Rather, the local environment directs 
the fate of the primordial germ cells. Until approximately 
6 weeks of gestation in the human, primordial germ cells 
proliferate and migrate from the hindgut to colonize the 
genital ridges. This migration depends on intrinsic mo-
tility and external guidance cues as specified by attractive 
and repulsive signals.12 When this migration process goes 
awry, the gonadal germ cell population is lacking. Factors 
important for germ cell migration and colonization of 
the genital ridges include WNT5A, NANOG, stromal 
cell–derived factor 1 (SDF1, also known as CXCL12) 
and its receptor CXCR4.

Meiosis is a sexually dimorphic regulated step gov-
erning terminal differentiation of germ cells with meio-
sis favoring oocytes and active inhibition of meiosis be-
ing essential for male germ cells.13 The RNA binding 
protein Deleted in azoospermia-like (DAZL) plays a 
role in this branding of germ cells as male or female.14 
Factor in germline alpha (FIGLA) and newborn ovary 
homeobox (NOBOX) are oocyte-specific proteins that 
appear to repress male specific genes.15 Subsequent 
stages of germ cell differentiation into a sperm or an  
egg are closely linked to the cell cycle decision between 
mitosis and meiosis.16 Meiosis is dependent on retinoic 
acid, a morphogen, primarily synthesized in the devel-
oping gonad.17 Expression of Stimulated by Retinoic 
Acid (STRA8) increases in the human fetal ovary con-
comitant with the initiation of meiosis in this tissue,  
but remains low in the testis. STRA8 is required for  
pre-meiotic DNA replication and progression through 
meiosis. In mice, the expression of CYP26B1, a cyto-
chrome P450 enzyme that degrades retinoic acid, pre-
vents meiosis in male germ cells. In human male fetuses, 
expression of CYP26B1 does not fully account of inhibi-
tion of meiosis in the germ cell.18 Expression for NANO2 
appears to be restricted to fetal testes.

The Sertoli cells envelope the germ cells to form 
seminiferous cords at approximately 7 to 9 weeks of  
gestation in the human XY gonad. The germ cells in the  

developing testis enter a state of mitotic arrest. In a human 
XX gonad, germ cell meiosis begins at 10 to 11 weeks of 
gestation. In the developing ovary, the germ cells initially 
form clusters connected by intracellular bridges. Selected 
oogonia enter meiosis and progress through meiotic pro-
phase I (MPI) to arrest at the diplotene stage. The fetal 
ovary is characterized by the existence of multiple sub-
populations of germ cells at different developmental 
stages. By approximately 20 weeks of gestation, the oogo-
nia clusters break down to form primordial follicles. 
Primordial follicles destined for future ovulation remain 
quiescent. By the 24th week of gestation, most oogonia 
are surrounded by supporting cells. However, apoptosis 
is the fate for many oogonia. From a peak of 6.8 million 
oocytes at approximately 5 months of gestation, approxi-
mately 2 million are present at birth due to follicular 
atresia.19 Accelerated follicular atresia contributes to the 
follicular depletion characteristic of streak gonads in  
X monosomy.

The internal environment throughout fetal ovary  
development has the potential to directly influence the 
fertility of the developing fetus (controlling the size of 
the ovarian reserve) and the quality of the oocyte that will 
eventually become her child (by influencing the extent of 
selection and apoptosis).20 Although not associated with 
genital ambiguity, mutations in genes governing oocyte 
and ovarian development cause disorders of sex develop-
ment characterized by delayed puberty or premature 
ovarian failure.

During gestation, maternal and paternal alleles are 
differentially imprinted such that monoallelic expression 
of specific genes occurs. During this process of imprint-
ing, mature oocytes and sperm are differentially marked 
reflecting “parent-of-origin” specific methylation pat-
terns. In the primordial immature germ cells, inherited 
imprints are erased shortly after the germ cells enter the 
gonadal ridge. Sexually dimorphic methylation imprint-
ing is subsequently reestablished in male and female 
gametes. This process occurs late in fetal development in 
the male and postnatally in female germ cells.21,22 The 
importance of this imprinting process has been eluci-
dated through study of parent-of-origin–dependent gene 
disorders such as Beckwith-Wiedemann, Prader-Willi, 
and Angelman syndromes and some forms neonatal  
diabetes mellitus.

Human Testicular Development
Testicular differentiation occurs earlier than ovarian 
development. The testis consists of five cell types: sup-
porting or Sertoli cells, endothelial cells, peritubular 
myoid cells, steroid-secreting Leydig cells, and germ 
cells. The first evidence of testicular differentiation is 
the appearance of primitive Sertoli cells at 6 to 7 weeks 
gestation in the human fetal testis. Cells, mostly endo-
thelial cells, migrate from the mesonephros and interact 
with the pre-Sertoli cells to promote development of the 
testicular cords.23 The testicular cords are precursors of 
the seminiferous tubules that will contain Sertoli and 
germ cells. Interactions between endothelial and mesen-
chymal cells appear to influence development of the 
testicular cords.24
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The binary switch responsible for testicular devel-
opment is the SRY gene located on the short arm of 
the Y chromosome. The SRY protein contains a high-
mobility group (HMG) domain and is encoded by  
a single exon gene. Two nuclear localization signals  
are located in the HMG domain. The SRY protein  
is expressed in pre-Sertoli cells, where it triggers a  
molecular switch to induce Sertoli cell differentiation, 
thus, initiating the process of male sexual differentia-
tion. The HMG domain of the SRY protein binds to 
the minor DNA groove, where it functions as a tran-
scription factor by bending DNA to presumably permit 
other proteins access to regulatory regions and to pro-
mote assembly of nucleoprotein transcription com-
plexes. A threshold SRY level must be achieved at a 
critical time during gestation to establish male sexual 
differentiation. otherwise, the ovarian differentiation 
pathway is activated.25 Available data suggest that NR5A1 
promotes SRY expression.

SRY expression is independent of the presence of 
germ cells. SRY increases the expression of the SRY- 
related HMG box-containing-9 (SOX9) gene. Phenotype-
genotype studies of humans and mice demonstrate that 
SOX9 expression is a crucial step, downstream of SRY, in 
testis development. Upstream from the SOX9 transcrip-
tion start site, there appears to be a testis specific enhancer 
element (hTES). Available data suggest that initially phos-
phorylated NR5A1 and SRY cooperate to activate the 
hTES leading to increased SOX9 expression; subsequently 
SRY, NR5A1, and SOX9 maintain SOX9 expression 
through actions at hTES.26 In addition to SRY, SOX9, and 
NR5A1, sequential expression of several other genes is 
required for normal male sexual differentiation. These 
genes include fibroblast growth factor 9 (FGF9), anti- 
Mullerian hormone (AMH), dosage-sensitive sex re-
versal adrenal hypoplasia congenita critical region on  
X (DAX1),GATA-binding-4 (GATA4), desert hedgehog 
(DHH), patched (PTCH1), and WNT7A.

Using immunohistochemistry, NR5A1 and SOX9 
proteins can be detected in human embryonic gonadal 
tissue at 6 to 7 weeks of gestation. At this time, SOX9 
expression becomes limited to nuclei of Sertoli cells in a 
46,XY fetus but remains cytosolic in a 46,XX fetus. 
NR5A1 and SOX9 protein expression precede AMH 
expression. After AMH protein expression increases, 
Wilms tumor (WT1) and GATA-4 protein expression 
increase in the fetal testis.27 GATA4 belongs to a family 
of zinc finger transcription factors known as GATA-
binding proteins because they bind to a consensus se-
quence in the promoter and enhancer regions of target 
genes. Sexually dimorphic expression of Doublesex- and 
MAB3-Related Transcription Factor 1 (DMRT1) was 
found in 6- and 7-week-old human fetuses, with expres-
sion limited to male fetuses.28

SOX9 induces expression of prostaglandin D synthase 
(Pgds), an enzyme involved in prostaglandin synthesis.29 

In a positive feedback loop, developing Sertoli cells 
secrete prostaglandin D2, which binds to its cognate  
receptor to up-regulate SOX9 expression and recruit  
additional Sertoli cells.30 In addition, SOX9 promotes 
expression of fibroblast growth factor 9 (FGF9). FGF9 
acting through the its receptor, FGFR2, helps to maintain 

SOX9 expression and promote Sertoli cell differentia-
tion.31 Normal testicular development appears to involve 
diffusion of FGF9 from the center to the poles of the 
undifferentiated gonad.32 Through direct and indirect 
mechanisms, SOX9 interferes with genes promoting 
ovarian differentiation.

Vascular development in the gonad is sexually dimor-
phic with the endothelial cells in the developing testis, 
forming a characteristic pattern consisting of a promi-
nent coelomic vessel on the antimesonephric surface with 
branches between the testis cords. This blood vessel is 
absent in the ovary. Peritubular myoid cells are testis-
specific smooth muscle–like cells important to structural 
integrity and development of the testis cords. Factors 
relevant to peritubular myoid cell differentiation include 
desert hedgehog (DHH), which is secreted by Sertoli 
cells and its receptor Patched (Ptch1).33 The peritubular 
myoid cells surround the Sertoli cells, separating them 
from the Leydig cells, which are then sequestered in the 
interstitium. Downstream of SRY, hedgehog signaling 
plays a role in cell-cell communication and cell fate  
determination to influence sex dimorphic development 
in gonads, reproductive tracts, and external genitalia.33

Leydig cell differentiation depends on paracrine sig-
nals, including platelet-derived growth factor receptor-
alpha (PDGFR-a), DHH, PTCH1, and Aristaless-related 
homeobox (ARX). NR5A1 is expressed in Leydig cells to 
promote steroidogenic enzyme genes expression. The 
number of fetal Leydig cells reflects gonadotropin stimu-
lation because the number is decreased in anencephalic 
male fetuses and increased in 46,XY fetuses, with elevated 
gonadotropin concentrations secondary to complete an-
drogen insensitivity.34 Differentiation of adult Leydig 
cells occurs postnatally.34

By 11 weeks of gestation, the testicular compartments, 
tubular and interstitial components, and the cell types of 
interest (Leydig, Sertoli, and germ cells) can be visual-
ized. In human fetal testes, HSD17B3, CYP11A1, and 
PTCH1 mRNA levels increased significantly through the 
second trimester without significant changes in CYP17A1, 
LHR, or INSL3 levels. The most rapid growth in Sertoli 
cell number appears to occur during the latter half of the 
first trimester and the second trimester.35

Human Ovary Development
Although ovarian differentiation has long been consid-
ered the default pathway that occurs in the absence of  
SRY gene expression, accumulating evidence indicates 
that specific genes influence ovarian differentiation. 
Genes implicated in ovarian differentiation include wing-
less-related MMTV integration site 4 (WNT4), forkhead 
L2 (FOXL2), follistatin (FST), Iroquois-3 (IRX3), bone 
morphogenic protein-2 (BMP2), and R-spondin-1 
(RSPO1).36 FOXL2 functions to repress male-specific 
genes especially SOX9 beginning in the fetus and con-
tinuing through adulthood. FOXL2 and SOX9 expres-
sion appear to be mutually exclusive in developing gonads 
and in gonadal tissue obtained from patients with DSD 
conditions.37

In the absence of SRY, between 6 to 9 weeks of gesta-
tion, R-spondin-1(RSPO1) expression increases in the 
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developing human ovary. RSPO1 is a secreted factor 
that activates the b-catenin WNT signaling pathway.38 
WNT4 expression also increases. RSPO1 and WNT4 
appear to stabilize and amplify b-catenin signaling to 
activate target gene transcription.39 LIN28A, an RNA-
binding protein is differentially expressed in the fetal 
ovary particularly in the germ cells; its expression appears 
to be restricted to primordial and premeiotic germ 
cells.40 LIN28 blocks the production of mature let-7, 
which is a microRNA that interferes with translation of 
cell cycle regulators and metabolic pathway compo-
nents.41,42 In the absence of LIN28, let-7 inhibits produc-
tion of BLIMP1, a factor involved with primordial germ 
cell development.41 Expression of both let-7 and LIN28A 
decreases when germ cells transition from the stem cell 
state to meiosis.41

Persistent DAX1 expression appears to play a role in 
ovarian differentiation. The functions of WNT4 include 
suppression of the androgen-secreting interstitial cells, 
inhibition of coelomic vascularization, and support of 
Mullerian derivatives. FOXL2 is a forkhead transcription 
factor expressed in the ovary.

Two genes, factor in FIGLA and NOBOX, are  
expressed in fetal or neonatal germ cells where they 
recruit developing granulosa cells to form primordial 
and primary follicles. As noted previously, many oocytes 
degenerate through apoptosis. GATA 4 is expressed in 
the granulosa cells and is speculated to prevent granu-
losa cell apoptosis.43 The second trimester human fetal 
ovary expresses proteins necessary to synthesize and 
respond to estrogenic, progestogenic, and androgenic 
signaling.44

Development of Internal Genital 
Structures
The Wolffian duct originates as the excretory duct of the 
mesonephros and develops into the epididymis, vas defer-
ens, ejaculatory duct, and seminal vesicle. The epididymis 
consists of four functional portions: initial segment, caput, 
corpus, and cauda. Sperm mature in the caput and corpus, 
whereas the cauda is primarily for storage. The Mullerian 
or paramesonephric duct originates as an invagination of 
the coelomic epithelium and develops into the Fallopian 
tubes, uterus, and upper third of the vagina.

In the male fetus, the Sertoli cells secrete anti-  
Mullerian hormone (AMH), also known as Mullerian 
inhibitory hormone (MIH). In human 46,XY fetuses, 
AMH expression can be detected by 7 weeks of gestation, 
is not dependent on the presence of germ cells within the 
testis, and promotes regression of the Mullerian ducts. 
AMH, a member of the transforming growth factor-b 
(TGF-b) family, undergoes proteolytic cleavage to be-
come biologically active. AMH binds to its receptor, 
AMH-RII, on the surface of the Mullerian duct mesen-
chymal cells to induce increased matrix metalloprotein-
ase 2 expression.45,46 The net result is degeneration and 
loss of basement membrane integrity of the epithelial and 
mesenchymal Mullerian cells, leading to regression of 
the Mullerian ducts.

AMH expression is highly regulated because inappro-
priate expression in a 46,XX fetus would lead to uterine 

agenesis. In the 46,XX fetus with absence of both AMH 
and testosterone, the Mullerian duct derivatives persist 
and the Wolffian ducts regress. When a female fetus  
is inappropriately exposed to AMH (as in freemartin 
cattle), Mullerian duct regression and ovarian masculin-
ization occur. By 12 weeks in the XX fetus, the uterine 
corpus and cervix have begun to differentiate.47

The fetal hypothalamic-pituitary-gonadal (HPG) 
axis is active by mid-gestation, with peak fetal testos-
terone concentrations occurring at approximately 15 to 
16 weeks of gestation. Prior to this time, placental 
hCG stimulates testosterone production by the fetal 
Leydig cells. Secretion of testosterone by the fetal Ley-
dig cells stabilizes the Wolffian ducts in 46,XY fetuses. 
Region-specific signaling molecules such as bone mor-
phogenic proteins (BMPs), homeobox genes (HOXA10 
and HOXA11), growth differentiation factor 7 (GDF7), 
relaxin, an orphan G-protein–coupled receptor (LGR4), 
platelet-derived growth factor A (PDGFA), and its cog-
nate receptor (PDGFRA) influence the development of 
the epididymis and seminal vesicle.

The prostate, a male accessory sex gland, contributes  
to seminal fluid plasma and develops from the urogenital 
sinus. After the initial testosterone-dependent induction of 
prostate differentiation, subsequent development involves 
epithelial-mesenchymal interactions that lead to cell dif-
ferentiation and branching morphogenesis. The requisite 
signaling molecules FGFs, sonic hedgehog (SHH), BMPs, 
HOXA13, and HOXD13 are similar to those required for 
external genital differentiation.48,49

Development of External Genital 
Structures
The genital tubercle, urethral folds, and labioscrotal 
swellings give rise to the external genitalia. Under the 
influence of circulating androgens that are converted to 
dihydrotestosterone in target tissues, the urethral folds 
fuse to form the corpus spongiosum and penile urethra, 
the genital tubercle develops into the corpora cavernosa 
of the penis, and the labioscrotal folds fuse to form the 
scrotum.

In the normal 46,XY human fetus, a cylindrical 
2-mm phallus with genital swellings has developed by  
9 weeks of gestation. By 12 to 14 weeks of gestation, the 
urethral folds have fused to form the cavernous urethra 
and corpus spongiosum. By 14 weeks, the external 
genitalia are clearly masculine apart from testicular  
location. The high incidence of hypospadias in humans 
suggests that urethral fusion is a delicate and finely 
regulated process.

In the 46,XX fetus, in the absence of androgens the 
urethral folds and labioscrotal swellings do not fuse and 
develop into the labia minora and labia majora, respec-
tively. The genital tubercle forms the clitoris, and ca-
nalization of the vaginal plate creates the lower portion 
of the vagina. By 11 weeks of gestation, the clitoris is 
prominent and the lateral boundaries of the urogenital 
sulcus have separated. Minimal clitoral growth, well- 
defined labia majora, hypoplastic labia minora, and 
separate vaginal and urethral perineal openings are 
present by 20 weeks of gestation.
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By 33 days’ postconception, the human fetal adrenal 
cortex is distinct from the developing gonad. Due to its 
role as the source of DHEAS for placental estrogen bio-
synthesis, the fetal adrenal cortex grows rapidly. By 50 to 
52 days’ postconception, expression of several steroido-
genic enzymes, steroidogenic acute regulatory protein 
(StAR), 11b-hydroxylase (CYP11B1), 17a-hydroxylase/ 
17,20-lyase (CYP17), and 21-hydroxylase (CYP21) in  
the fetal adrenal cortex have been demonstrated immu-
nohistochemically.50 Recent data indicate that transitory 
cortisol biosynthesis peaks at 8 to 9 weeks’ gestation.50 
This early cortisol biosynthesis coincides with transient 
adrenal expression of both nerve growth factor IB-like 
(NGFI-B) and 3b-hydroxysteroid dehydrogenase-2 
(HSD3B2).50 At the same time, ACTH can be detected 
in the anterior pituitary—suggesting the presence of 
negative feedback inhibition during the first trimester.50 

During the time male sexual differentiation begins, this 
negative feedback inhibition may serve to prevent viril-
ization of female fetuses to ensure normal female sexual 
differentiation.50,51

Anogenital Distance
The anogenital distance (AGD), the distance from the 
posterior aspect of the scrotum to the anal verge, shows 
sexually dimorphism. Longitudinal assessment of AGD 
defined as measurement from the center of the anus to 
the base of the scrotum in males and to the posterior 
fourchette in females showed that mean AGD (1/- SD) 
at birth was 19.8 1/- 6.1 mm in males and 9.1 1/- 2.8 mm 
in females. In both sexes, AGD increased up to 12 months 
and maintained the sex dimorphic pattern. AGD also 
showed positive correlation with penile length at birth 
and with the increase in AGD from birth to 3 months.52 
AGD provides an index of early fetal androgen exposure 
and masculinization.

Androgens play a time-dependent role in formation, 
differentiation, and growth of the fetal external genita-
lia; a role that is especially relevant for male reproduc-
tive organ development. Studies among rats suggest 
that there is a limited time during early fetal develop-
ment known as the masculinization programming win-
dow (MPW). During the MPW the potential for mas-
culinization is determined. Deficiency of androgen or 
androgen action in the MPW results in reduced penis 
length, which can not be rescued by postnatal T ther-
apy.53 The MPW predetermines potential organ size, 
while post-natal androgen action is required to realize 
normal potential.54

Indirect evidence suggests that the MPW occurs in 
the human. This window would likely precede or occur 
between 8 and 13 weeks of fetal life when the penis is 
forming. Thereafter, the penis grows at a rate of 0.7 mm/
week from 14 weeks to term.55 If, as in studies of rats, the 
MPW determines penis growth potential assuming nor-
mal androgen exposure subsequently during fetal and 
postnatal life,56 this has implication for potential of 
human male genitalia. Thus, the AGD may indicate early 
in utero androgen exposure and can be used as a diagnos-
tic tool. Measurement of AGD has also been used to  

indicate impact of potential environmental endocrine 
disruptors on external genital development.57 AGD at 
birth predicts adult anogenital distance and has been 
found to be correlated with serum testosterone levels, 
sperm density, and paternity.58,59

Sexual Differentiation of the Brain
Clinical investigations suggest that the brain is sexually 
dimorphic and that testosterone is a masculinizing  
hormone in human. Males with aromatase deficiency 
manifest male psychosexual behavior and gender identity. 
Alternatively, 46,XY individuals with complete androgen 
insensitivity syndrome (CAIS) develop female gender 
identity.60 However, preliminary data implicate genetic 
differences, independent of sex steroid exposure, as the 
molecular basis for some aspects of sexual dimorphism of 
the brain.61 Nevertheless, the prenatal hormone milieu in 
conjunction with genetic factors and, perhaps postnatal 
environmental factors, may influence sexual orienta-
tion.62 Postmortem histologic examination demonstrated 
that women have more synapses in the neocortex, whereas 
men have more neurons in this region.63,64

MOUSE MODELS

Sexual differentiation is a complex process in which  
precise spatiotemporal coordination and regulation of 
gene expression are crucial to achieve full reproductive 
capability. Despite expanded knowledge of the molecular 
details of sexual differentiation, additional factors and the 
precise sequence of biologic events in the human fetus 
remain to be elucidated. Investigation of animal models, 
especially mice, and transgenic mouse models has pro-
vided insight into the processes involved in sex develop-
ment (Table 5-1). Investigation of normal and transgenic 
mice confirmed the crucial role of the SRY gene in male 
differentiation when XX mice carrying only a 14-kb frag-
ment of the Y chromosome showed a male phenotype.65 
The caveat is that mouse and human developmental  
processes and phenotypes may differ; humans with a 
45,X karyotype develop gonadal dysgenesis associated 
with infertility whereas XO mice are fertile. Despite  
this limitation, information gleaned from the develop-
mental processes in mice may be applicable to the human 
situation.

The outcome of cell fate decisions involves antagonism 
between the male and female developmental programs. 
During the bipotential phase, both male and female spe-
cific genes are expressed with an over-representation of 
female genes.66 Abnormal gonadal development has been 
described in mice homozygous for targeted deletions of 
genes involved in urogenital differentiation (i.e., Wt1, Sf1, 
Emx2, M33 [Cbx2], and Lim1). In mice, these genes are 
expressed earlier in gestation than Sry, which is expressed 
transiently at 10.5 to 11 days postcoitum (d.p.c.).67 Wnt9b 
is expressed throughout the Wolffian duct epithelium 
from E9.5 to E14.5 where it plays a role in development of 
mesonephric tubules, metanephric tubules, and caudal 
extension of the Mullerian ducts.68 Wt1 is expressed 
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Gene Human Locus Human Phenotype Mouse Phenotype

WT1 11p13 Denys-Drash, Frasier, and Mecham  
syndromes

Homozygous: embyronic lethal with  
absence of kidney and gonads.

SRY Yp11.3 46,XY gonadal dysgenesis “Knock-in” female-to-male sex reversal.
SOX9 17q24-25 Campomelic dysplasia and gonadal  

dysgenesis
Overexpression in XX mice results in 

female-to-male sex reversal.
Heterozygous null associated with  

perinatal death, cleft palate, and  
skeletal abnormalities.

DHH 12q13.1 Gonadal dysgenesis, with or without 
minifascicular neuropathy

Abnormal peripheral nerves, infertility 
due to impaired spermatogenesis in 
males.

ATRX/XH2 Xq13.3 a-Thalassemia, mental retardation, geni-
tal abnormalities, short stature, hypo-
tonic facies

Phenotype of null is embyronic lethal. 
Overexpression associated with 
growth retardation, neural tube  
defects, and embryonic death.

ARX Xp22.13 Lissencephaly, absence of the corpus  
callosum, microcephaly

Males have abnormal CNS development 
and abnormal testicular differentiation.

SF1/NR5A1 9q33 46,XY sex reversal with or without adrenal 
insufficiency

46,XX adrenal insufficiency, POF

Absent adrenal glands, absent gonads, 
abnormal pituitary differentiation.

EMX2 10q26.1 Schizencephaly Absence of kidneys, ureters, gonads, 
and genital tracts.

FGF9 13q11-q12 Autosomal dominant multiple synostoses Male-to-female sex reversal, lung  
hypoplasia.

WNT4 1p35 46,XX, Uterine agenesis
46,XY, Male-to-female sex reversal

Males are normal. Females manifest 
female-to-male sex reversal.

WNT7A 3p25 Limb malformation syndromes Persistent Mullerian duct derivatives  
in males. Abnormal Mullerian duct 
differentiation in females.

DAX1/ NROB1 Xp21.3 Adrenal hypoplasia congenita; duplication 
associated with male-to-female sex  
reversal

Male infertility.

GATA4 8p23.2-p22 Congenital heart disease Embyronic lethal, heart defects.
FOG2 8q23.1 Tetralogy of Fallot, diaphragmatic hernia Embyronic lethal, heart defects.
MAP3K1 5q11.2 46,XY gonadal dysgenesis Failure of eyelid development
CDKN1C 11p15.4 IMAGE syndrome N/A
GLI3 7p14.1 Pallister-Hall syndrome, polydactyly Polydactyly, fetal lethal
FOXL2 3q23 Blepharophimosis/ptosis/epicanthus  

inversus syndrome
Small, absence of eyelids, craniofacial 

anomalies, female infertility.
LHGCR 2p21 Leydig cell hypoplasia N/A
DHCR7 11q12-q13 Smith-Lemli-Opitz syndrome IUGR, cleft palate, neurologic  

abnormalities.
StAR 8p11.2 Congenital lipoid adrenal hyperplasia All with female external genitalia.

Neonatal death due to adrenal  
insufficiency.

CYP11A1 15q23-q24 Male-to-female sex reversal, adrenal  
insufficiency

Male-to-female sex reversal. Neonatal 
death due to adrenal insufficiency.

CYP19A1 15q21.1 Aromatase deficiency Immature infertile female. Males are 
initially fertile, but develop disrupted 
spermatogenesis.

POR 7q11.2 Antley-Bixler syndrome Embryonic lethal.
AMH 19p13.3-p13.2 Persistent Mullerian duct syndrome Male has persistent Mullerian duct  

derivatives and infertility.
AMH-RII 12q13 Persistent Mullerian duct syndrome Male has persistent Mullerian duct  

derivatives and infertility.
INSL3 19p13.2 Associated with cryptorchidism Cryptorchidism in males. Overexpression 

in females associated with develop-
ment of gubernaculum and aberrant 
ovarian location.

LGR8 13q13.1 Associated with cryptorchidism Cryptorchidism.

TABLE 5-1  Consequences of Loss-of-Function Mutations in Genes Associated with DSD in Humans 
and Mice

Key: N/A, not available; POF, premature ovarian failure
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throughout the intermediate mesoderm at 9 d.p.c. Subse-
quently, Wt1 is expressed in the developing gonad. The 
phenotype of Wt1 knockout mice includes embryonic  
lethality, failure of gonadal and kidney development, and 
abnormal development of the mesothelium, heart, and 
lungs.69 Homozygous deletion of Emx2, a homeodomain 
transcription factor, results in an embryonic lethal pheno-
type associated with absence of kidneys, ureters, gonads, 
and genital tracts.70,71 As Wt1 expression is initially normal 
in the metanephric blastema of Emx2 knockout mice, 
Emx2 is likely downstream of Wt1. Interestingly, adrenal 
gland and bladder development are normal in Emx2 
knockout mice.

The polycomb group proteins function to establish 
imprinting patterns in developmental control genes and 
appear to be involved in recognition of methylated his-
tones. One such protein is Cbx2 also known as M33. The 
phenotype of Cbx2 knockout mice includes male to fe-
male sex reversal and hypoplastic gonads for both sexes.72 
Based on available animal studies, Cbx2 appears to regu-
late Sry expression, modulate expression of Sf1/Nr5a1 
and Lhx9 in both genders, and influence gonad prolif-
eration and size. Lim1, also known as Lhx1, encodes a 
homeobox protein that is important in the differentiation 
of intermediate mesoderm and the urogenital system.73 
Homozygous deletion of Lim1 is associated with ab-
sence of kidneys and gonads and with anterior head 
structures.73

Steroidogenic factor 1 (Sf1), also known as Nr5a1, is 
an orphan nuclear hormone receptor that functions as  
a transcription factor. In mice, Sf1 is expressed from  
the earliest stages of gonadogenesis at 9 days post con-
ception (d.p.c.) and regulates expression of steroidogenic 
enzyme genes in gonads and adrenals. At the onset of 
testicular differentiation, Sf1 expression becomes sexu-
ally dimorphic with increased expression in fetal testis, in 
both Sertoli and Leydig cells, and decreased expression 
in fetal ovaries.74 In Sertoli cells, Sf1 and Sry act syner-
gistically to promote Sox 9 expression. In Leydig cells, 
Sf1 promotes transcription of steroidogenic enzyme 
genes. The pathologic findings in mice homozygous for 
targeted deletion of Sf1 include absence of gonads, 
adrenal glands, and ventromedial hypothalamus with 
decreased number of gonadotropes in the anterior pitu-
itary.75 Sf1 knockout mice have female internal and exter-
nal genitalia irrespective of genetic sex and die shortly 
after birth secondary to adrenal insufficiency.75 Pituitary-
specific Sf1 knockout mice manifest hypogonadotropic 
hypogonadism, confirming the essential role of Sf1 in 
pituitary function.75

Sf1 and Sry bind to a gonad specific enhancer (Tesco) 
to induce Sox-9 expression. Following the onset of tes-
ticular differentiation, Sox9 expression increases in the 
testis and decreases in the ovary by 11.5 d.p.c. Subse-
quently, Sox-9 and Sf1 bind to Tesco to maintain Sox9 
expression. Thus, Sox9 binds to its own promoter to 
maintain its expression. Continued Sox9 expression  
is also dependent on Fgf9 and its receptor, Fgfr2, to 
maintain Sox9 expression and repress Wnt4 expression. 
Ectopic expression of Sox9 in XX mice leads to testicular 
differentiation. Mice with homozygous targeted deletion 
of the Sox9 gene die during mid-gestation.76 Sox9 also 

plays a major role in chondrocyte differentiation and 
cartilage formation.

Dax1 is first expressed in the genital ridge at 10.5 to 
11 d.p.c. With differentiation of the testicular cords, 
Dax1 expression becomes sexually dimorphic charac-
terized by decreased expression in the fetal testis and 
continued expression in the fetal ovary where it appears 
to inhibit gonadal steroidogenesis. Dax1 may interfere 
with steroidogenesis by inhibiting StAR expression 
and/or Sf1-mediated transactivation.77 Dax1 functions 
as an adaptor molecule to recruit the nuclear receptor 
corepressor N-CoR to the Sf1 promoter, thus interfer-
ing with transactivation.78 Rather than functioning to 
promote ovarian differentiation, it appears that Dax1 
acts as an anti-testis factor. In male mice with targeted 
disruptions of the Dax1 gene, abnormalities of testicu-
lar germinal epithelium and male infertility develop 
despite normal testicular appearance at birth. Female 
mice homozygous for targeted Dax1 mutation showed 
normal adult reproductive function. Testicular devel-
opment is delayed in XY mice carrying extra copies of 
mouse Dax1, but sex reversal is not observed unless the 
mouse also carries weak alleles of the Sry gene.

At 11.5 days, Fgf9 is expressed in gonads of both sexes. 
By day 12.5, Fgf9 is detected only in testes. Mice homo-
zygous for Fgf9-targeted deletions show male-to-female 
sex reversal with disruption of testis differentiation.79 
Loss of Fgf9 does not interfere with Sry expression, but 
its absence is associated with a premature decline in Sox9 
expression leading to arrested Sertoli cell differentiation, 
upregulation of Wnt4 expression, and male-to-female 
sex reversal of germ cells.80 Targeted deletion of Fgfr2 is 
associated with partial XY sex reversal.81 Fgf9 signaling 
through Fgfr2 plays a major role in testicular differentia-
tion by repressing Wnt4 expression to prevent activation 
of the female developmental program.82

At 11.5 to 12.5 d.p.c., in both sexes, Mullerian ducts 
arise from coelomic epithelium in the mesonephric re-
gion under the influence of Wnt4.83 Male mice with 
homozygous targeted deletions of Wnt4 show normal 
testicular and Wolffian duct development, but Mulle-
rian ducts never develop. At 11.5 d.p.c., Gata4 is  
expressed in the somatic cells of the bipotential gonad. 
By E13.5, Gata4 expression is up-regulated in XY  
Sertoli cells, down-regulated in XY interstitial cells, and 
down-regulated in XX gonads. The GATA4 protein 
interacts with several proteins such as Sf1/NR5A1 and 
friend of GATA protein 2 (Fog2). Mice with missense 
mutation in Gata4, that interfere with its interaction 
with Fog2, showed absence of testicular cord formation, 
abnormal Sertoli and Leydig cell development, and  
decreased expression of Sox9.84

Ovarian fate can no longer be considered as the  
default pathway caused by the absence of the Sry gene. 
Rather, specific genes influence development of the 
ovary. Gata2 is expressed in XX gonads with expression 
restricted to germ cells in XX gonads by E13.5.85 
By E13.5, Gata4 is down-regulated in XX gonads. The 
phenotype of female mice with homozygous deletions of 
Wnt4 includes absence of Mullerian duct derivatives, 
retention of Wolffian duct derivatives, and decreased 
oocyte development. In addition, the large coelomic 
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blood vessel (typical of testicular differentiation) devel-
ops in the ovaries of female mice homozygous for tar-
geted deletion of Wnt4.86 Wnt4 appears to be involved 
in differentiation of Mullerian ducts, repression of endo-
thelial migration from the mesonephros into the gonad, 
and maintenance of oocyte development. Another ovary-
specific gene is Foxl2; its expression begins at 12.5 d.p.c. 
Female mice with targeted Foxl2 deletions manifest  
hypoplastic uterine tubes, defective granulosa cell differ-
entiation, premature depletion of the follicle pool, oocyte 
atresia, and infertility.87 Follistatin and bone morphoge-
netic protein 2 (Bmp2) show similar patterns of expres-
sion becoming detectable at 11.5 d.p.c. Foxl2 and Wnt4 
promote follistatin expression. Bmp2 appears to act in 
cooperation with Foxl2 during fetal ovary development.88 
Female-to-male sex reversal was observed in XX mice 
with targeted Rspo1 deletion. Activation of b-catenin in 
XY mice results in male-to-female sex reversal suggesting 
that b-catenin functions as a pro-ovarian and anti-testis 
signaling molecule.89 Rspo1 appears to be upstream of 
Wnt4 in the signaling cascade and its actions are medi-
ated by b-catenin.90 In the adult female mouse, condi-
tional loss of Foxl2 leads to post-natal ovary to testis 
transdifferentation with granulosa cells becoming Sertoli 
cells and increased Sox9 expression.91

Persistence of Mullerian duct derivatives and infertility 
were noted in male mice homozygous for targeted dele-
tion of Wnt7a. One consequence of Wnt7a deletions  
is absence of Mullerian hormone receptor (Amh-rII) ex-
pression by Mullerian ducts. In females, although Mulle-
rian duct derivatives develop, they are abnormal showing 
loss of uterine glands, reduction in uterine stroma, and 
deficient coiling and elongation of the Mullerian duct. 
Thus, Wnt7a appears to function as an epithelial-to-
mesenchymal signal important in the sexually dimorphic 
differentiation of Mullerian duct derivatives.

The phenotype associated with targeted disruption  
of c-kit ligand, a receptor tyrosine kinase also known  
as Steel factor, is complete lack of germ cells in the  
gonads.92 Affected animals are sterile, but show normal 
sexual differentiation.93 In the Dazl knockout, germ cells 
migrate to the developing gonad, but genes required for 
male-specific and female-specific differentiation are not 
activated.14 Both male and female mice homozygous for 
targeted deletion of the Stra8 gene show no overt pheno-
type apart from infertility.94

Mullerian inhibitory hormone (Amh) is first expressed 
at 12 d.p.c. Transcriptional regulation of Amh appears to 
involve both protein-protein and protein-DNA interac-
tions with Sf1 and Sox9 being two of the proteins involved. 
Amh action is mediated by a heteromeric-signaling com-
plex consisting of type I and type II serine/threonine  
kinase receptors. The Amh type II receptor binds Amh 
and recruits a type I receptor. Sf1 appears to regulate  
expression of the Amh type II receptor (Amh-rII) gene. 
The phenotypes of the Amh and Amh-rII knockout mice 
are identical. In XY mice, both male and female internal 
genital structures are found. Male mice are infertile be-
cause the retained uterus blocks passage of sperm through 
the vas deferens.

The phenotype of male mice with targeted deletion of 
desert hedgehog (Dhh) includes infertility and impaired 

spermatogenesis.95 These mice also showed abnormal 
peripheral nerves with extensive minifascicles within the 
endoneurium.96 During development, expression of Dhh 
is limited to Sertoli cells and Schwann cells in peripheral 
nerves.97 In mice, other key molecules in the develop-
ment of male external genital structures include sonic 
hedgehog (Shh), fibroblast growth factors, Wnts, Bmps, 
Hoxa13, and Hoxad13. Shh increases expression of 
Bmp4, Hoxa13, Hoxd13, and Ptc expression. Shh signal-
ing, mediated through its membrane receptor complex 
consisting of Patched (Ptc) and Smoothed (Smo), plays a 
key role in regulation of mesenchymal-epithelial inter-
actions and genital tubercle outgrowth. Expression of 
5a-reductase in the genital tubercle mesenchyme oc-
curs. Male mice homozygous for targeted deletions of 
the insulin-like hormone-3 (Insl3), Hoxa10, or leucine-
rich repeat-containing Lgr8/Rxfp2 genes show bilateral 
cryptorchidism.98-101

Investigations involving normal and transgenic mice 
have provided much information about the genes and gene 
products involved in sexual differentiation. Nevertheless, 
differences do exist between rodents and humans. Thought-
ful examination of patients with disorders affecting sexual 
differentiation has elucidated many of the factors involved 
in human sexual differentiation.

DISORDERS OF GONADAL DIFFERENTIATION

Wilms Tumor Gene
The Wilms tumor suppressor (WT1) gene, located  
at chromosome 11p13, plays an important role in  
both kidney and gonadal differentiation. Through  
alternative splicing, multiple translation start sites, and 
post-translational RNA editing, multiple isoforms can 
be derived from this one gene. The protein contains 
four zinc finger domains. The two major isoforms dif-
fer by the inclusion or exclusion of three amino acids, 
lysine, threonine, and serine (KTS), between the third 
and fourth zinc finger domains. Subnuclear localization 
studies have shown that the –KTS form colocalizes 
predominantly with transcription factors, whereas the 
1KTS form colocalizes mainly with splicing factors 
and plays a role in RNA processing.102 The ratio of the 
1KTS/–KTS isoforms appears to be tightly regulated.

Depending on cellular context, WT1 can function as  
a transcriptional activator, a transcriptional repressor, or 
tumor suppressor. WT1 plays a role in the balance between 
mesenchymal-epithelial transitions.103 The carboxyl termi-
nal domain of the WT1 protein contains four zinc fingers 
that serve as the nucleic acid binding domain. Downstream 
target genes include WNT4 and AMHRII.104 Distinct 
isoforms may have unique functions.

Phenotypic heterogeneity occurs among patients found 
to have mutations of the WT1 gene. Although Wilms  
tumor and genitourinary abnormalities can be associated 
with heterozygous WT1 deletions, only 6% to 15% of 
sporadic Wilms tumors are associated with WT1 muta-
tions. Heterozygous deletions at chromosome 11p13 can 
be part of a contiguous gene deletion syndrome known as 
WAGR syndrome (Wilms tumor, aniridia, genitourinary 
anomalies, gonadoblastoma, and mental retardation). In 
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general, missense mutations in exons 6-9 are associated 
with severe gonadal dysgenesis and early-onset nephropa-
thy. The 2KTS form appears to be protective from 
development of Wilms tumor whereas mutations located 
in the N terminal repression domain are associated with 
development of Wilms tumor.

Denys-Drash syndrome is characterized by genito-
urinary anomalies, Wilms tumor, and nephropathy. 
Typically, the nephropathy begins during the first few 
years of life, manifests with proteinuria, and results in 
end-stage renal failure due to focal or diffuse mesangial 
sclerosis.105,106 Among affected 46,XY individuals, the 
external genitalia can range from ambiguous to normal 
female. Affected 46,XX individuals show normal female 
external genital development. Internal genital differen-
tiation varies because persistence of Wolffian and/or 
Mullerian structures is inconsistent. Typically, the go-
nads are dysgenetic in 46,XY individuals. The heterozy-
gous missense mutations associated with Denys-Drash 
syndrome are believed to act in a dominant negative 
fashion.107

The features of Frasier syndrome include gonadal 
dysgenesis, progressive glomerulopathy, and an increased 
risk for gonadoblastoma. Wilms tumor is extremely rare 
in Frasier syndrome.108 The typical renal lesion is focal 
glomerular sclerosis. The majority of cases are associated 
with a specific point mutation in intron 9 of WT1 associ-
ated with altered splicing and decreased amounts of the 
1KTS isoform.

Meacham syndrome is characterized by genital 
anomalies, cyanotic congenital heart defects, and pul-
monary hypoplasia secondary to diaphragmatic abnor-
malities. In 46,XY infants, the spectrum of internal 
genital anomalies extends from presence of a uterus  
to a blind ending vaginal pouch. External genitalia  
have been described as ranging from normal female to  
ambiguous.109

In general, mutations in exons 1-5 appear to be  
associated with gonadal dysgenesis, Wilms tumor, and 
no nephropathy. Patients with exons 6-9 missense  
mutation manifest gonadal dysgenesis and early onset 
nephropathy; this phenotype has been attributed to a 
dominant negative mechanism whereas nonsense muta-
tions are associated with haploinsufficiency. Analysis  
for WT1 mutations should be considered in patients 
with 46,XY DSD, complex hypospadias, and kidney 
disease.110

WNT4 Gene
WNT4 is a secreted molecule that binds to members of 
the frizzled family of receptors, resulting in transcrip-
tional regulation of target genes. WNT4 increases fol-
listatin expression, which inhibits formation of the coelo-
mic vessel (anti-testis action) and supports ovarian germ 
cell survival (pro-ovarian action).111 Duplication of the 
WNT4 gene, located at chromosome 1p31-1p35, has 
been associated with 46,XY male-to-female sex reversal. 
One such patient presented with ambiguous external 
genitalia accompanied by severe hypospadias, fibrous 
gonads, remnants of both Mullerian and Wolffian struc-
tures, cleft lip, microcephaly, and intrauterine growth 

retardation.112 A female-to-male sex reversed patient 
with kidney, adrenal, and lung dysgenesis was found to 
have a homozygous loss-of-function WNT4 mutation.113 
Loss-of-function WNT 4 mutations have been detected 
in 46, XX women with primary amenorrhea secondary to 
Mullerian duct abnormalities and androgen excess.1114-116 
The phenotypes of these patients support the hypothesis 
that WNT4 plays a role in ovarian differentiation.

SF1/NR5A1 Gene
The SF1/NR5A1 gene, located at chromosome 9q33, 
codes for a 461-amino-acid protein. This protein, also 
known as Ad4BP is involved in adrenal, gonadal, and 
hypothalamic development and plays an essential role  
in the regulation of steroidogenesis. Two distinct do-
mains, a DNA-binding domain and a highly conserved 
Ftz-F1 box, are present in the protein. Genetic changes 
identified in the NR5A1 gene have included nonsense, 
frameshift, and missense changes that have affected 
DNA-binding and gene transcription. Most mutations 
are heterozygous. In some instances, these genetic 
changes have been inherited from the mother. Phenotype-
genotype-functional correlations have yet to be established 
due to the phenotypic and genetic heterogeneity. Analyses 
of gonadal tissue obtained from 46,XY individuals shows 
intracellular lipid accumulation. In vitro functional studies 
indicate defective transactivation of CYP17A1. Individuals 
with SF1/NR5A1 mutations require longitudinal assess-
ments with attention to changing gonadal and adrenal 
function.117

Two 46,XY patients with female external genitalia,  
Mullerian structures, gonadal dysgenesis, and adrenal 
insufficiency have been described. One patient was het-
erozygous for a de novo G35E mutation, which appears 
associated with decreased transactivation of NR5A1 respon-
sive reporter genes. The second patient was homozygous 
for a R92Q change inherited in an autosomal recessive 
manner.118 A 46,XX female with adrenal insufficiency, 
adrenal hypoplasia, and an NR5A1 mutation showed nor-
mal ovarian morphology.119 Haploinsufficiency of NR5A1 
can also manifest as a predominantly gonadal phenotype 
characterized by hypergonadotropic hypogonadism asso-
ciated with delayed puberty or premature ovarian failure in 
46,XX individuals.

The phenotypic spectrum associated with NR5A1 
mutations has greatly expanded. Heterozygous muta-
tions associated with 46,XY gonadal dysgenesis in the 
absence of adrenal insufficiency have been reported. 
These patients can present with ambiguous genitalia, 
urogenital sinuses, and small inguinal testes. Mullerian 
structures are generally absent. Penoscrotal hypospadias, 
bilateral anorchia, and testicular regression syndrome 
have been described. The phenotypic spectrum extends 
to include 46,XY girls who present with delayed puberty, 
primary amenorrhea, and low testosterone concentra-
tions in the absence of adrenal insufficiency.120

Chromobox Homolog 2 (CBX2)
The CBX2 gene, mapped to chromosome 17q25, is a 
subunit of the chromatin-associated polycomb repressive 
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complex 1. As noted earlier, the polycomb group proteins 
function to establish imprinting patterns in developmen-
tal control. Loss of function missense mutations in CBX2 
were identified in a 46,XY infant who had normal female 
external genitalia and a normal uterus; ovarian biopsy 
showed normal ovarian tissue with primordial follicles. 
The phenotype of 46,XY sex reversal in this patient sug-
gests that this protein functions upstream of SRY and that 
it may act to repress ovarian development in developing 
XY gonads.121

46,XY Disorders of Sex Development 
(Gonadal Dysgenesis)
Phenotype/genotype studies of 46,XY sex-reversed  
patients played a major role in the localization of the  
Y chromosome gene responsible for the initial signal-
promoting testicular differentiation. Subsequently, this 
gene was identified to be the SRY gene located at Yp11.3 
near the pseudoautosomal region on Yp. Identification of 
mutations in SRY in 46,XY females confirmed the vital 
role of SRY in testicular differentiation.

Individuals with sex chromosome DSDs due to par-
tial or mixed gonadal dysgenesis usually present with 
asymmetrical genital ambiguity (Figure 5-2). Somatic 
features of Turner syndrome such as short stature, 
webbed neck, cubitus valgus, and gonadal failure may be 

present. Multiple cell lines, including a monosomic X 
cell line, may be detected. The most common karyotype 
is 45,X/46,XY. However, there is much phenotypic het-
erogeneity associated with 45,X/46,XY karyotype in 
that internal and external genital differentiation ranges 
from normal male to ambiguous to female. Whereas the 
typical histologic features consist of poorly developed 
seminiferous tubules surrounded by wavy ovarian 
stroma, gonadal differentiation can range from normal 
testis to streak gonads. At the time of puberty, viriliza-
tion can occur.

Individuals with sex chromosome DSDs due to gonadal 
dysgenesis have an increased risk of developing gonadal 
tumors such as gonadoblastoma or dysgerminoma because 
a dysgenetic gonad carrying a Y chromosome has an in-
creased risk for neoplastic changes.121 Although gonadal 
tumors typically do not develop until the second decade of 
life, they can occur earlier.122

SRY
SRY is a single exon gene encoding a 204-amino-acid 
protein. The protein contains an HMG DNA-binding 
domain flanked by nuclear localization signals (NLS). 
The majority of sex-reversing SRY mutations are located 
in the HMG/NLS domain and affect DNA-binding  
affinity, DNA bending ability, or nuclear localization. 
Mutations located in the N-terminal and C-terminal 
domains have been identified in 46,XY sex reversed in-
dividuals. Mutations in the non-HMG domains may 
influence transcriptional activation, DNA binding, or 
protein-protein interactions.123 Paternal mosaicism for 
SRY mutations in which different cells carry different 
SRY genes has been described.124,125 More puzzling are the 
pedigrees in which fathers and unaffected brothers carry 
the identical mutant SRY allele as the propositus.126,127 
These paradoxical findings implicate involvement of other 
genes, gene-gene interactions, and gene-environment  
interactions in the process of sexual differentiation.  
Nevertheless, only 15% to 20% of cases of 46,XY DSD 
due to gonadal dysgenesis can be attributed to SRY muta-
tions. Mutations in the SRY gene have also been reported 
in patients with stigmata typical of Turner syndrome and 
45,X/46XY karyotype.128

SOX9
SOX9 is a member of the SRY-related HMG domain gene 
family located at chromosome 17q24.3-17q25.1. It is a 
508-amino-acid protein containing an 80-amino-acid 
HMG domain involved in DNA binding and bending;  
a 41-amino-acid proline, glutamine, and alanine motif; 
and a C-terminal transactivation domain. SOX9 is highly 
expressed in Sertoli cells where it functions to promote 
Sertoli cell differentiation. Mutations in SOX9 can affect 
DNA-binding affinity, DNA bending ability, nuclear im-
port, transactivation, and nuclear export. Haploinsufficiency 
is the mechanism responsible for the many of the conse-
quences of SOX9 mutations. Somatic cell mosaicism, de 
novo germline mutations, and mitotic gene conversion 
events have been described. Patients have been reported 
with balanced chromosome rearrangements involving the 

FIGURE 5-2 n Genital ambiguity with asymmetry in patient 
with 46,XY disorder of sexual differentiation (mixed gonadal 
dysgenesis).
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17q24 region and with deletions upstream of SOX9 
implicating cis-regulatory elements upstream and/or 
downstream of the gene as additional mechanisms respon-
sible for this disorder.

Heterozygous loss of function mutations in the 
SOX9 gene are associated with autosomal-dominant 
campomelic dwarfism and male-to-female sex reversal.130 
Features of campomelic dwarfism include congenital 
bowing of long bones, hypoplastic scapulae, 11 pairs of 
ribs, narrow chest, congenital dislocated hips, and club-
feet. Facial features include micrognathia, cleft palate 
large head, flat nasal bridge, and low-set malformed ears. 
Although the severity of the bone malformations varies, 
most affected individuals die shortly after birth due to 
respiratory failure. Approximately 75% of affected 46,XY 
fetuses show sex reversal, with external genital differen-
tiation ranging from ambiguous to female. Gonadal 
dysgenesis and persistence of Mullerian duct derivatives 
are typical. Phenotypic heterogeneity with differing  
phenotypes including ovotesticular DSD and complete 
sex reversal has been described in affected siblings.131 
Acampomelic dysplasia lacks the typical limb anomalies, 
but manifests other features associated with the syn-
drome such a small thorax, limb shortening, and respira-
tory distress. Patients with acampomelic dwarfism and 
sex reversal have been reported.132 Some affected indi-
viduals show longer survival presumably due to milder 
phenotype. Familial campomelic dysplasia associated 
with a deletion upstream of SOX9 has been described in 
a mother and 46,XY child with female external genitalia, 
normal uterus, and streak gonads.133

DAX1
DAX1 is an orphan nuclear receptor that lacks a typical 
zinc finger DNA-binding domain. The gene (NROB1) 
coding for DAX1 is located on the short arm of the X 
chromosome and consists of two exons. The N terminus 
of the 470-amino-acid protein contains a novel DNA-
binding domain whereas the C terminus shows charac-
teristics of a nuclear hormone receptor ligand-binding 
domain. DAX1/NROB1 is expressed throughout the 
HPG axis. The DAX1 protein functions as a transcrip-
tional repressor of many genes, including NR5A1 and 
some steroidogenic enzyme genes.

Duplication of the DAX1/NROB1 locus is associated 
with male-to-female sex reversal.134 External genital differ-
entiation ranges from female to ambiguous. Descriptions of 
internal genitalia include the presence of Mullerian and 
Wolffian structures. Gonads are typically described as 
streaks. Using high-resolution array comparative genome 
hybridization (CGH), a submicroscopic interstitial duplica-
tion of the DAX1/NROB1 gene was discovered during 
thorough evaluation of two sisters.This 637-kb duplica-
tion included DAX1, four MAGEB genes, CXorf21, glyc-
erol kinase (GK), and part of the MAP3K7IP3 gene. The 
older sister had presented with primary amenorrhea, female 
external genitalia, 46,XY karyotype, and gonadal dysgenesis; 
the younger phenotypic female sister was prepubertal, but 
found to have 46,XY karyotype.135

Loss-of-function mutations are associated with  
X-linked adrenal hypoplasia congenita (AHC). In this 

disorder, development of the fetal adrenal cortex is nor-
mal. However, the adult or definitive adrenal cortex fails 
to develop. Adrenal insufficiency may not be evident  
in the immediate neonatal period, but may become  
obvious during early infancy. Although adrenal insuffi-
ciency generally manifests in infancy or early child-
hood, phenotypic heterogeneity in severity and age at 
presentation occurs.136 Unilateral or bilateral cryptor-
chidism can also occur. At the age of expected puberty, 
hypogonadotropic hypogonadism due to hypothalamic 
and pituitary dysfunction may occur among affected 
males.137 Delayed puberty has been recognized in het-
erozygous females.138 One female homozygous for 
DAX1 mutations has been reported. Her phenotype was 
hypogonadotropic hypogonadism.139 As part of a con-
tiguous gene deletion syndrome, X-linked AHC can be 
associated with glycerol kinase deficiency, Duchenne 
muscular dystrophy, ornithine transcarbamylase defi-
ciency, and mental retardation.140

Nonsense mutations have been identified throughout 
the gene. Missense mutations account for 20% of muta-
tions associated with AHC. These mutations tend to 
cluster in the carboxyl terminal of the protein corre-
sponding to the putative ligand-binding domain and 
impair the transcriptional repression activity of the pro-
tein. One missense point mutation, located in the hinge 
region of the protein, was identified in an 8-year-old 
girl with clinical and laboratory features indicative of 
adrenal insufficiency. Additional studies showed that 
this mutation hindered nuclear localization of the pro-
tein. Curiously, the hemizygous father and heterozy-
gous younger sister of the proband did not manifest the 
AHC phenotype.141

Desert Hedgehog
The desert hedgehog (DHH) gene is located on chro-
mosome 12q12-q13.1 and encodes a protein consisting 
of 396 amino acids. DHH is a member of the hedgehog 
family. Hedgehog family proteins play roles in regulat-
ing morphogenesis. One patient’s phenotype consisted 
of female external genitalia, polyneuropathy, a testis on 
one side, and a streak gonad on the other side. Addi-
tional evaluation of this patient revealed 46,XY karyo-
type, and homozygosity for a single nucleotide substitu-
tion at the initiation codon, ATGnACG, of the DHH 
gene. This variation was predicted to abolish initiation 
of translation at the normal start site. Histologic analysis 
of the sural nerve revealed extensive formation of mini-
fascicles within the endoneurium.142 Mutations in the 
DHH gene have been reported in several additional 
46,XY patients with gonadal dysgenesis and hypoplastic 
Mullerian structures.143,144

GATA4
GATA proteins comprise a family of organ-specific 
transcription factors and contain two zinc finger do-
mains. Mutations in GATA4, mapped to 8p23.1, are 
typically associated with congenital heart disease. Three 
males in one family were reported to manifest congeni-
tal heart disease and varying abnormalities in male sex 
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development were identified to carry a heterozygous 
missense GATA4 mutation; the female carrier had con-
genital heart disease, but no ovarian phenotype was 
noted. This mutation abrogated the ability of the 
GATA4 protein to interact with the FOG2 protein.145

FOG2
The friends of GATA (FOG) protein are transcrip-
tional cofactors that modulate the activity of GATA 
proteins. The FOG2 gene maps to chromosome 
8q23.1. One boy with a balanced translocation and 
breakpoint with intron 4 of the FOG2 gene had con-
genital heart disease, retractile testes, and hypergo-
nadotropic hypogonadism. At 11.5 years, he was noted 
to have early pubertal changes in increased penile size 
and pubic hair development. Subsequently, he showed 
no spontaneous pubertal development and was noted to 
have small firm testes.146

MAP3K1
The MAP3K1 gene is located on the long arm of chro-
mosome 5. This gene encodes a protein involved in 
mitogen-activated protein kinase (MAPK) signaling. 
genetic mapping studies were used to identify mutations 
in this gene in two families with multiple affected mem-
bers. Phenotypes of affected individuals include 46,XY 
complete gonadal dysgenesis, perineoscrotal hypospa-
dias, and cryptorchidism. Inheritance appears to be sex-
limited autosomal dominant.147

Chromosome 9p Monosomy
Monosomy for distal chromosome 9p has been reported 
in male-to-female sex reversal. Most deletions associ-
ated with sex reversal have involve the region 9p24.3 
where the three DMRT genes are located.148,149 DMRT1 
appears to be involved in Sertoli and cell differentiation. 
External genitalia have been described as ambiguous or 
female. The external genitalia may appear symmetric or 
asymmetric. Differentiation of internal genitalia is 
highly variable, with the presence of Mullerian and 
Wolffian remnants being reported. In addition to sex 
reversal, clinical features include mental retardation, 
low-set ears, trigonocephaly, wide nasal bridge, single 
palmar creases, heart defects, epilepsy, and scoliosis. 
Genital anomalies reported in XY individuals include 
gonadal dysgenesis, ovotestis, hypospadias, penoscrotal 
inversion, and cryptorchidism. Gonadoblastoma have 
been reported.150 Although phenotype/genotype corre-
lations are not apparent, haploinsufficiency for DMRT1 
appears to be sufficient to cause gonadal dysgenesis.151

ATR-X Syndrome
ATR-X (a-thalassemia, mental retardation, X-linked pro-
tein) syndrome is an X-linked disorder characterized by 
mild alpha-thalassemia, severe mental retardation, and 
genital abnormalities. This disorder is due to mutations in 
the ATRX (also known as XH2 or XHP) gene located at 
Xq13.3.152 The ATRX gene product is a member of the 

SWI/SNF DNA helicase family and contains functional 
domains involved in protein-protein and protein-DNA 
interactions. The protein appears to function as an epi-
genetic factor involved in transcriptional regulation, nu-
clear architecture, and chromosome stability.153 The 
ATRX and DMRT1 expression patterns overlap in germ 
and somatic cells.154

Urogenital anomalies occur in approximately 80% of 
patients and include ambiguous genitalia, cryptorchi-
dism, hypoplastic scrotum, hypospadias, shawl scrotum, 
and small penis.155 The urogenital anomalies are associ-
ated with mutations that truncate the protein and with 
mutations located in the plant homeodomain-like do-
main. Other typical features include short stature, psy-
chomotor retardation, microcephaly, seizures, talipes 
equinovarus, and gastrointestinal problems. The facies 
are described as coarse with midface hypoplasia, short 
nose, and widely spaced incisors. The hemoglobin H 
inclusions can be demonstrated on brilliant cresyl blue 
stained peripheral blood smears.156 Typically, Wolffian 
duct structures are present whereas Mullerian duct 
structures and germ cells are absent indicating at least 
partial Sertoli and Leydig cell function. Histologic stud-
ies of testes suggest aberrant Leydig cell development.157 
Phenotype-genotype correlations are inconsistent. Most 
carrier females show preferential inactivation of the  
X chromosome carrying ATR-X mutations. Greater 
than 75% of cases are inherited from carrier mothers. 
Carpenter-Waziri, Juber-Marsidi, and Smith-Fineman-
Myers syndromes and X-linked mental retardation with 
spastic paraplegia are also associated with mutations in 
the ATRX gene.158

Vanishing Testes
The terms testicular regression syndrome and vanishing 
testes are used to describe testicular absence in boys 
with undescended testes. In some instances, this situa-
tion is associated with ambiguous genitalia and under-
virilization which presumably represents regression of 
testicular tissue occurring between 8 and 14 weeks of 
gestation. Physical findings reflect duration of testicu-
lar function. At operation, a rudimentary spermatic 
cord and nubbin of testicular tissue may be identified. 
Histologic examination of the testicular nubbins often 
reveals hemosiderin-laden macrophages and dystrophic 
calcification.159 It has been suggested that an antenatal 
vascular accident associated with antenatal testicular 
torsion is a cause of testicular regression.160 Although 
usually sporadic, familial testicular regression has been 
described.161

Multiple Congenital Anomalies
CDKN1C

In affected 46,XY infants, the IMAGe syndrome is char-
acterized by intrauterine growth retardation, metaphy-
seal dysplasia, adrenal hypoplasia, cryptorchidism, and 
micropenis in the absence of DAX1 or NR5A1/SF1 
mutations.162 Both sporadic and familial cases have been 
described. Heterozygous missense mutations in the 
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CDKN1C gene have been detected in some cases. This 
gene is located at chromosome 11p15, encodes a protein 
involved in inhibiting cell cycle progression, and is im-
printed with expression of the maternal allele. Mutations 
associated with the IMAGe syndrome appear to be local-
ized to the PCNA-binding domain resulting in gain of 
function with excessive inhibition of growth and differen-
tiation. Curiously, mutations affecting the cyclin-dependent 
kinase binding domain of this protein are associated with 
overgrowth syndromes such as Beckwith-Wiedemann 
syndrome.163

GLI3

Autosomal dominant Pallister-Hall syndrome, mapped to 
chromosome 7p13, is associated with micropenis, hypo-
spadias, hypothalamic hamartoma, postaxial polydactyly, 
and imperforate anus. Mutations in the GLI3 gene are 
associated with Pallister-Hall syndrome.164 In male pa-
tients, hypospadias, micropenis, and bifid or hypoplastic 
scrotum have been described; affected female patients had 
hydrometrocolpos and/or vaginal atresia.165

ARX

Mutations in the Aristaless-related homeobox gene 
(ARX), mapped to the X chromosome, are associated with 
intellectual disability.166 Additional features in affected 
XY individuals include genital ambiguity, X-linked lissen-
cephaly, absence of the corpus callosum, and hypotha-
lamic dysfunction including temperature instability.167

KAT6B

The genitopatellar syndrome is a rare disorder charac-
terized by skeletal dysplasia, genital anomalies, cranio-
facial defects, and developmental delay. The skeletal  
features include hypoplastic or absent patellae, flat 
temporal bones, and brachydactyly. Genital anomalies  
include hypoplastic labia, clitoromegaly, scrotal hypo-
plasia, and cryptorchidism. Cardiac anomalies and 
hydronephrosis have been described in several patients. 
Mutations in the lysine acetyltransferase 6 gene, KAT6B, 
located at chromosome 10q22have been identified in  
affected patients.168 The KAT6B protein is the catalytic 
subunit of a complex involved in chromatin modeling. 
The majority of defective alleles are de novo mutations 
that generate truncated proteins that disrupt histone 
acetylation.169

CHD7

The CHARGE syndrome is associated with mutations in 
the chromodomain helicase DNA binding protein-7 
(CHD7). Features of this syndrome include eye colo-
boma, heart malformations, choanal atresia, short stat-
ure, genital anomalies, ear abnormalities, and hearing 
loss. Micropenis and cryptorchidism are found in males. 
Hypogonadotropic hypogonadism can occur. Although 
usually sporadic, autosomal dominant cases have been 
described. The CHD7 gene, located at chromosome 

8q12.1-q12.2, codes for a large protein that participates 
in chromatin remodeling and transcription.

Ovotesticular Disorder of Sex 
Development
Ovotesticular DSD is defined as presence of ovarian tissue 
with follicles and testicular tissue with seminiferous tubules 
in the same individual. Although an ovotestis is the most 
commonly identified gonad in ovotesticular DSD, there 
can be an ovary on one side and a testis on the other. In 
most ovotestes, ovarian and testicular tissue show distinct 
separation in an end-to-end arrangement. Karyotypes are 
usually 46,XX. Mosaic karyotypes (46,XX/46,XY and 
46,XX/47,XXY) have been described.170 In some instances, 
Y chromosomal material such as the SRY gene can be 
detected by PCR amplification. However, ovotesticular 
DSD in the absence of Y chromosomal material has been 
reported.171 In one patient in whom the peripheral blood 
karyotype was 46,XX, molecular genetic analysis showed a 
deletion of the promoter region of the SRY gene in the 
testicular tissue of an ovotestis.172

Several pedigrees in which both XX males and XX 
individuals with ovotesticular disorder coexist have been 
described.173,174 These families likely represent incom-
plete penetrance of mutations of genes involved in sexual 
differentiation.175 Although most patients present in 
infancy or childhood, phenotypic males can present with 
bilateral gynecomastia.176 Available outcome data indi-
cate rare fertility and only among women. In a series  
of 33 patients followed longitudinally, germ cells identi-
fied in the testicular tissue during infancy degenerated—
resulting in azoospermia. Although normal menstrual 
cycles have been reported in a few females, no pregnan-
cies were documented in one series.171 Yet, another report 
indicated that pregnancies can occur in some females with 
ovotesticular DSD.177

46,XX Testicular Disorder of Sex 
Development
Testicular DSD is characterized by a male phenotype 
with a 46,XX karyotype. The frequency of the XX male 
syndrome is approximately 1 in 25,000 males.178 This 
form of DSD can be sub classified as SRY-positive and 
SRY-negative groups. The SRY-positive 46,XX males 
generally have normal male external genitalia, small azo-
ospermic testes, hypergonadotropic hypogonadism, and 
often present with infertility.179 In most instances, the 
SRY gene is located on an X chromosome due to recom-
bination between the X and Y chromosomes. However, 
translocation to an autosome can occur. One example 
was the incidental finding small testes, azoospermia, and 
translocation of the SRY gene onto the terminal end of 
chromosome 16q in a 61-year-old 46,XX man.180

Approximately 10% of these patients are SRY  
negative. The phenotypic spectrum ranges from genital 
ambiguity to normal male external genitalia181 Molecu-
lar etiologies are more diverse for the SRY-negative 
46,XX patient. Overexpression of the SOX10 gene at 
22q13was found in one patient with 46,XX sex reversal 
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in association with multiple congenital anomalies.182 
Duplication of SOX9 was described in one family; all 
affected family members had normal male secondary 
sexual characteristics and azoospermia.183 The SOX3 
gene maps to Xq27, a highly conserved region of the  
X chromosome. Gain-of-function SOX3 mutations 
have been associated with XX male sex reversal.184,185 
Hypoplasia of the anterior pituitary and ectopic posi-
tion of the posterior pituitary has been described in two  
patients.186 It has been speculated that this group of dis-
orders is due to impaired action of other genes involved 
in male sexual diffentiation.187

RSPO1
The R-spondin 1 (RSPO1) gene codes for a secreted 
furin-like domain protein that stabilizes b-catenin in the 
Wnt-signaling pathway. Mutations in this gene, located 
at chromosome 1p34, are associated with 46, XX sex re-
versal. This gene was initially identified by investigating 
individuals with palmoplantar hyperkeratosis, squamous 
cell carcinoma of skin, and sex reversal in one family.188 
Affected XX, sex-reversed individuals lack Mullerian 
structures.189 A 46,XY individual, homozygous for muta-
tions in RSPO1, fathered 2 children. An XX individual 
with ovotesticular disorder and palmoplantar kerato-
derma was found to be homozygous for a splicing muta-
tion in the RSPO1 gene.190

XX Disorder of Sex Development/
Premature Ovarian Failure
46,XX gonadal dysgenesis is a rare disorder associated 
with delayed puberty and premature menopause associ-
ated with hypergonadotropic hypogonadism. Affected 
individuals typically present with lack of spontaneous 
pubertal development, primary amenorrhea, and uterine 
hypoplasia. Typically, external genital development is  
female.

More recently, it has been recognized that development 
of the ovary is an active process involving multiple genes. 
However, mutations of genes involved in ovarian develop-
ment are not typically associated with ambiguous genitalia. 
Rather, these disorders typically present with delayed  
puberty, primary amenorrhea, and premature ovarian  
failure.15 In these disorders, follicles may fail to develop or 
may undergo premature atresia. Mutations in genes in-
volved in ovarian development such as FOXL2, NOBOX, 
and FIGLA have been described. Mutations in the FSH 
receptor gene have been described as an autosomal reces-
sive etiology. A heterozygous missense mutation in BMP15 
was associated with X-linked XX gonadal dysgenesis.191 
Ovarian leukodystrophy is a leukoencephalopathy charac-
terized by vanishing white matter and ovarian dysgenesis 
associated with mutations in the eukaryotic initiation fac-
tor genes, EIF2B2, EIF2B4, and EIF2B5.192 A mutation in 
the proteasome 26 subunit, ATPase, 3-interacting protein 
(PSMC3IP) gene has been described in autosomal reces-
sive 46,XX gonadal dysgenesis; this loss of function muta-
tion reduces estrogen-induced transcriptional activation of 
the protein encoded by this gene.193

FOXL2
Forkhead box L2 (FOXL2) is a member of the winged 
helix/forkhead transcription family. The protein con-
tains a DNA-binding domain, which is primarily located 
in the nucleus. The protein contains three a-helices. 
Mutations in FOXL2, located at chromosome 3q23, are 
associated with the autosomal dominant blepharophi-
mosis ptosis epicanthus inversus syndromes (BPES).194 
BPES is characterized by eyelid dysplasia consisting  
of small palpebral fissures (blepharophimosis), ptosis, 
epicanthus inversus, and a broad nasal bridge. The phe-
notype of BPES type 1 consists of eye findings and 
premature ovarian failure. Patients with BPES type 2 
manifest only the eye features. Patients heterozygous 
for FOXL2 mutations generally experience spontane-
ous pubertal development culminating in menarche,  
but undergo premature follicle depletion leading to 
premature ovarian failure. The histologic appearance  
of ovaries in patients with BPES type 1 is reported  
to vary from the presence of primordial follicles  
with some atretic follicles to the complete absence of 
follicles.195 Mutations generating nonsense mutations, 
predicted to generate truncated proteins lacking the 
transrepression domain, are associated with BPES type 1. 
Expansion of the polyalanine tract is associated with 
BPES type 2.194-196

One major role of FOXL2 in the ovary appears to be 
transrepression of genes involved in steroidogenesis such 
as StAR, P450scc, and aromatase to prevent premature 
differentiation and proliferation of granulosa cells.197 
Loss of the transrepressor activity due to nonsense muta-
tions likely contributes to the premature depletion of 
ovarian follicles and POF.198 One patient with ovotesticu-
lar disorder was found to have expression of both FOXL2 
and SOX9.37 However, in general, expression of these 
proteins is mutually exclusive.

Curiously, in goats mutations in this locus are respon-
sible for the autosomal dominant phenotype characterized 
by the absence of horns in male and female goats (polled-
ness) and XX female-to-male sex reversal in a recessive 
manner.199

NOBOX
The newborn ovary homeobox (NOBOX) gene, expressed 
in the ovary, encodes a transcription factor involved in  
the transition from primordial to primary follicles. The 
NOBOX gene is located at chromosome 7q35. The phe-
notype of patients with NOBOX mutations includes  
delayed puberty with primary amenorrhea and secondary 
amenorrhea.200

FIGLA
Factor in germline alpha (FIGLA) is a germ cell spe-
cific transcription factor that is located at chromosome 
2p13.3. FIGLA is expressed in the human fetal ovary. 
Women with FIGLA mutations have been reported  
to have secondary amenorrhea and ovaries devoid of 
follicles.201
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DISORDERS OF CHOLESTEROL AND STEROID 
BIOSYNTHESIS (also discussed in  
Chapter 13)

Genital ambiguity can be due to abnormalities in the 
biosynthetic pathways involved in cholesterol, cortisol, 
and sex steroid synthesis. Steroidogenesis refers to the 
multiple enzyme processes through which cholesterol is 
converted to biologically active steroid hormones. This 
process depends on the coordinated regulation of choles-
terol uptake into cells, transfer into mitochondria, and 
actions of tissue specific enzymes.202 Many of the ste-
roidogenic enzymes are cytochrome P450 heme-contain-
ing proteins that absorb light at 450 nm in their reduced 
state or hydroxysteroid dehydrogenases. The P450 en-
zymes receive electrons from the reduced form of nico-
tinamide adenine dinucleotide phosphate (NADPH) and 
use their heme center to mediate catalysis. The type 1 
enzymes are located in mitochondria and receive elec-
trons from NADPH from a flavoprotein, ferredoxin re-
ductase, and an iron-sulfur protein, ferredoxin. The type 
2 enzymes are located in the endoplasmic reticulum and 
receive electrons from NADPH from another protein, 
P450 oxidoreductase.

The hydroxysteroid dehydrogenase enzymes utilize 
NAD1 and NADP1 as cofactors; these enzymes do 

not contain heme groups. The hydroxysteroid dehy-
drogenases are classified into two groups. One group is 
the short-chain dehydrogenase reductase family. The 
other group is the aldo-keto reductase family. These 
enzymes function as dehydrogenases and reductases. 
Although many of these enzymes show both dehydro-
genase and reductase activities in vitro, most function 
unidirectionally.203

During fetal life, steroidogenic enzymes are expressed 
in placenta, testis, and adrenal (Figure 5-2). The fetal 
testis secretes testosterone that is converted to dihy-
drotestosterone (DHT) in target tissues such as the 
prostate and external genitalia. Inborn errors of testos-
terone biosynthesis can lead to undervirilization and 
ambiguous genitalia in 46,XY fetuses. Specific proteins 
necessary for testosterone biosynthesis include NR5A1, 
LH receptor, steroidogenic acute regulatory peptide 
(StAR), 17a-hydroxylase/17,20-lyase, 3b-hydroxyster-
oid dehydrogenase type 2, 17b-hydroxysteroid dehydro-
genase type 3, P450-oxidoreductase, and 5b-reductase 
type 2 (Figure 5-3). Inborn errors of glucocorticoid 
biosynthesis are often associated with the virilizing con-
genital adrenal hyperplasias.

The fetal adrenal cortex is derived from coelomic 
epithelium and consists of two major zones: the fetal 
zone and the adult zone. The fetal zone is primarily re-
sponsible for DHEA synthesis, which is then sulfated to 

FIGURE 5-3 n Diagram of classical steroidogenic pathways. Substrates, products, and genes involved in adrenal, ovarian, testicular, and 
placental steroidogenesis are indicated. Genes are 17a-hydroxylase/17,20-lyase (CYP17), 3b-hydroxysteroid dehydrogenase (HSD3B2), 
21-hydroxylase (CYP21), 11b-hydroxylase (CYP11B1), aldosterone synthase (CYP11B2), aromatase (CYP19), 17b-hydroxysteroid dehy-
drogenase type 1 (HSD17B1), 17b-hydroxysteroid dehydrogenase type 3 (HSD17B3), 5a-reductase type 2 (SRD5A2), sulfotransferase 
(SULT2A1), and steroid sulftase/arylsulfatase C (ARSC1). CYP3A7 is a cytochrome P450 enzyme expressed in fetal liver, where it cata-
lyzes the 16a-hydroxylation of estrone (E1) and DHEA. Its expression decreases postnatally. Steroidogenic enzymes that utilize P450 
oxidoreductase, a flavoprotein encoded by POR, to transfer electrons are indicated by hatched arrows.
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provide substrate for placental estrogen biosynthesis (see 
Figure 5-3). The adult zone, which after birth differenti-
ates into the three zones of the adult adrenal cortex, is 
primarily responsible for cortisol biosynthesis. By 10 weeks 
of gestation, the adrenal is secreting DHEAS and the 
hypothalamic-pituitary-adrenal axis is functional. Prior 
studies indicated that CYP17A1 was not expressed in  
the human placenta.204 Newer in vitro data indicate 
CYP17A1 is expressed in the trophoblast and can gener-
ate androgens.205

Through investigations of the tammar wallaby and 
patients with disordered steroidogenesis, the presence 
of another pathway leading to dihydrotestosterone 
synthesis was uncovered.206 In this “backdoor path-
way”, 17-hydroxyprogesterone (17-OHP) undergoes 
3a- and 5a-reduction followed by 17,20-lyase, 17b-
hydroxysteroid dehydrogenase, and 3a-oxidation steps 
to generate dihydrotestosterone in the absence of the 
intermediates, DHEA, androstenedione, and testos-
terone, requisite to the classical pathway. In humans, 
since 17-OHP is not a favored substrate for the 
17,20-lyase reaction, this pathway acquires functional 
importance in disorders of steroidogenesis associated 
with increased 17-OHP concentrations.

Luteinizing Hormone Choriogonadotropin 
Receptor Gene
Leydig cell hypoplasia is an autosomal recessive disorder 
characterized by failure of testicular Leydig cell differen-
tiation secondary to inactivating LHCGR mutations and 
target cell resistance to LH.207 The LHCGR gene is 
mapped to chromosome 2p21. The 674-amino-acid pro-
tein is a seven-transmembrane domain G-protein–coupled 
receptor. Specific mechanisms through which the loss- 
of-function mutations induce LH resistance include de-
creased receptor protein, decreased ligand binding, altered 
receptor trafficking, and impaired ability to activate Gs. 
Exon 6A in the LHCGR gene can generate three splice 
variants; the consequence of one specific mutation in exon 
6 was aberrant gene transcription which altered ratios of 
the LHCGR transcripts.208

Complete inability to respond to hCG or LH results 
in substantially decreased Leydig cell testosterone bio-
synthesis. The phenotype of affected 46,XY infants 
ranges from undervirilization to female external geni-
talia. Affected individuals raised as females often seek 
medical attention for delayed breast development. 
Mullerian duct derivatives are absent because AMH is 
secreted by the unaffected Sertoli cells. Testes are typi-
cally inguinal or intra-abdominal. Laboratory studies 
show elevated LH, low testosterone, and normal FSH 
concentrations. There is no significant testosterone 
response to hCG stimulation. Testicular histology re-
veals absence of Leydig cells, but relatively preserved 
seminiferous tubules and testicular volume due to nor-
mal FSH secretion and responsiveness. Underviriliza-
tion with hypospadias, micropenis, and cryptorchidism 
can occur with incomplete loss-of-function missense 
mutations. Genetic females, sisters of affected 46,XY 
individuals, who carry the identical mutations show 
normal female genital differentiation and normal  

pubertal development but have amenorrhea and infertil-
ity.209-211 The uterus is small to normal in size. Ovarian 
cysts may develop. Estrogen concentrations generally 
fail to achieve the threshold required for ovulation.  
Genetic analysis may be helpful to distinguish LHCGR 
mutations from other disorders affecting testosterone 
biosynthesis.212

Smith-Lemli-Opitz Syndrome
Several enzymes catalyze the conversion of lanosterol to 
cholesterol. Decreased activity of these enzymes leads to 
cholesterol deficiency. The enzyme, 7-dehydrocholes-
terol reductase, encoded by the 7-dehydrocholesterol 
reductase (DHCR7) gene catalyzes the last step in  
cholesterol biosynthesis. Smith-Lemli-Opitz (SLO) syn-
drome is due to mutations in the 7-dehydrocholesterol re-
ductase (DHCR7) gene located at chromosome 11q12-q13. 
Mutations in the DHCR7 gene are associated with elevated 
7-dehydroxycholesterol concentrations. Demonstration of 
elevated 7-dehydroxycholesterol concentrations is required 
to confirm the diagnosis.

As anticipated, mutations in this cholesterol biosyn-
thetic pathway are associated with decreased cholesterol 
and accumulation of sterol intermediates proximal to the 
defective enzyme. Decreased cholesterol concentrations 
lead to decreased steroid concentrations because choles-
terol serves as the precursor for glucocorticoid, miner-
alocorticoid, and sex steroid biosynthesis. In addition to 
its role as the precursor for steroid biosynthesis, choles-
terol modification of sonic hedgehog protein (SHH) is 
necessary for normal signaling through its cognate recep-
tor, Patched (PTCH1), which contains a sterol sensing 
domain. In fibroblasts from patients with SLO, SHH 
signaling is impaired. Available data indicate that accu-
mulation of sterol intermediates rather than cholesterol 
deficiency interferes with midline fusion of facial struc-
tures. These observations shed light on the molecular 
pathophysiology responsible for the cleft palate associ-
ated with SLO.213

Clinical features of this autosomal recessive disorder 
include multiple malformations, urogenital anomalies, 
mental retardation, failure to thrive, facial abnormali-
ties, developmental delay, and behavioral abnormalities. 
The most common urogenital abnormalities include 
male-to-female sex reversal, hypospadias, and cryptor-
chidism. The facial abnormalities consist of a broad 
nose, upturned nares, micrognathia, short neck, and 
cleft palate.213,214 Typical limb anomalies comprise short 
thumbs, syndactyly of the second and third toes, and 
post-axial polydactyly.

Infants often have hypotonia, feeding problems, and 
failure to thrive. Tube feedings may be necessary due to 
the poor weight gain. Although the efficacy remains 
unclear, dietary cholesterol supplementation is often 
prescribed.214 The limited cholesterol biosynthesis may 
be associated with adrenal insufficiency, especially dur-
ing stress. Thus, stress glucocorticoid dosing may be 
beneficial.

Prenatal diagnosis can be performed by measurement 
of amniotic fluid 7-dehydrocholesterol concentrations.215 
Low plasma estriol, elevated blood 16a-hydroxyestrogens 
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concentrations, and elevated urinary D7 and D8 unsaturated 
C18, C19, and C21 dehydrosteroid concentrations are found 
in women pregnant with affected fetuses, presumably due to 
impaired fetal cholesterol production.215 The incidence of 
biochemically confirmed SLO is estimated at 1/20,000  
to 1/60,000 live births.216 With the identification of the 
molecular basis for this disorder, a surprisingly high hetero-
zygote carrier rate for DHCR7 mutations has been found. 
Because the prevalence of SLO at 16 weeks of gestation is 
comparable to the prevalence at birth, early fetal loss and/or 
reduced fertility of carrier couples may be occurring.216

Congenital Lipoid Adrenal Hyperplasia
This autosomal-recessive disorder is characterized by a 
severe defect in the conversion of cholesterol to pregneno-
lone, leading to impaired steroidogenesis of all adrenal and 
gonadal steroid hormones. Impaired testosterone biosyn-
thesis in utero prevents male sexual differentiation. Hence, 
all affected fetuses (46,XY or 46,XX) have female external 
genitalia. In the XY fetus, Sertoli cells are intact, AMH 
secretion is unaffected, and Mullerian duct elements re-
gress. Low or undetectable steroid hormone concentra-
tions, elevated ACTH concentrations, and elevated plasma 
renin activity are consistent with this diagnosis. Elevated 
17-hydroxypregnenolone or pregnenolone concentrations 
distinguish 3b-hydroxysteroid dehydrogenase deficiency 
from congenital lipoid adrenal hyperplasia.

Following cloning of the gene for steroidogenic acute 
regulatory protein (StAR), mutations in the StAR gene 
were identified among patients with congenital lipoid ad-
renal hyperplasia.217-219 The StAR protein facilitates cho-
lesterol transport across the mitochondria to P450scc.220 
In congenital lipoid adrenal hyperplasia, the impaired  
mitochondrial cholesterol transport leads to accumulation 
of cholesterol esters and sterol auto-oxidation products. 
Ultimately, the lipid accumulation alters the cell cytostruc-
ture provoking cell destruction and complete loss of StAR-
dependent steroidogenesis.221 Hence, the pathogenesis of 
congenital lipoid adrenal hyperplasia can be characterized 
as having “two hits,” one is defective steroidogenesis and 
the other is destruction of the steroidogenic cell. Since the 
definitive zone of the adrenal cortex is relatively quiescent 
during gestation, manifestations of aldosterone deficiency 
may not be apparent in the immediate newborn period. 
This two-hit mechanism allows for spontaneous pubertal 
development in affected girls because significant estrogen 
synthesis does not take place until puberty. Subsequently, 
the follicular cells are damaged resulting in hypergonado-
tropic hypogonadism.222

Nonclassic lipoid congenital adrenal hyperplasia (CAH) 
is a milder form with variable adrenal and gonadal function 
presenting in childhood and adolescence.223,224 Nonclassic 
lipoid CAH may present with isolated glucocorticoid  
deficiency and resembles familial glucocorticoid deficiency 
due to mutations in the ACTH receptor (MC2R) gene.225

Side Chain Cleavage Cytochrome 
P450 Enzyme
The side chain cleavage enzyme (also known as cholesterol 
desmolase) is a cytochrome P450 enzyme encoded by the 

CYP11A1 gene mapped to chromosome 15q23-q24. This 
enzyme converts cholesterol to pregnenolone and is  
essential to steroidogenesis. This enzyme plays a crucial 
role in placental progesterone synthesis. Thus, mutations 
in this gene would be expected to be incompatible with 
term gestation. However, children with mutations in this 
enzyme have been reported. The children affected with 
this autosomal-recessive disorder have adrenal insuffi-
ciency and female external genitalia irrespective of the 
karyotype. Yet, the phenotypic spectrum has been ex-
tended to include adrenal insufficiency with or without 
hypospadias.226-228 Postnatally, no enlargement of the 
adrenals and gonads is seen on ultrasound or magnetic 
resonance imaging.229 The absence of adrenal/gonadal 
tissue has been speculated to result from lipid accumula-
tion similar to the cell destruction observed in patients 
with StAR mutations. Genetic analysis may be necessary  
to distinguish this disorder from congenital lipoid adre-
nal hyperplasia.230

Virilizing Congenital Adrenal 
Hyperplasias
The virilizing congenital adrenal hyperplasias are a 
group of disorders due to mutations in the steroido-
genic enzyme genes involved in cortisol biosynthesis. 
These genes are 3b-hydroxysteroid dehydrogenase type 
2 (HSD3B2), 21-hydroxylase (CYP21A2), and 11b-
hydroxylase (CYP11B1). These three disorders share a 
common pathophysiology. Insufficient cortisol produc-
tion leads to decreased negative feedback inhibition, 
increased ACTH production, accumulation of steroid 
intermediates proximal to the deficiency enzyme, and 
increased androgen concentrations. The specific mani-
festations and laboratory abnormalities vary depending 
on which enzyme gene is involved. Indeed, the magni-
tude of glucocorticoid and mineralocorticoid deficien-
cies varies—generally in proportion to the severity of 
the enzyme deficiency.

Accumulation of steroid intermediates such as  
17-OHP results in increased androgen concentrations.  
In the affected female, the increased androgen exposure 
promotes virilization of the external genitalia. Excessive 
17-OHP can be converted through an alternate pathway 
to DHT. This alternate route (the “backdoor pathway”) 
involves 5a and 3a-reduction of 17-OHP to 5a-pregnane-
3a,17a-diol-20-one (pdiol), ultimately generating andro-
stanediol, which is the substrate for 3a-oxidation and 
conversion to DHT206 (Figure 5-4). During fetal life, 
accumulation of 17-OHP due to mutations in CYP21A2, 
CYP11B2, or P450-oxidoreductase (POR) may increase 
flux through this “backdoor pathway” leading to elevated 
DHT concentrations.231

21-Hydroxylase Deficiency
The most common type of CAH (accounting for 90% 
to 95% of cases) is 21-hydroxylase deficiency due  
to mutations in the 21-hydroxylase (CYP21A2) gene 
located at chromosome 6p21.3 in the HLA class III 
region.232 The reported incidence of 21-hydroxylase 
deficiency ranges from 1 in 5,000 to 1 in 15,000, with 
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variation among ethnic/racial backgrounds.233,234 De-
creased 21-hydroxylase activity impairs conversion of 
17-hydroxyprogesterone to 11-deoxycortisol in the zona 
fasciculata (the primary site of cortisol biosynthesis) and 
conversion of progesterone to deoxycorticosterone in 
the zona glomerulosa, the primary site of aldosterone 
biosynthesis.

Infant girls with classic salt-losing 21-hydroxylase  
deficiency usually present in the immediate neonatal  
period due to genital ambiguity (Figure 5-5).235 When 
the diagnosis is delayed, affected girls develop dehydra-
tion, hyponatremia, and hyperkalemia due to glucocor-
ticoid and mineralocorticoid deficiencies. In affected 
females, the spectrum of genital virilization varies from 
clitoromegaly to perineal hypospadias to complete fusion 
of labiourethral and labioscrotal folds giving rise to a 
phallus with chordee and urethral meatus at the tip of 
phallus. The magnitude of external genital virilization 
may be so extensive that affected female infants appear to 
be males with bilateral undescended testes.236,237 Unless 
identified by neonatal screening, infant boys typically 
present at 2 to 3 weeks of age with failure to thrive, poor 
feeding, lethargy, dehydration, hypotension, hyponatre-
mia, and hyperkalemia. When the diagnosis is delayed or 
missed, congenital adrenal hyperplasia is potentially fatal. 
Newborn screening programs decrease the morbidity 
and mortality associated with acute adrenal insufficiency.

In affected infants, random 17-OHP concentrations 
are usually elevated. Concentrations are greater than 
5,000 ng/dL and may be much higher.238 Androstene-
dione and progesterone concentrations are also typi-
cally elevated. In some instances, plasma renin activity 
(PRA) can be helpful to assess mineralocorticoid status. 

FIGURE 5-4 n Steroidogenic pathways relevant to fetal androgen biosynthesis. The classic steroidogenic pathway relevant to the 
testis (light background) and the “backdoor pathway” (dark background) are indicated. Both pathways can generate DHT through 
the actions of target tissue enzymes capable of converting substrates, testosterone, and androstanediol into DHT. In the presence of 
elevated ACTH and 17-OHP concentrations due to CYP21, CYP11B1, or POR mutations, the backdoor pathway may contribute to the 
excessive androgen concentrations responsible for virilization of XX fetuses.

FIGURE 5-5 n Genital ambiguity in virilized female with 21-
hydroxylase deficiency. The labioscrotal folds are fused, and the 
clitoris is enlarged.
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Measurement of 21-deoxycortisol is extremely help-
ful, but availability of this hormone assay is limited. 
For female infants, a normal uterus is present and can 
be identified on ultrasound. Ovaries may be too small 
to be readily identified on ultrasound. Despite exces-
sive antenatal androgen exposure, ovarian position  
is normal and internal Wolffian structures are not  
retained.

The spectrum of impaired 21-hydroxylase activity 
ranges from complete glucocorticoid and mineralocor-
ticoid deficiencies to mild deficiencies manifested 
principally by compensatory excessive adrenal andro-
gen secretion. Infants capable of adequate aldosterone 
synthesis do not usually manifest overt salt loss.  
Female infants capable of adequate aldosterone syn-
thesis may still have sufficient androgen exposure in 
utero to virilize their external genitalia. In the absence 
of newborn screening programs, affected males capa-
ble of aldosterone biosynthesis may not be identified 
until they present with genital overgrowth or prema-
ture pubarche. Infants with the milder forms of con-
genital adrenal hyperplasia are generally not identified 
by most newborn screening programs.239 Urinary ste-
roid hormone GC/MS analyses showed increased ratios 
of 5a-pregnane-3a,17a-20-one (pdiol) to metabolites 
of the D4 and D5 pathways, which indicates postnatal 
activity of the backdoor pathway especially during early 
infancy.240

CYP21A2 is located approximately 30 kilobases 
from a highly homologous pseudogene, CYP21A1P. 
The tenascin-XB (TNXB) gene encoding an extracel-
lular matrix protein is located on the DNA strand  
opposite CYP21A2.241 At this time, more than 100 
CYP21A2 mutations have been reported. However, 
only a few mutations account for the majority of  
affected alleles. Most of the common mutations repre-
sent gene conversion events in which CYP21A2 has 
acquired deleterious CYP21A1P sequences. The fre-
quency of specific mutations varies among ethnic 
groups.242 Molecular genotyping can be a useful ad-
junct to newborn screening. Caveats to bear in mind 
are that multiple mutations can occur on a single allele 
and that different CYP21A2 mutations can occur in 
one family.243,244

11b-Hydroxylase Deficiency
Congenital adrenal hyperplasia due to 11b-hydroxylase 
deficiency is characterized by glucocorticoid deficiency, 
excessive androgen secretion, and hypertension. This 
form of CAH is due to mutations in the 11b-hydroxylase 
(CYP11B1) gene. The enzyme is expressed in the zona 
fasciculata, where it converts 11-deoxycortisol to corti-
sol. Congenital adrenal hyperplasia, due to CYP11B1 
mutations, is rare (3% to 5% of cases) apart from the 
high incidence among Moroccan Jews, for whom the 
incidence approaches 1 in 6,000.245 Despite the presence 
of the identical mutation (R448H), phenotypic hetero-
geneity for the magnitude of virilization and hyperten-
sion occurs even in a single family. Affected females may 
present with ambiguous genitalia. The typical laboratory 
finding is an elevated 11-deoxycortisol concentration. 

Serum concentrations of 17-hydroxyprogesterone,  
androstenedione, and testosterone may be mildly elevated. 
PRA concentrations are low or suppressed. Nevertheless, 
infants may experience salt loss presumably due to miner-
alocorticoid resistance.246 Patients with non-classic forms 
have been identified.3 Although ACTH-stimulated hor-
mone responses among heterozygotic carriers are usually 
normal, elevated 11-deoxycortisol and 11-deoxycortico-
sterone have been reported.

The CYP11B1 gene is located at chromosome 8q22 in 
close proximity to a highly homologous gene CYP11B2, 
which codes for aldosterone synthase. Novel mutations 
associated with classical and non-classic 11b-hydroxylase 
deficiency have been identified.247-249 CYP11B1 is expressed 
in the zona fasciculata, whereas CYP11B2 is expressed pri-
marily in the zona glomerulosa.

3b-Hydroxysteroid Dehydrogenase 
Deficiency
Congenital adrenal hyperplasia due to 3b-hydroxysteroid 
dehydrogenase type 2 deficiency leads to virilization of 
the external genitalia of 46,XX fetuses due to increased 
DHEA synthesis. Affected 46,XY fetuses have ambigu-
ous genitalia characterized by undervirilization of the 
external genitalia secondary to testosterone deficiency. 
Despite decreased testosterone synthesis, affected 46,XY 
fetuses usually have intact Wolffian duct structures (in-
cluding vas deferens). The NAD1-dependent enzyme 
3b-hydroxysteroid dehydrogenase/D5-D4-isomerase cata-
lyzes the conversion of the D5 steroid precursors, preg-
nenolone, 17-hydroxypregnenolone, and DHEA into the 
respective D4-ketosteroids, progesterone, 17-OHP, and 
androstenedione.250

Two isozymes encoded by two different highly homolo-
gous genes have been identified and mapped to chromo-
some 1p13.1. The type 1 (HSD3B1) gene is expressed 
primarily in skin, placenta, prostate, and other peripheral 
tissues. The type 2 (HSD3B2) gene is the form primarily 
expressed in the adrenal cortex and gonads. Mutations  
in HSD3B2, but not HSD3B1, have been detected in  
patients with 3b-hydroxysteroid dehydrogenase deficiency 
congenital adrenal hyperplasia.251 Acute adrenal insuffi-
ciency occurs in the newborn period when complete  
loss of function mutations impair biosynthesis of miner-
alocorticoids, glucocorticoids, and sex steroids. Typical 
presentations for the non–salt-losing forms include pre-
mature pubarche and (in 46,XY infants) perineal hypospa-
dias. Confirmatory laboratory findings include elevated 
pregnenolone, 17-hydroxypregnenolone, and DHEA 
concentrations with elevated ratios of D5 to D4 steroids. 
Because enzymatic activity of the type 1 isozyme is unim-
paired, elevated 17-OHP and androstenedione concen-
trations may be found.

Defects in Sex Steroid Biosynthesis
17a-Hydroxylase/17,20-Lyase Deficiency

Synthesis of mineralocorticoids, glucocorticoids, and sex 
steroids is modulated by the enzyme, 17a-hydroxylase/
17-20-lyase. This enzyme is encoded by a single gene, 
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CYP17A1 mapped to chromosome 10q24.3 and cata-
lyzes two steps in steroidogenesis, pregnenolone is 
17a-hydroxylated to 17a-hydroxypregnenolone, which 
then undergoes 17,20-lyase activity to form DHEA. 
Factors favoring the 17,20-lyase reaction include avail-
ability of P450 oxidoreductase and cytochrome b5 
and serine/threonine phosphorylation of the P450c17 
protein.232

Loss-of-function mutations interfere with glucocorti-
coid and sex steroid biosynthesis. Affected males present 
with undervirilization of the external genitalia. Affected 
females have normal genital development and present 
with delayed puberty. Patients are often hypertensive due 
to the increased ACTH-stimulated mineralocorticoid 
synthesis. Serum levels of progesterone, deoxycortisone, 
corticosterone, 18-hydroxycorticosterone, and 18-hydroxy 
DOC are elevated and can be suppressed glucocorticoid 
replacement. Low or absent glucorticoids and sex steroids 
with poor ACTH-stimulated responses are consistent with 
this diagnosis. Mutations solely affecting the 17,20-lyase 
activity are extremely rare.252,253 The phenotype of 
apparent isolated 17,20-lyase deficiency can be due to 
mutations in other genes such a cytochrome b5, P450 
oxidoreductase, and several aldo-keto reductase enzymes 
as described next.

Cytochrome b5 Deficiency

Cytochrome b5 participates in electron transfer for some 
cytochrome P450 reactions. Although it is not an effec-
tive electron donor to P450c17, this protein enables  
the interactions between P450c17 and oxidoreductase  
to promote the 17,20-lyase reaction essential for sex 
steroid synthesis. One 46,XY infant found to be homo-
zygous for a loss of function mutation in the cytochrome 
b5 (CYP5) gene was described to have micropenis, bifid 
scrotum, scrotal hypospadias, undetectable DHEAS 
concentration, low testosterone concentration, and ele-
vated methemoglobin concentration.254 A missense mu-
tation associated with mild methemoglobinemia and 
undervirilized 46,XY siblings has been described.255

3a-Hydroxysteroid Dehydrogenase Isozyme 
Deficiencies

Re-evaluation of the families originally reported to have 
isolated 17,20-lyase deficiency led to identification of alter-
native pathways for androgen synthesis.256,257 Investigation 
of one family revealed no mutations in CYP17A1, NR5A1, 
POR, or CYB5. Rather, mutations were detected in the 
3a-hydroxysteroid dehydrogenase type III (AKR1C2) 
gene, which is mapped to chromosome 10p15.1. The 
phenotype, undervirilization of affected 46,XY individu-
als, followed a sex-linked recessive inheritance pattern. A 
splicing mutation in another closely related 3a-HSD 
gene, AKR1C4, was found in a second family. Digenic 
inheritance involving mutations in both AKR1C2 and 
AKR1C4 were found in this second family. Thus, both 
the classic and backdoor pathways appear to be neces-
sary for normal male external genital development.257 
However, details regarding the specific roles of these 
enzymes remain to be elucidated.

Cytochrome P450 Oxidoreductase Deficiency

In 1985, a disorder with biochemical evidence suggest-
ing decreased 17a-hydroxylase and 21-hydroxylase ac-
tivity was initially reported.258 This disorder was found 
to be associated with mutations in the cytochrome P450 
oxidoreductase (POR) gene. The POR gene codes for a 
protein that functions as a mandatory electron donor to 
microsomal steroidogenic and hepatic P450 enzymes. 
The POR gene, mapped to chromosome 7q11-12, plays 
a major role in glucocorticoid and sex steroid synthesis. 
Loss-of-function mutations appear to be scattered 
throughout the gene.

Clinical features included genital ambiguity, craniosyn-
ostosis, midface hypoplasia, and radiohumeral synostosis. 
At birth, genital ambiguity was noted in both male and 
female infants. However, progressive postnatal virilization 
does not occur. Insufficient testosterone synthesis likely 
causes the undervirilization of male infants. Virilization  
of female fetuses is attributed to shunting of the exces-
sive 17-OHP to the “backdoor pathway” resulting in  
increased DHT synthesis. During pregnancy, some moth-
ers developed signs associated with androgen excess such 
as acne, hirsutism, and clitoromegaly.259 Typical laboratory 
findings include elevated 17-OHP, low sex steroid, and 
normal mineralocorticoid concentrations. Some affected 
individuals may benefit from daily glucocorticoid replace-
ment therapy. Others may need glucocorticoid treatment 
only for stress dosing.260

The skeletal malformations resemble those found in 
the Antley-Bixler syndrome, which is an autosomal dom-
inant disorder associated with mutations in the fibroblast 
growth factor receptor 2 (FGFR2) gene. Patients with 
Antley-Bixler syndrome due to FGFR2 mutations have 
normal steroidogenesis, whereas patients with POR  
mutations have abnormal steroidogenesis.261 The molec-
ular basis of the skeletal anomalies is unclear but is sus-
pected to be due to impaired activity of enzymes involved 
in sterol biosynthesis such as 14a-lanosterol demethylase 
(CYP51A1) and squalene epoxidase or retinoic acid  
metabolism.262,263

17b-Hydroxysteroid Dehydrogenase 
Deficiency

This disorder is due to mutations of the 17b-hydroxysteroid 
dehydrogenase type 3 gene (HSD17B3) located at chro-
mosome 9q22. The enzyme is expressed almost exclu-
sively in the testis where it converts androstenedione  
to testosterone. Loss-of-function mutations result in tes-
tosterone deficiency and subsequent undervirilization of 
46,XY fetuses.264 In this autosomal recessive disorder, 
external genitalia range from female with perineoscrotal 
hypospadias and a blind-ending vaginal pouch to ambigu-
ous with labio-scrotal fusion to hypospadias. Testes are 
present and may be palpable in the labio-scrotal folds or 
incompletely descended. Despite the presence of female 
external genitalia, Wolffian structures are typically pres-
ent.265 In The Netherlands, incidence was estimated to 
be 1:147,000.266

When unrecognized, patients are usually considered 
to be female at birth. At puberty, progressive virilization 
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occurs. This virilization is attributed to extratesticular 
conversion of androstenedione to testosterone and may 
lead affected individuals to change gender identity from 
female to male. Increased conversion of androstendione 
to estrogens may cause gynecomastia.

Appropriate male gender assignment can be made in 
infancy when the diagnosis is suspected and confirmed. 
Diagnostic laboratory features include increased basal and 
hCG-stimulated androstenedione to testosterone ratios. 
The clinical features are similar to those of 5a-reductase 
deficiency and androgen insensitivity; molecular genetic 
analysis may be beneficial to confirm the diagnosis.265 Af-
fected 46,XX girls are usually asymptomatic, have normal 
female internal and external genitalia, and normal pubertal 
development; infertility has been reported for some.267

5a-Reductase Deficiency

This autosomal-recessive disorder is due to mutations 
in the 5a-reductase type 2 gene (SRD5A2) which is is 
located at chromosome 2p23. This gene is expressed 
primarily in androgen target tissues where it converts 
testosterone to dihydrotestosterone (DHT). Clusters of 
individuals with SRD5A2 mutations have been de-
scribed in regions of the Dominican Republic, Papua 
New Guinea, Turkey, and the Middle East.

Affected 46,XY individuals have genital ambiguity 
characterized by differentiation of Wolffian structures, 
absence of Mullerian-derived structures, small phallus, 
urogenital sinus with perineoscrotal hypospadias, and 
blind vaginal pouch.268 Four patients were reported who 
were raised as females and presented with primary amen-
orrhea; all had genital ambiguity.269 Deletions, missense 
mutations, and uniparental disomy have been reported.270 

Due to the extensive heterogeneity in the clinical fea-
tures, phenotype/genotype correlations are not well es-
tablished. One study reported that T/DHT ratio greater 
than 10 detected almost 75% of the patients; hCG-
stimulated T/DHT ratios were also used.271 Caveats 
regarding this diagnosis include the need for hCG stimu-
lation in prepubertal patients and accurate hormone  
determinations in which cross-reactivity between testos-
terone and DHT is minimized.272

At puberty, progressive virilization occurs with mus-
cular development, voice change, and phallic enlarge-
ment. These features have been attributed to the actions 
of 5a-reductase type 1 (SRD5A1). SRD5A1, located at 
chromosome 5p15, is expressed in post-pubertal skin and 
scalp. Phenotypic heterogeneity occurs frequently. Some 
46,XY individuals with this disorder who were raised as 
girls, develop a male gender identity and changed gender 
role in adolescence or adulthood. Despite the virilization, 
facial hair tends to be scanty, the prostate is hypoplastic, 
semen tends to be viscous, and the amount of ejaculate  
is low. Affected men often have azospermia or oligo-
spermia. Intrauterine insemination with sperm from an 
affected male has resulted in pregnancy.273

Placental Aromatase Deficiency
Placental aromatase deficiency is a rare autosomal reces-
sive disorder due to mutation in the aromatase gene, 

CYP19A1, which is located at chromosome 15q21.2 and 
codes for a 503-amino-acid protein.274 Inactivating muta-
tions of CYP19A1 impair conversion of androgens to 
estrogens, leading to increased androgens.232 During 
pregnancies with affected fetuses, progressive maternal 
virilization characterized by hirsutism, clitoral hypertro-
phy, acne, and frontal balding occurs. During pregnancy, 
testosterone, DHT, and androstenedione concentrations 
are elevated and estradiol, estrone, and estriol concentra-
tions are low. In the postpartum period, some clinical 
features of androgen excess regress and the elevated  
androgen concentrations return to normal levels.

At birth, 46,XX infants are variably virilized with  
labioscrotal fusion, clitoromegaly, and perineal scrotal 
hypospadias. Affected 46,XX individuals generally mani-
fest delayed puberty characterized by minimal or absent 
breast development, primary amenorrhea, hypergonado-
tropic hypogonadism, multi-cystic ovaries, and decreased 
bone mineral density.275,276 At birth, affected 46,XY infants 
have normal internal and external genital development. 
Affected males have generally presented after puberty  
with tall stature, skeletal pain, delayed skeletal matura-
tion, and infertility.277 Investigation of aromatase-deficient 
men suggests that estrogen deficiency is associated with 
abdominal obesity, insulin resistance, dyslipidemia, and 
relative infertility. Patients with less severe phenotypic 
features have been described.278

Aromatase is a cytochrome P450 enzyme that plays an 
important role in the biosynthesis of estrogens (C18 ste-
roids) from androgens (C19 steroids). In addition to its 
role in estrogen biosynthesis in adolescents and adults, 
aromatase located in the human placenta converts fetal 
adrenal androgens to estrogens and protects the mother 
from the potential virilizing effects of the fetal andro-
gens. Tissue-specific aromatase expression is governed 
by several different promoters associated with alternative 
first exon usage.279,280 

MATERNAL HYPERANDROGENISM

During pregnancy, maternal hyperandrogenism can occur 
secondary to luteomas of pregnancy, androgen secreting 
tumors, and exposure to exogenous androgen. The exces-
sive maternal androgen concentrations can cause virilization 
of the external genitalia of 46,XX fetuses. Endocrine disrup-
tors are exogenous chemicals or mixtures of chemicals  
that interfere with any facet of hormone action.281 Organo-
chlorine pesticides, polychlorinated biphenyls (PCBs), and 
alkylpolyethoxylates are considered to be “endocrine dis-
ruptors” because of their estrogenic and/or antiandrogenic 
properties.

DISORDERS OF ANDROGEN ACTION

During the process of sexual development, androgen  
action is essential to promote retention of Wolffian duct 
derivatives, development of the prostate, and differen-
tiation of male external genitalia. Androgen action is 
mediated by the androgen receptor (AR, also known  
as NR3C4), a member of the steroid/thyroid hormone 
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family of hormone receptors. Similar to other mem-
bers of this receptor family, the androgen receptor is a 
ligand-dependent transcription factor with a charac-
teristic modular structure. The major modules of the 
protein include the amino-terminus transactivation 
(AF1), DNA-binding, and ligand-binding domains. 
Other features include a nuclear localization signal, 
another transactivation domain (AF2) in the carboxy 
terminus ligand-binding domain, and the hinge re-
gion.282 The AR has two polymorphic trinucleotide 
repeat regions located in the amino terminal domain 
encoding the polyglutamine (CAG) and polyglycine 
(GCN) repeat regions.283,284

Androgen insensitivity is an X-linked recessive dis-
order secondary to mutations in AR, which is located 
near the centromere at Xq11-12.285,286 Approximately 
30% of cases represent de novo mutations. Somatic cell 
mosaicism can occur when the mutation arises in the 
post-zygotic stage and is associated with a lower recur-
rence risk.287 Complete androgen insensitivity (CAIS) 
is characterized by female external genitalia, absence of 
Mullerian duct derivatives, sparse sexual hair, inguinal 
masses, and primary amenorrhea in the adolescent girl. 
Among patients with CAIS, Wolffian duct derivatives 
(e.g., vas deferens and epididymides) are absent because 
of deficient androgen action. Although rare exceptions 
have been described, Mullerian-derived structures are 
usually absent because Sertoli cell function is normal 
with in utero AMH secretion. It has been suggested 
that 1% to 2% of girls with bilateral inguinal herniae 
may have androgen insensitivity. The finding of a go-
nad within the hernia sac should prompt cytogenetic 
studies.288 The expected LH surge in testosterone con-
centrations during the first few months of life may  
be absent in some infants with CAIS.289 Spontaneous 
pubertal breast development due to aromatization  
of androgens to estrogens occurs if the gonads are  
in situ.

Partial androgen insensitivity syndrome (PAIS) is 
characterized by clinical features suggestive of a partial 
biologic response to androgens.290 Typical features 
include ambiguous genitalia with perineoscrotal hypo-
spadias, microphallus, and bifid scrotum. Testicular 
position is variable, ranging from undescended to  
palpable in the scrotum. Infants with PAIS generally 
manifest the expected neonatal testosterone surge, sug-
gesting that prenatal androgen responsiveness plays a 
role in imprinting of the HPG axis. Features of mild 
androgen insensitivity syndrome (MAIS) include gyne-
comastia and infertility in otherwise normal males. 
Older chronologic age at presentation is typical. In all 
instances, karyotype is 46,XY.

Typical laboratory findings are elevated LH and tes-
tosterone concentrations because testicular testosterone 
synthesis is unimpeded. Yet, there is loss of negative feed-
back inhibition of gonadotropins. LH concentrations are 
usually higher than FSH concentrations because testicu-
lar inhibin secretion is not impeded. FSH concentrations 
may be elevated or normal. Infants with PAIS may re-
quire dynamic endocrine tests to assess hCG-stimulated 
Leydig cell testosterone secretion and, more importantly, 
end-organ responsiveness to androgens. The risk for 

gonadal tumors is increased in the presence of a  
Y chromosome. Tumors associated with AIS include 
carcinoma-in-situ (CIS), seminoma, leiomyoma, and 
testicular stromal cell tumors.291 In one series, only 2 of 
44 subjects with CAIS had CIS. Both subjects were 
postpubertal.292

In the absence of ligand, the AR protein is located 
primarily in the cytoplasm where it is bound to chaper-
one proteins. Upon ligand binding, the conformation of 
the androgen receptor changes. The ligand-receptor 
complexes dimerize and move to the nucleus.293 A key 
feature of androgen receptor dimerization is the intra-
molecular interaction between the N-terminal and C-
terminal domains. Binding of ligand stabilizes the andro-
gen receptor and slows its degradation.294 The increased 
potency of dihydrotestosterone is attributed to the 
greater stability of the dihydrotestosterone-receptor 
complex compared to the testosterone-receptor complex. 
In the nucleus, the complex binds to androgen response 
elements (AREs) and alters target gene transcription. 
Nucleotide sequences of AREs in conjunction with spe-
cific AR amino acids confer greater specificity for tran-
scriptional regulation of specific genes.295

Over 500 different AR mutations have been described 
in affected individuals.296 In general, the phenotype 
correlates with degree of impaired androgen action. 
However, clinical features can vary despite the presence 
of the identical mutation (even within the same family). 
Complete and partial androgen insensitivity associated 
with the same AR mutation can occur in siblings.297 
Different missense mutations at the same position  
can also be associated with differing phenotypes.298,299 
Complete loss-of-function mutations and premature ter-
mination codons are typically associated with complete 
androgen insensitivity.300 Partial loss-of-function muta-
tions are typically missense mutations. Receptors with 
mutations in the DBD bind ligand normally but fail  
to transactivate target genes. Mutations in the LBD of 
the AR gene can be associated with decreased affinity for 
ligand, increased instability of the hormone-receptor 
complex, or increased susceptibility of the receptor to 
thermal denaturation. In addition to hormone determina-
tions, diagnostic evaluation may include DNA sequence 
analysis of the AR gene (www.genetests.org and http://
www.androgendb.mcgill.ca).

Phosphorylation, acetylation, ubiquitylation, and su-
moylation are post-translational modifications that influ-
ence AR transactivational function. The DNA-binding 
domain (DBD) contains two zinc fingers that interact 
with DNA. X-ray crystallographic studies indicate that 
the three-dimensional structure of the ligand-binding 
domain (LBD) consists of 12 a-helixes that form the 
ligand-binding pocket. Kinetic and biochemical assays 
with molecular dynamic simulations of mutations identi-
fied in patients with CAIS indicate that the position of 
helix 12 is crucial to AR function.301

AR transcriptional activity also depends on other pro-
teins including coactivators and corepressors. These other 
proteins presumably modulate physical interactions link-
ing the basal transcription machinery, the ligand-receptor 
complex, and chromatin. For example, a missense AR mu-
tation altered the interaction of AR with the melanoma 

http://www.genetests.org
http://www.androgendb.mcgill.ca
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antigen A-11 (MAGE-11) protein by interfering with the 
stimulatory effects of the coregulator.302,303

In addition to androgen sensitivity, Kennedy disease 
(also known as spinal and bulbar muscular dystrophy) is 
mapped to the AR locus. Kennedy disease is a progressive 
neurodegenerative disorder with onset in the thirties or 
forties. This disorder is associated with excessive expan-
sion of the CAG polyglutamine trinucleotide repeat re-
gion in exon 1 of AR.304 Repeat lengths greater than 35 
are associated with spinal and bulbar muscular atrophy. 
In Kennedy disease, aberrant degradation of misfolded 
AR generates insoluble aggregates leading to cellular 
toxicity. However, the precise mechanism responsible  
for the neuropathy remains elusive.305 Mild symptoms 
of androgen insensitivity can be detected with slight  
decreases in AR mRNA and protein concentrations.

MULLERIAN DUCT ABNORMALITIES

Persistent Mullerian Duct Syndrome
Persistent Mullerian Duct Syndrome is an autosomal re-
cessive disorder due to mutations in AMH or its receptor 
(AMH-RII).306 The phenotypes of patients with AMH or 
AMH-RII mutations are comparable. AMH is a member 
of the TGF-b family and signals through two different 
interacting membrane-bound serine/threonine receptors. 
The ligand, AMH, binds to the type II receptor which 
leads to recruitment and phosphorylation of a type I  
receptor. The type II receptor is specific for AMH, 
whereas there are multiple subtypes of the type 1 re-
ceptors. AMH concentrations are low among patients 
with mutations in the AMH gene. Among patients with  
AMH-RII mutations, AMH concentrations are normal  
or elevated. Females who carry mutations on both AMH 
alleles appear to have normal fertility.

The typical clinical features of PMDS include crypt-
orchidism, testicular ectopia associated with inguinal 
hernia, and hernia uteri inguinalis. Testicular differentia-
tion is usually normal, but the male excretory ducts may 
be embedded in the Mullerian duct remnants or incom-
pletely developed. Infertility may ensue secondary to 
cryptorchidism, intertwining of vas deferens and uterine 
wall, or lack of proper communication between the testes 
and excretory ducts. Testicular torsion is not uncommon 
because the testes may not be anchored properly to the 
bottom of the processus vaginalis.

Mullerian Duct Abnormalties in 46,XX 
Individuals
Mayer-Rokitansky-Küster-Hauser syndrome refers to 
congenital absence of the vagina associated with uterine 
hypoplasia or aplasia. Primary amenorrhea is the typical 
presentation. Magnetic resonance imaging (MRI) is help-
ful in the diagnosis and management.307 Renal anomalies 
and skeletal malformations may be present. Unilateral 
renal agenesis was found in 29.8% of cases of Mullerian 
duct anomalies on MRI.308 No single gene defect has 
been identified. Rather, mutations in WNT4, LHX1, 
and several chromosome regions have been detected.309 
The aggregation of Mullerian duct aplasia, renal aplasia, 

and cervico-thoracic somite dysplasia has been labeled 
MURCS syndrome. Mullerian duct hypoplasia has been 
associated with facio-auriculo-vertebral anomalies such 
as Goldenhar syndrome.310

Transverse vaginal septa can occur sporadically or in 
association with other features, such as polydactyly in 
the McKusick-Kaufman syndrome, which is associated 
with mutations in the MKKS gene located at chromo-
some 20p12.311 Mutations in the MKKS gene are also 
associated with Bardet-Biedel type 6.311 Because of the 
high frequency associated anomalies, careful physical 
examination for skeletal malformations and renal sonog-
raphy should be included in the diagnostic evaluation of 
women with abnormal development of the Mullerian 
duct system.

HOXA GENES

Hand-foot-genital syndrome is characterized by genito-
urinary tract malformations and distal limb anomalies. 
Genital anomalies include Mullerian duct anomalies in 
females and hypospadias with or without chordee. The 
typical limb abnormalities are hypoplasia of the first 
digit, shortening of the carpal and tarsal bones, and 
clinodactyly of the fifth digit. The inheritance pattern is 
autosomal dominant. Mutations have been identified in 
the HOXA13 gene in association with this syndrome.312

MICROPHALLUS, HYPOSPADIAS, 
AND CRYPTORCHIDISM

Hypospadias
Hypospadias is a congenital hypoplasia of the penis char-
acterized by ventral displacement of the urethral meatus. 
It is often associated with chordee, cryptorchidism, and 
additional congenital anomalies. The reported incidence 
ranges from 1 in 100 to 1 in 1000. Familial hypospadias 
has been described. Genes involved in early genital tu-
bercle patterning include BMP4, BMP7, HOXA4, 
HOXB6, FGF8, FGF10, and FGFR2. Deletions involving 
19q13 are associated with intrauterine growth retardation, 
microcephaly, postnatal growth retardation, clinodactyly, 
and hypospadias. The Wilms tumor interacting protein 
(WTIP) is located in the deleted region.313

Cryptorchidism
During sexual differentiation, the gonads are positioned 
between two structures: the cranial suspensory ligament and 
the gubernaculum. Testicular descent is divided into two 
phases: intraabdominal and inguinoscrotal. Factors involved 
in gubernacular development during the intraabdominal 
phase include INSL3 and its receptor, LGR8/RXFP2. 
INSL3 is secreted by Leydig cells. Its receptor, LGR8, is a 
leucine-rich G-protein–coupled receptor expressed by the 
gubernaculum. By 13 or 14 weeks of gestation, the guber-
naculum anchors the testis to the internal inguinal ring.314 

At approximately 22 to 25 weeks of gestation, the testes and 
epididymides are located at the internal rings of the inguinal 
canal. Androgen action during the intraabdominal phase 
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appears to be limited to regression of the cranial suspen-
sory ligament. In females, the cranial suspensory ligament 
persists as the suspensory ligament of the ovary. Testicular 
descent through the inguinal canal is usually accomplished 
by the end of seventh month of gestation, with completion 
of the inguinoscrotal phase by the end of week 35.315

Cryptorchidism (undescended testes) is the most 
common disorder of sexual differentiation, affecting 3% 
of male infants.316 Cryptorchidism can be associated 
with decreased number of germ cells, impaired germ cell 
maturation, and decreased number of Leydig cells.317 In 
some instances of unilateral cryptorchidism, abnormal 
histology is apparent in the contralateral normally de-
scended testis.318 However, it is unclear if these features 
represent consequences or causes of cryptorchidism. In 
a prospective randomized study, orchidopexy at 9 months 
of age results in greater testicular volume and increased 
number of germ cells compared to orchidopexy at  
3 years of age.319

Because spontaneous descent often occurs during in-
fancy, the prevalence decreases to 1% by 6 months of age.319 
Cryptorchidism has been associated with hypothalamic hy-
pogonadism, aberrant testicular differentiation, impaired 
testosterone biosynthesis, androgen insensitivity, holo-
prosencephaly, abnormal AMH production or action, 
abnormalities affecting INSL3/LGR8 function, and 
possibly environmental factors.4 Other associations 
include prune belly syndrome, bladder exotrophy, and 
renal anomalies. Cryptorchidism is also a feature of 
many syndromes (Table 5-2). Maternal diabetes melli-
tus, including gestational diabetes, may be a risk factor.

Heterozygous missense INSL3 mutations have been 
identified in patients with cryptorchidism.320 Mutations 
have also been identified in the LGR8 gene in males 
with cryptorchidism. Sequence variants have been 
identified in the HOXA10 gene in boys with cryptor-
chidism.321 Yet, mutations in INSL3, LGR8, or HOXA 
10 are rare causes of isolated cryptorchidism. Typically, 

Disorder Gene Human Phenotype

Aarskog-Scott syndrome FGD1 Mental retardation, shawl scrotum, short stature
Börjeson-Forssman-Lehman syndrome PHF6 Mental retardation, epilepsy, hypogonadism
Carnevale syndrome COLEC11 Blepharophimosis, blepharoptosis
Cornelia de Lange syndrome NIPBL Low anterior hairline, arched eyebrows, synophrys, mental retar-

dation, growth retardation
Holoprosencephaly Holoprosencephaly, seizures, hypopituitarism, diabetes insipidus

• HPE1
• HPE2
• HPE3
• HPE4

21q22.3
SIX3
SHH
TGIF

Holoprosencephaly, seizures, hypopituitarism, diabetes insipidus
Holoprosencephaly, seizures, hypopituitarism, diabetes insipidus
Holoprosencephaly, seizures, hypopituitarism, diabetes insipidus
Holoprosencephaly, seizures, hypopituitarism, diabetes insipidus

IFAP Syndrome MBTPS2 Ichthyosis follicularis, atrichia, photophobia
Johanson-Blizzard syndrome UBR1 Short stature, SGA, microcephaly, congenital heart disease
Lenz-Majewski hyperostosis syndrome NK Mental retardation, progressive skeletal sclerosis, severe growth 

retardation
Lowe syndrome OCRL Congenital cataracts, mental retardation, renal failure
McKusick-Kaufman syndrome MKKS Congenital heart disease, renal anomalies, vaginal anomalies in 

females
Meckel-Gruber MKS1 Cystic renal disease, CNS malformation, liver anomalies
Miller-Dieker syndrome 17p13.3 IUGR, microcephaly, lissencephaly
Multiple pterygium syndrome, Escobar 

variant
CHRNG Webbing, arthrogryposis

Myotonic dystrophy DMPK Muscular dystrophy, cataracts
Noonan syndrome PTPN11 Short stature, hypertelorism, congenital heart disease, bleeding 

diathesis
Pfeiffer FGFR1, FGFR2 Craniosynostosis, skeletal anomalies
Popliteal pterygium syndrome IRF6 Cleft lip, cleft palate, lower lip cysts, spina bifida occulta
Prader-Willi syndrome NDN, SNRPN Decreased fetal activity, hypotonia, obesity, short stature
Robinow syndrome WNT5A, ROR2 Mesomelic limb shortening, hypertelorism
Rubinstein-Taybi syndrome CREBBP Microcephaly, short stature, broad thumbs, dysmorphic facial  

features
Seckel syndrome, type 1 ATR Bird-headed facial appearance, IUGR, ataxia-telangiectasia
Simpson-Golabi-Behmel, type 1 GPC3 Pre- and postnatal overgrowth, coarse facies, congenital heart 

disease
Townes-Brocks syndrome SALL1 Microcephaly, large ears, congenital heart disease, renal anomalies
VATER/VACTERL syndrome Spectrum of anomalies including vertebral defects, anal atresia, 

tracheoesophageal fistula, renal anomalies
Weaver NSD1 Overgrowth, developmental delay

TABLE 5-2  Disorders Associated with Small Penis or Cryptorchidism in Males



SECTION II Endocrine Disorders in the Neonate136

the testes of patients with androgen insensitivity have 
completed the intraabdominal phase but fail to undergo 
inguineoscrotal descent because this second phase is 
androgen dependent. However, the more complete the 
androgen insensitivity the greater likelihood of finding 
abdominal testes. Exposure of XX fetuses to androgen 
does not promote significant ovarian descent in humans, 
as evidenced by normal ovarian position in females with 
congenital adrenal hyperplasia.322

HYPOGONADOTROPIC HYPOGONADISM

Hypogonadotropic hypogonadism associated with 
GnRH deficiency is characterized by a spectrum of re-
productive, olfactory, and non-reproductive clinical 
features. Inheritance patterns include X-linked, autoso-
mal dominant, and autosomal recessive. Nevertheless, 
sporadic cases are more common than inherited forms. 
Males infants with hypogonadotropic hypogonadism 
may present in the newborn period with microphallus 
and/or cryptorchidism. Additional anterior pituitary 
hormone deficiencies may be present. Genital ambigu-
ity would not be anticipated because placental hCG 
secretion is unaffected. Decreased gonadotropin secre-
tion presumably results in decreased testosterone se-
cretion such that microphallus and cryptorchidism can 
occur.

The 1000 to 2000 GnRH neurons that reside in the 
postnatal hypothalamus originate in the olfactory plac-
ode and migrate during early fetal development from 
the nose through the forebrain to the hypothalamus. 
Investigation of families with inherited hypogonadotro-
pin hyponadism has led to identification of specific 
genes involved in this process (Table 5-3). Kallmann 
syndrome is the eponym used for the X-linked recessive 

form of hypogonadotropic hypogonadism associated 
with anosmia due to failed migration of GnRH neurons 
from the olfactory placode into the forebrain along 
branches of the vomeronasal nerve.323 Olfactory tract 
hypoplasia or aplasia has been found on MRI. The mo-
lecular basis of this X-linked form is mutations in the 
Kallmann (KAL) gene (located at Xp22.3). This gene es-
capes X-inactivation, codes for a 680-amino-acid protein, 
and helps target GnRH neurons to the hypothalamus.

Mutations in the GnRH receptor (GNRHR), fibroblast 
growth factor receptor 1 (FGFR1), FGF8, KISS1, KISS1R, 
NELF, GNRH1, and GPR54 genes are also associated with 
hypogonadotropic hypogonadism.324-327 More recently, 
mutations in the genes coding for prokineticin receptor-2 
(PROKR2) and its ligand [prokineticin-2 (PROK2)] have 
been associated with hypogonadotropic hypogonadism.327 
Mutations in TAC3 and its receptor TACR3 are associated 
with hypogonadotropic hypogonadism; the prevalence of 
microphallus among males carrying TACR3 mutations is 
high.328 The Charge syndrome is another disorder associ-
ated with genital hypoplasia; addition features include ocu-
lar coloboma, heart defects, choanal atresia, short stature, 
and hearing loss. The Charge syndrome is associated with 
mutations in the chromodomain helicase DNA binding 
protein 7 (CHD7) gene.329 GnRH deficiency can be due to 
mutations in several genes (an oligogenic disorder).330,331 

ROBINOW SYNDROME

Robinow syndrome is characterized by short stature, meso-
melic limb shortening, hypertelorism, mandibular hypopla-
sia, irregular dental alignment, and hypoplastic external 
genitalia. Both autosomal dominant and autosomal reces-
sive inheritance patterns have been observed. Heterozygous 
loss of function mutations in WNT5A have been identified 
in patients with the autosomal dominant form.332 Loss-
of-function mutations in the gene encoding the tyrosine 
kinase-like orphan receptor 2, ROR2, have been identified 
in the more severe autosomal recessive form. Hemiverte-
brae and scoliosis are found more often in patients with  
the recessive form whereas supernumerary teeth are found 
almost exclusively in the dominant form.333 ROR2 has been 
identified as a putative receptor for WNT5A.

WARBURG-MICRO SYNDROME

Warburg-Micro syndrome is a heterogenous disorder 
associated with congenital cataracts, microphthalmia, 
postnatal microcephaly, developmental delay, micrope-
nis, hypoplasia of the corpus callosum, and cryptorchi-
dism. Mutations have been identified in several genes, 
including RAB3GAP1, RAB3GAP2, and RAB18.334-336

MAMLD1

The mastermind-like domain containing 1 (MAMLD1) 
gene was identified during studies to identify the genetic 
basis of X-linked myotubular myopathy. This gene is  
also known as chromosome X open reading frame 6  

Gene Location Associated Phenotype

KAL1 Xp22.3 Anosmia, renal anomalies
FGFR1 8p11.2-p11.1 Anosmia, cleft lip/palate
FGF8 10q24 Anosmia, cleft lip/palate
NELF 9q34.3 Anosmia
PROK2 3p21.1 Anosmia/normosmia
PROKR2 20p13 Anosmia/normosmia
GNRH1 8p21-p11.2 Normosmia
KISS1 1q32 Normosmia
KISS1R 19p13.3 Normosmia
TAC3 12q13-q21 Normosmia
TACR3 4q25 Normosmia
SOX2 3q26.33 Optic nerve hypoplasia
HESX1 3p21.2-p21.2 Hypopituitarism (septo- 

optic dysplasia)
PITX2 4q25-q26 Hypopituitarism (Rieger 

syndrome)
PROP1 5q Hypopituitarism
LHX3 9q34.4 Hypopituitarism

TABLE 5-3  Monogenic Disorders Associated 
with Hypothalamic Hypogonadism
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(CXorf6).337 Mutations and polymorphisms have been 
identified in some patients with micropenis, bifid scro-
tum, and hypospadias.338,339

ENVIRONMENTAL DISRUPTORS

Prenatal treatment with diethylstilbestrol (DES), a non-
steroidal synthetic estrogen, has been associated with 
urogenital abnormalities of both male and female fetuses 
with cryptorchidism occurring in 46,XY fetuses.340,341 It 
has been speculated that the frequency of cryptorchidism 
and poor semen quality is increasing because exposure to 
endocrine disruptors in the environment has increased.342 
The genital ambiguity, described in three 46,XY infants 
born in heavily agricultural areas, was attributed to fetal 
exposure to endocrine disruptors especially because no 
mutations were detected in the SRY or SRD5A2 genes.342 

Although no definite causation has been found, various 
environmental substances such as herbicides, fungicides, 
pesticides, and plasticizers have been considered to be 
potential endocrine disruptors. Potential mechanisms 
include binding to nuclear hormone receptors modulat-
ing gene expression or epigenetic changes. Reliable evi-
dence confirming detrimental environmental effects on 
genital development is lacking.343

OTHER DISORDERS

The VACTERL association (VA) is characterized by 
several anomalies. These abnormalities include vertebral 
anomalies, anal atresia, cardiovascular malformations, 
tracheoesophageal fistula and/or esophageal atresia, renal 
anomalies, limb anomalies, and/or genital ambiguity. 
Mullerian hypoplasia/aplasia, renal agenesis, and cervi-
cothoracic somite dysplasia (MURCS association) is 
characterized by primary amenorrhoea. Features of this 
disorder can include absence of uterus and fallopian 
tubes, cervical spine abnormalities, and renal anomalies. 
Complete absence of penis also known as aphallia is rare 
and may be associated with additional congenital anom-
alies of the genitourinary and gastrointestinal systems.

EXSTROPHY OF BLADDER

Bladder exstrophy is a primary field defect involving the 
pelvis, urinary tract, and external genitalia and should not 
be considered a disorder of sex development. Exstrophy 
of the cloaca is characterized by persistence of a common 
cloaca associated with failure of fusion of the genital  
tubercles. Spinal abnormalities may be present.

DIAGNOSIS

History
A detailed family history should be obtained. The family 
history should include ascertainment of unexplained infant 
deaths, consanguinity, and infertility. Infants with congeni-
tal adrenal hyperplasia may have died prior to diagnosis. 

Many DSDs are inherited as autosomal-recessive disor-
ders. Infertility and gynecomastia may represent milder 
phenotypes for some DSDs. For X-linked disorders such  
as androgen insensitivity, there may be affected maternal 
family members (i.e., either amenorrheic or infertile aunts 
or partially virilized uncles). Pertinent questions include 
prenatal exposure to exogenous or endogenous androgens, 
estrogens, or potential endocrine disruptors. Maternal  
virilization during pregnancy should be queried.

Physical Examination
DSDs encompass a spectrum of physical findings. The 
specific physical findings range from micropenis, hypo-
spadias, undescended testes, minimal clitoromegaly, and 
scrotalized labia to more extensive forms of genital am-
biguity. Severe clitoromegaly with posterior labial fusion 
in an 46,XX patient may be difficult to distinguish from 
perineal hypospadias, undescended testes, and a bifid 
scrotum in a 46,XY individual. During the physical ex-
amination, attention should be focused on phallic size, 
symmetry of the external genitalia, presence and loca-
tion of palpable gonads, and any additional anomalies.

The extent of virilization should be carefully docu-
mented, recording the configuration, stretched dorsal 
length, and diameter of the phallus (including the glans 
penis). The location of the urethral opening, degree of 
labiourethral fold fusion, and extent of labioscrotal fold 
fusion should also be noted. Labioscrotal folds fuse from 
posterior to anterior such that the appearance extends 
from posterior labial fusion, a partially fused hemiscrota, 
to completely fused scrotum with labiourethral fusion 
extending to a midline urethral opening. The position of 
the urethra should be noted, as well as whether one or 
two perineal openings are present.

Gonadal or adnexal structures may be identified 
upon careful palpation for content of the labioscrotal 
structures, scrotum or labia majora, inguinal region, 
and the lower abdomen. The groin area may be “milked” 
to maneuver the testis into the scrotum. The absence of 
palpable testes may indicate a genetic female with viril-
ization, as occurs with adrenal hyperplasia or a genetic 
male with undescended or absent testes. Although 
structures palpated within the labioscrotal folds are usu-
ally testes, ovaries or even the uterine cervix can be 
found within the labioscrotal folds. Testes typically have 
a characteristic ovoid structure.

Symmetry or asymmetry of external genital differen-
tiation may provide clues to the etiology of the genital 
ambiguity (Figure 5-6). Unilateral structures with asym-
metry of other genital structures suggests ovotesticular 
or 45X/46,XY DSDs and is often associated with unilat-
eral gonadal maldescent. Asymmetry implies differing 
local influences, which often reflect abnormalities in  
gonadal differentiation (Figures 5-6 and 5-7). Repeated 
examinations may be beneficial for diagnostic precision.

Penile length measurements extend from the tip of 
stretched penis from the pubic ramus. Normal length de-
pends on gestational age, the lower limit (approximately 
–2.5 SD) at term being 2.0 cm. An isolated micropenis can 
be a consequence of decreased testosterone exposure in 
the second half of gestation due to Leydig cell failure, LH 



SECTION II Endocrine Disorders in the Neonate138

deficiency, androgen insensitivity syndrome, LHCGR 
mutations, or GH deficiency. A micropenis with hypospa-
dias suggests a broader range of DSDs.

Clitoral length is usually less than 1.0 cm, although rare 
variations exist. Measurement of the clitoris requires a 
careful estimate of the proximal end and careful exclusion 

of overlying skin. The location of the urethral opening 
should be ascertained by visualization, witnessing the uri-
nary stream, or with careful insertion of a firm catheter. If 
urination is observed, force, diameter, and direction of the 
urinary stream should be noted. The position of the in-
serted catheter may also provide crucial initial information. 

FIGURE 5-6 n Algorithm for the approach to the child with symmetric genital ambiguity. The configuration of the labioscrotal folds 
and presence/absence of palpable gonads is comparable on both sides. The presence or absence of palpable gonads directs the 
initial laboratory evaluation. Ultrasound examination to determine whether a uterus is present is helpful. For example, symmetric 
fusion of the labioscrotal folds, nonpalpable gonads, and presence of a uterus provide strong circumstantial evidence for the diag-
nosis of a virilized female with congenital adrenal hyperplasia.

FIGURE 5-7 n Algorithm for the approach to the child with asymmetric genital ambiguity. In this instance, the labioscrotal folds may 
appear different or a gonad is palpable only on one side.
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If directed toward the anal opening and palpable under the 
perineal skin, the catheter is likely in a urogenital sinus  
as occurs often with virilization of a 46,XX fetus secondary 
to 21-hydroxylase deficiency. However, a penile urethra  
is anticipated if the catheter is directed anteriorly and is 
nonpalpable.

The anogenital ratio is measured as the distance be-
tween the anus and the posterior fourchette divided by 
the distance between the anus and the base of the phallus. 
If the ratio is .0.5, this suggests a component of female 
differentiation and hence virilization with posterior labial 
fusion.344 Because pelvic ultrasound is part of the initial 
laboratory assessment, a rectal examination may not be 
necessary. If present, a midline uterine cervix can often 
be palpated upon rectal exam.

The Prader scale is often used to classify the appear-
ance of the external genitalia: (1) normal female geni-
talia with clitoromegaly, (2) partial labial fusion and 
clitoromegaly, (3) labioscrotal fusion so that there is a 
single opening from the urogenital sinus and clitoro-
megaly, (4) fusion of labioscrotal folds so that the single 
opening is at the base of the phallic structure, and  
(5) complete male virilization with penis-size phallus, 
complete labial fusion, and meatus on the glands. A 
recent description extends this traditional Prader clas-
sification to include urogenital sinus characteristics  
by defining the vaginal confluence in relation to the 
bladder neck and the meatus.345

In addition to the genital examination, the examina-
tion should include weight, length, and other features to 
ascertain whether findings are consistent with gestational 
age particularly in the apparent female because the clito-
ris is more prominent in preterm infants in that there  
is scant subcutaneous fat and clitoral growth is com-
pleted before the last trimester of fetal life.346 A careful 
examination includes inspection for additional dys-
morphic features because genital ambiguity may occur 
in association with other anomalies. These include 
midline facial defects, head size, and ear and digital 
anomalies. Bladder exstrophy and epispadias represent 
a non-endocrine malformation of the urologic system. 
Infants with congenital adrenal hyperplasia, both male 
and female, may manifest hyperpigmentation of the 
genitalia and nipples due to ACTH hypersecretion.

Laboratory Studies
Initial laboratory studies to assess genital ambiguity 
should include an abdominal/pelvic ultrasound and 
karyotype. The ultrasound will provide information re-
garding the presence or absence of a uterus. Information 
regarding the size and location of the gonads and adre-
nals may be obtained on ultrasound. However, lack  
of visualization of gonads on ultrasound examination 
does not indicate absence of gonads. When gonads are 
not palpable, the external genitalia are symmetrically 
ambiguous, and a uterus and possibly ovaries are present, 
the most likely diagnosis is a virilized 46,XX fetus with 
congenital adrenal hyperplasia. However, the possibility 
of markedly dysgenetic testes cannot be excluded. If the 
differential diagnosis based on the presentation includes 
congenital adrenal hyperplasia, the initial laboratory 

studies should include electrolytes, plasma renin activity, 
and serum 17-hydroxyprogesterone and cortisol levels.

The karyotype is essential to determine chromo-
somal sex even if prenatal chromosome testing was 
performed. In general, peripheral blood karyotypes are 
sufficient. However, the patient may be a mosaic with 
one or more additional cell lines restricted to gonadal 
tissue.347 Chromosomal microarray analyses are in-
creasingly available and may identify submicroscopic 
genomic changes.348

Other initial studies depend on the physical findings. 
If the external genitalia are symmetrically virilized to 
any degree in the absence of palpable gonads, particu-
larly if a normal uterus is present, additional studies 
should be directed toward causes of virilization of  
a female infant. Because 21-hydroxylase deficiency  
is the most common cause of virilization and genital 
ambiguity in 46,XX infants, initial laboratory studies 
should include determination of 17- hydroxyprogesterone 
concentrations. Generally, 17-OHP concentrations 
should be measured no earlier than 48 to 72 hours of age 
because of the potential for false positive results which 
may be due to cross-reacting steroid sulfates.349 Never-
theless, extremely elevated 17-OHP concentrations may 
be detected at earlier time points in infants with classical 
CAH. If one or both gonads can be palpated, the intent  
of screening studies is to determine the adequacy of  
androgen synthesis and androgen action in a male infant. 
Determination of LH, FSH, and testosterone concen-
trations in infancy provides information regarding the 
function of the testes and the HPG axis (Table 5-3).

The pattern of steroid hormone concentrations pro-
vides evidence for specific defects in steroidogenesis 
(Table 5-3). The diagnosis of congenital adrenal hyper-
plasia due to 21-hydroxylase deficiency is confirmed  
by finding elevated 17-hydroxyprogesterone concen-
trations. Typically, 17-hydroxyprogesterone concentra-
tions are greater than 10,000 ng/dL (300 nmol/L) in 
the affected neonate. For 11b-hydroxylase deficiency, 
11-deoxycortisol and 17-hydroxyprogesterone concentra-
tions are elevated. For 3b-hydroxysteroid dehydrogenase 
deficiency, pregnenolone, 17-hydroxypregnenolone, and 
DHEA concentrations are typically elevated. Steroid con-
centrations are low for patients with congenital lipoid 
adrenal hyperplasia and CYP11A1 mutations. When  
salt-losing forms of congenital adrenal hyperplasia are 
included in the differential diagnosis, serum electrolytes 
and plasma renin activity should be monitored. Typically, 
hyponatremia and hyperkalemia are not present at birth 
and develop during the first week of life.

Newborn screening programs have been established 
in all states and many countries to identify infants with 
classic congenital adrenal hyperplasia. Many screening 
programs measure whole-blood 17-hydroxyprogesterone 
concentrations eluted from a dried filter paper blood 
spot.350 Whereas false negative 17-hydroxyprogesterone 
results are uncommon, slightly increased whole-blood 
17-OHP concentrations are detected often enough  
(especially in preterm infants) to complicate clinical  
decision making regarding affected status and need  
to initiate glucocorticoid therapy. Etiologies of slightly 
increased 17-OHP concentrations include prematurity, 
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cross-reacting steroids, sampling prior to 48 to 72 hours 
of age, heterozygosity for 21-hydroxylase deficiency, and 
late-onset congenital adrenal hyperplasia.

To avoid an excessive number of false-positive 
screening results, the cutoff levels are typically selected 
to identify all infants with classic salt-losing or simple 
virilizing forms—often missing those infants with late-
onset congenital adrenal hyperplasia. Improved speci-
ficity can be achieved by use of additional procedures 
such as organic extraction, chromatography, or LC/MS 
analysis.351 The caveat for LC/MS is the need for pre-
cise quality control. Prenatal or neonatal treatment 
with glucocorticoids can result in a false negative 
screening result.351 If the differential diagnosis includes 
CAH, specific laboratory testing is warranted even if 
the newborn screen results are reported as negative for 
21-hydroxylase deficiency. GC/MS analysis of urinary 
steroids can also be used to diagnose other disorders of 
steroidogenesis.352,353 In the future, GC/MS urine anal-
yses may become standard of care in the management 
of patients with CAH.353

For the milder forms of congenital adrenal hyperpla-
sia or other disorders affecting adrenal steroidogenesis, 
ACTH stimulation testing may be necessary to confirm 
the diagnosis. After a basal blood sample has been 
drawn, synthetic ACTH (0.25 mg) can be administered 
by intravenous bolus or intramuscular injection. A sec-
ond blood sample to measure ACTH-stimulated hor-
mone response can be obtained 30 or 60 minutes later. 
The milder forms of congenital adrenal hyperplasia 
generally do not affect external genital differentiation 
and are therefore not usually associated with genital 
ambiguity. Infants with late-onset congenital adrenal 
hyperplasia are generally not detected through newborn 
screening programs, presumably because the whole-
blood 17-OHP concentrations determined from the 
newborn screening filter paper are lower than the values 
used as cutoffs.

In addition to the diagnostic evaluation for disorders 
of steroidogenesis, hormone measurements in the im-
mediate neonatal period provide an index to the function 
of the HPG axis. Low testosterone and elevated gonado-
tropin concentrations in a 46,XY infant with ambiguous 
genitalia suggest inadequate testosterone biosynthesis. 
Elevated testosterone and gonadotropin concentrations 
in an infant with female external genitalia, bilateral labial 
masses, and 46,XY karyotype are consistent with the  
diagnosis of androgen insensitivity.

Measurement of AMH provides another assessment 
of testicular function because AMH concentrations 
reflect Sertoli cell function. AMH concentrations are 
sexually dimorphic, with high values in boys (20-80 ng/mL) 
during the first six years of life and low values in 
girls.354 Thus, in the patient with nonpalpable gonads 
and absence of Mullerian structures AMH concentra-
tions may help distinguish between anorchia and crypt-
orchidism.355 In addition, AMH concentrations can 
be helpful in disorders of testicular dysgenesis or  
in virilized females to determine the presence of testicu-
lar tissue.356 Inhibin B concentrations, lower in females 
than in males, provide another marker of Sertoli cell 
function.356,357

Assessment of the ability of a gonad to secrete tes-
tosterone may be helpful, especially for patients with 
evidence of testicular tissue by palpation or ultrasound 
and AMH levels indicating testicular tissue. This can be 
done by administering hCG and measuring hormone 
responses. To assess hormone responses, doses of 1,000 
to 1,500 units can be injected subcutaneously either daily 
or every other day for one to five days—with blood sam-
pling on the day after the last injection. Hormone deter-
minations should include androstenedione, testosterone, 
and dihydrotestosterone.358 Testosterone concentrations 
should more than double, and the T/DHT ratio should 
be ,10:1.359 Intermittent injections can be given for 
up to three weeks to stimulate penile growth to demon-
strate both testosterone secretion and target tissue respon-
siveness. Total dosage should not exceed 15,000 units  
of hCG.

Endoscopic studies can be used to locate the vaginal-
urethral confluence in relation to the bladder neck and 
the single opening of the urogenital sinus. Using a cysto-
scope and catheter placement, these distances can be 
determined before or in conjunction with retrograde 
contrast studies performed to outline the urethra and to 
demonstrate (if present) the vagina, uterus, cervix, and 
uterine cavity. Such information is needed to plan for 
reconstructive surgery, to assess the risk of medical com-
plications, and in certain instances to provide informa-
tion to determine the sex of rearing. If such procedures 
are unhelpful, laparoscopy may be necessary to visualize 
and biopsy gonadal and internal genital structures. MRI 
may be helpful to define anatomic relationships.

Some patients with DSDs present at puberty with 
delayed puberty or primary amenorrhea. The triad of 
clitoromegaly, hirsutism, and primary amenorrhea sug-
gests 17b-hydroxysteroid dehydrogenase, 5a-reductase, 
P450 oxidoreductase, aromatase, or mild virilizing forms 
of CAH.

Molecular genetic analyses have become increasingly 
available to determine and confirm the molecular basis of 
the genital ambiguity. Knowledge regarding the specific 
mutation enables more accurate genetic counseling for 
inherited disorders of sexual differentiation (http://www.
genecards.org/). The genetics laboratory can often per-
form fluorescent in situ hybridization (FISH), for the 
SRY gene, or other detailed chromosomal tests such as 
CGH microarrays. For some DSDs, molecular genetic 
analysis of specific genes is available through commer-
cial laboratories. Information regarding the particular 
details can be obtained from an NIH-funded web-based  
resource, Genetests (http://www.genetests.org). In some 
instances, genetic testing is available through research 
laboratories.

TREATMENT

While awaiting results of the initial laboratory studies 
and imaging studies if necessary, attention is focused on 
the main decision: the gender of rearing. In the ideal 
situation, there is a specific DSD team comprised of a 
pediatric surgeon or pediatric urologist with expertise in 
urogenital reconstructive surgery, a behavioral science 

http://www.genecards.org/
http://www.genetests.org
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professional (psychologist, social worker, or psychiatrist), 
a pediatric endocrinologist, and a neonatalogist.360,361 
Using all available data, the DSD team educates the fam-
ily and helps them decide on the gender of rearing. 
Guessing is not appropriate.362 In many instances, gender 
assignment is apparent based on the initial physical ex-
amination and laboratory findings. 

Initially, the neonatalogist may facilitate coordination 
of care and communication with the parents. Long-term 
management needs to be delineated. In addition to the 
appointments necessary to the patient’s medical, surgical, 
and psychological needs, additional sessions may benefit 
the parents to address their questions and concerns about 
their child.363 These evaluations should be performed 
promptly and often necessitate transfer of the infant to a 
tertiary care facility.

The parents need to participate in discussions and 
decision making regarding the options for sex of rearing 
and possible surgical interventions. Honest, sensitive, 
and candid discussions with the parents can only benefit 
the child. As the child matures, honest explanations  
regarding the medical condition are essential. The child 
should progress from a silent partner to a full participat-
ing member in this decision-making process, with the 
child’s wishes taking precedence where appropriate.

Once the diagnosis is confirmed as specifically as  
possible, therapy is instituted. When a specific diagnosis 
has been confirmed, decision making and therapy can  
be guided accordingly. Considerations for medical care 
include sex of rearing, possible need for surgery and a 
timeline for planned surgery, plan for medical treatment, 
and timely and appropriate psychological counseling and 
support.

Sex of Rearing
Decisions regarding the appropriate sex of rearing are 
based on the specific pathophysiology, external genital 
features, internal reproductive system anatomy, prog-
nosis for spontaneous pubertal development, capacity 
for sexual activity and orgasm, and potential for fertil-
ity.364 Using modern techniques to assist fertility, the 
potential for fertility is more likely than in the past. 
Although current surgical techniques spare more of the 
neurovascular bundle of the phallus, surgery should be 
avoided except in those instances of severe ambiguity 
or markedly discordant genitalia to preserve sexual  
responsiveness.

In instances where a decision regarding sex of rearing 
is necessary, each child evaluated for genital ambiguity 
warrants careful consideration of the physical findings, 
laboratory information, and available outcome data. In 
most instances, children are raised in the gender consis-
tent with the karyotype, but acknowledging that there 
are rare exceptions that favor sex reversal (gender reas-
signment). Limited longitudinal outcome studies are 
available regarding adult function and gender identity. 
Most patients who are 46,XY with CAIS identify them-
selves as female.

About a quarter of patients with PAIS are dissatisfied 
with the gender assignment, regardless of whether they 
are raised as male or female. The majority of patients 

with 5a-reductase deficiency identify as male, whereas 
about half of those diagnosed with 17b-hydroxysteroid 
dehydrogenase self-reassign from female to male.365,366 
The majority of virilized 46,XX individuals with CAH 
identify as female. Thus, in spite of the accumulating 
evidence that androgen exposure to the CNS alters gen-
eral and cognitive behavior, much remains to be learned 
about the influences of nature and nurture on gender 
identity.62,367,368

Because the majority of 46,XX virilized females (pri-
marily those with CAH) identify as female, this sex of 
rearing is usually recommended if the question arises in 
infancy. For virilized 46,XX patients with Prader stage  
4 or 5 genitalia, the recent consensus conference felt  
that the outcome data was insufficient to support a sex of 
rearing as male. Yet, a recent report suggests that this 
possibility warrants consideration and may be an appro-
priate option for some situations.369 For most virilized 
females with CAH, the primary issue is not gender  
assignment but questions regarding genital surgery.

To date, more information and knowledge is available 
about physical sexual development than about psycho-
sexual cognitive development. The primary factors, crit-
ical steps, and sequence of psychosexual development 
are unclear. Traditionally, psychosexual development has 
been viewed as having three components: gender iden-
tity, gender role, and sexual orientation. The develop-
ment of gender identity begins as an infant with the 
self-recognition that one is a boy or girl. Gender role 
develops during childhood as a result of society’s expec-
tations concerning behavior and is influenced by prena-
tal hormonal exposure.

Gender roles are defined in part by the messages soci-
ety relays concerning appropriate and inappropriate male 
and female behavior. Gender role may subsequently shift 
and even become fluid, depending on the individual’s 
reaction to the shifting expectations of society. How pre-
natal factors such as hormones and environmental expo-
sures impact gender role has been difficult to ascertain. 
Sexual orientation may be apparent prior to puberty  
or not expressed until late in adult life, underlying the 
unknown influencing factors.

The effects of prenatal androgen exposure on gender 
identity are uncertain.370,371 Prenatal androgen levels 
apparently influence gender-related behavior and cogni-
tive function during childhood.370 Yet, the impact on 
degrees of femininity and masculinity and cognitive func-
tion (spatial and verbal abilities) and handedness does not 
appear to persist into adult life.372,373 Among virilized 
46,XX individuals with CAH, an increased rate of homo-
sexual orientation has been reported primarily based on 
self-reported sexual imagery and sexual attraction, with 
reports of actual homosexual involvement being less well 
documented.374-377

Some females with classic CAH are more likely to 
question their female gender,378 and the reported inci-
dence of sex reassignment from female to male is 
greater than in the general population.379 Among 46,XX 
CAH patients with gender self-reassignment, it was 
judged that factors contributing to this change were not 
genotype or phenotype, but rather gender-atypical be-
havioral, self-image and body image, and development 
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of erotic attraction to women.380 Other studies con-
cluded that psychological adjustment was comparable 
between females with CAH and their unaffected sib-
lings.381 In another study, gender identity of girls with 
CAH was comparable to the control group.382 In these 
studies, the impact of environmental influences cannot 
be separated from the effects of prenatal hormonal  
exposures.

Female gender of rearing is appropriate for 46,XY 
individuals with complete androgen insensitivity because 
virilization and fertility are unattainable. The lack of an-
drogen responsiveness limits androgen effect on the de-
veloping CNS of individuals with CAIS. Conversely, the 
decision regarding gender of rearing for individuals with 
partial androgen insensitivity may be problematic be-
cause the extent of androgen impact on CNS develop-
ment and the androgen responsiveness of the genital 
development are uncertain.383 The extent of clinical 
response to exogenous testosterone may benefit this  
decision-making process. Testosterone responsiveness 
may be ascertained by assessing penile growth following 
one or more intramuscular injections of 25-mg testoster-
one depot formulations.

Among individuals with DSD associated with  
gonadal dysgenesis, hCG-stimulated testosterone se-
cretion and clinical response facilitate the decision 
regarding gender of rearing. The genital phenotype, 
ability of the Leydig cell to secrete testosterone, and 
extent of genital virilization in response to androgen 
stimulation are indicators regarding the potential for 
spontaneous pubertal development and need for hor-
mone replacement therapy. Nevertheless, in gonadal 
dysgenesis the impact of prenatal androgen exposure 
on gender development processes is often indetermi-
nate and cannot be reliably predicted from routine 
diagnostic studies in the newborn period.

Generally, with the exception of CAIS, 46,XY indi-
viduals with fetal androgen exposure manifested as 
partial genital masculinization should be raised as males 
unless there are extenuating individual circumstances. 
Ideally, 46,XY infants with 17b-HSD3 or 5a-reductase 
deficiency will be diagnosed in the newborn period. 
Caution, reflection, and dialog are essential before 
those with a 46,XY, karyotype are assigned female be-
cause fetal androgen exposure appears to impact strongly 
on self-concept as male despite compromised external 
genital development.

Medical Treatment
With the exception of disorders affecting glucocorti-
coid and mineralocorticoid biosynthesis, most DSD 
conditions do not require specific medical therapy in 
infancy. At the time of expected puberty, patients with 
hypogonadism will need appropriate hormone replace-
ment therapy. In general, hormone replacement ther-
apy is initiated using low doses of the appropriate sex 
steroid hormone with incremental increases designed 
to mirror spontaneous pubertal development. It is 
helpful to review with families the anticipated fre-
quency of outpatient visits and how the adequacy of 
replacement therapy will be assessed.

For females, induction of puberty involves low-dose 
estrogen therapy—usually initiated between 10.5 to  
12 years of age to avoid excessive acceleration of skeletal 
maturation. The initial estrogen dosage is usually  
the lowest available, such as 0.3 mg of conjugated estro-
gens every other day or 5 mg of ethinyl estradiol daily. 
Transdermal estrogen preparations which provide 0.007- 
0.025 mg daily can be utilized. Transdermal patches may 
be used only at night in an effort to mimic spontaneous 
puberty.384 Matrix transdermal patches can also be cut 
into smaller pieces to provide a lower estrogen dosage. 
Based on clinical response and the patient’s perception, 
the dose of estrogen can be increased in 6- to 12-month 
intervals such that complete replacement doses and de-
velopment are achieved within 3 years.

Therapy involves the addition of a progestational 
agent after 12 months of estrogen therapy or when 
withdrawal bleeding occurs, whichever occurs sooner. 
Thereafter, cyclic estrogen-progesterone therapy 
should be used. Once full pubertal development has 
been reached, the estrogen dosage should be the 
minimum that will maintain normal menstrual flow 
and prevent calcium bone loss (equivalent to 0.625 
conjugated estrogen or 20 mg ethinyl estradiol). Options 
for cyclic estrogen-progesterone therapy include low-
dosage estrogen birth control pills or estrogen-progestin 
transdermal patches.

Another regimen involves a daily oral estrogen regi-
men or the transdermal form for 21 days with the addi-
tion of progesterone, 5 to 10 mg of medroxyprogester-
one acetate, or 200 mg of micronized progesterone daily 
added for 12 days (day 10 to day 21). This is followed by 
a week of no hormones. At this point, the replacement 
regimen may be extended so that less frequent with-
drawal bleeding occurs. In the absence of a uterus, pro-
gesterone therapy becomes optional. Among patients 
with low circulating androgen levels, sexual hair growth 
and libido may be improved by administering small  
doses of DHEA or methyltestosterone. Gonadotropins 
hCG and/or hMG (human menopausal gonadotropin/
recombinant FSH) are only used to stimulate ovulation 
or during assisted fertility attempts.

For males, testosterone hormone replacement typi-
cally begins at 12.5 to 14 years. In instances where the 
psychological impact is felt to be needed, therapy may be 
initiated one or two years earlier. If therapy is begun 
earlier to assure the patient concerning physical changes, 
the rate of skeletal maturation should be carefully moni-
tored. Conversely, treatment may be delayed to allow for 
psychological or emotional maturity or catch-up growth. 
Testosterone therapy may be given by depot intramuscu-
lar injections or topically by a patch or gel. Depot testos-
terone (such as enanthate or cyprionate) is begun at a 
dosage 50 mg IM every four weeks, followed by in-
creased dosing and frequency over about 3 years to a full 
replacement dosage of approximately 200 mg every  
2 weeks. Availability of the gel in metered-dose pumps 
allows gradual increases of dosage from 1.25 g daily  
upward. Among those with differentiated testes and  
gonadotropin deficiency, assisted fertility techniques 
may involve intratesticular germ cell retrieval or hFSH/
hLH stimulation.
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For patients with CAH, carefully monitored hormone 
replacement therapy is essential.385,386 The goal of gluco-
corticoid therapy is suppression of excessive adrenal  
androgen secretion while maintaining normal growth 
and development. Typically, oral cortisol doses range 
from 8 to 20 mg/m2/day. This range is based on provision 
of 1.5 to 2 times the daily cortisol production rate, 7 to 
12 mg/m2/day. Oral fludrocortisone (e.g., Florinef) 
is commonly used for mineralocorticoid replacement  
for patients with salt-losing CAH. Patients with simple 
virilizing CAH may benefit from mineralocorticoid  
replacement. The typical dose is 0.1 mg administered as 
a single daily dose. Neonates and infants may require 
higher fludrocortisone doses as well as salt supplementa-
tion because of relative mineralocorticoid resistance, 
higher aldosterone production rates, and relatively lower 
sodium intakes. Topics of discussion with parents include 
how to crush and administer tablets, what to do if doses 
are accidentally missed, use of medical alert identification 
IDs, and when to administer “stress” dosages.

For children with CAH, adequacy of replacement 
therapy is monitored by periodic reassessment of growth 
velocity, extent of virilization, and salt craving. Laboratory 
monitoring may include serum androgen and 17-OHP 
concentrations, skeletal maturation, and 24-hour urinary 
17-ketosteroid excretion. Androstenedione concentrations 
are useful to assess adequacy of glucocorticoid replace-
ment, whereas 17-OHP concentrations are useful to assess 
for overtreatment. Determination of testosterone concen-
trations is helpful in girls and prepubertal boys. In pubertal 
and postpubertal girls, menstrual cyclicity is a sensitive 
indicator of hormone replacement therapy. Adequacy  
of mineralocorticoid replacement can be judged using 
plasma renin activity. Boys with CAH need to be regularly 
assessed by ultrasound for the development of testicular 
adrenal rest tumors; these rest tumors may be too small to 
palpate on clinical examination.387

At times of physiological stress (such as fever greater 
than 101° F, persistent vomiting, significant trauma, 
and surgical procedures), the glucocorticoid dose 
should be increased. In general, two to three times the 
usual dose is sufficient to prevent adrenal insufficiency. 
Higher doses may be necessary for surgical proce-
dures. All families should have at home and be able  
to administer injectable hydrocortisone (e.g., Solu-
Cortef) intramuscularly in case of medical emergen-
cies. Recommended intramuscular doses are 25 mg for 
infants, 50 mg for children less than 4 years of age, and 
100 mg for all others.

During surgical procedures, additional hydrocorti-
sone can be administered either as continuous intrave-
nous infusion or intramuscular injection. Intravenous 
normal saline (0.9% NaCl) can be used if oral mineralo-
corticoid replacement is not tolerated by the patient. 
While receiving glucocorticoid replacement therapy (and 
occasionally in the newborn period), physiologically 
stressed individuals with 11b-hydroxylase deficiency may 
develop hyponatremia and hyperkalemia and benefit 
from mineralocorticoid therapy. At times of physiologic 
stress, individuals with Smith-Lemli-Opitz syndrome  
or P450 oxidoreductase deficiency may benefit from  
glucocorticoid treatment.

Considerations with Regard to Surgery
For the virilized female patient with female sex of rear-
ing, the extent of ambiguity in combination with the 
magnitude of clitoromegaly and posterior fusion must be 
carefully evaluated to determine whether genitoplasty, 
including clitoral reduction or clitoroplasty, should be 
considered. Another factor in the decision-making pro-
cess is the location of the urethral outlet. If located high 
in the urogenital sinus, early surgery may be indicated to 
decrease the risk of recurrent urinary tract infections by 
providing a direct urinary outflow path. The current 
perspective is that girls with mild to moderate degrees of 
clitoromegaly do not need surgery because of the poten-
tial risk of compromising genital sensitivity. Currently, 
there is no consensus regarding clitoral size requiring 
surgery.388 Despite surgery, lower urinary tract symptoms 
such as stress incontinence and incomplete bladder emp-
tying may persist among female DSD patients and among 
males with hypospadias.5

One important point to share with parents of a viril-
ized girl with CAH is that the stimulated genital tissues 
will regress after glucocorticoid therapy is begun. On one 
hand, the parents need to be informed that some (includ-
ing patient advocacy) groups discourage genital surgery 
until the child is old enough to make her own decision. 
On the other hand, they must be empowered to make the 
choice with which they will be comfortable. This must be 
done with the understanding that their daughter may 
criticize them for this decision when she is older. Many 
parents of daughters with severe ambiguity still choose 
surgery.

If there is agreement between the interdisciplinary 
medical team and the parents for surgery, the surgery is 
generally performed as soon as feasible. If surgery is an-
ticipated, the operation should be described in a manner 
understandable to the parents. An experienced surgeon 
should discuss the options, risks, and benefits of surgery 
including the innervation of the clitoris or penis and the 
surgical approach to be used to attempt to spare the neu-
rovascular supply.389,390 Although opinions vary as to 
whether surgery should be done in one or more stages 
and whether vaginal reconstruction should be attempted 
during infancy, the parents need to be informed that  
subsequent vaginoplasty or vaginal dilatation may be  
required after puberty. Among patients who underwent 
vaginal reconstructive surgery during infancy, the frequency 
of postoperative vaginal stenosis has been reported to range 
from 0% to 77%.391 Therapeutic goals for vaginal recon-
struction surgery include adequate sexual function with 
minimal need for continual dilatation or lubrication.392 
Girls with Mayer-Rokitansy-Kuster-Hauser syndrome and 
individuals with CAIS can achieve increased vaginal size 
with dilator treatment.393

For the undervirilized male, decisions concerning 
genital surgery and when it occurs belong to the parents 
until the patient reaches adolescence and adulthood. 
Most decide for surgery, except in the instances of mini-
mal to moderate hypospadias. When discussing surgery 
with the parents, pertinent topics include common male 
concerns about the importance of being able to stand to 
urinate, adequacy of genital development, and capability 
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for sexual activities. With hypospadias, the location of  
the meatus does not necessarily indicate that fusion is 
complete to that point since there may be more proximal 
inadequate development of the corpus spongiosum and 
surrounding tissues. Thus, the extent of surgery may not 
be known until labiourethral fusion is better visualized at 
surgery. Because correction of hypospadias and chordee 
is generally performed in stages, this discussion also 
needs to cover the details of the surgical approach, the 
proposed schedule for follow-up visits, the likely number 
of surgical procedures, and the optimal age for each  
surgical stage. The surgeon should review the options, 
risks, and anticipated outcomes. If the precise location 
and differentiation status of the testes are unknown, the 
parents should be aware that exploration and biopsy may 
be performed. As would be anticipated, individuals with 
46,XY DSD have sexual concerns regardless of gender  
of rearing. In addition to reconstructive genital surgery, 
potential confounding factors include self-esteem, geni-
tal appearance, infertility, need for hormone replacement 
therapy, and lack of adequate counseling and support 
likely influence adult outcome.394

Outcome studies reflect the results of the type of 
surgery and timing of surgery. While former surgical 
techniques resulted in impaired genital sensitivity,395 it 
is as yet unclear whether current surgical techniques 
sparing the neurovascular supply to the clitoris will re-
sult in better outcomes. While it is anticipated (and 
hoped) that current surgical techniques will have better 
outcome, it will be years before this information is 
available. In the meantime, available outcome studies 
can be informative.

The goals of genital reconstruction surgery have 
been and continue to be a good cosmetic appearance 
and the potential for functionality involving sensitivity 
for sexual responsiveness. Function after surgery is re-
lated to severity of genital ambiguity at birth, extent of 
surgery, and complications of surgery. For example, 
among females diminished vaginal diameter correlated 
with greater prenatal virilization. Among 21-hydroxylase 
deficiency CAH females, the outcome of surgery ap-
pears to be related to the specific mutations. Those with 
the null genotype have more surgical complications and 
poorer scores regarding sexual function.396 Available 
outcome data indicate that most postsurgical patients 
have a female gender identity. Yet, studies show that a 
greater portion of women with CAH, even those with 
non-classic CAH (NCAH), are sexually attracted to 
other women compared to the general population. 
However, long-term outcomes are not well documented. 
Among 46,XX DSD patients, those living as females 
indicated that they preferred early surgery and felt  
that a satisfactory sex life was possible.397 Nonetheless, 
decreased sexual desire, difficulty achieving orgasm, and 
later sexual debut were common concerns. Fertility is 
possible for women with CAH; reduction of progester-
one concentrations is one important factor in fecundity 
for women with classical forms of CAH.398-400

Most males with 46,XY DSDs are satisfied with long-
term results of genitoplasty. Recurrent complaints in-
clude penile size, sexual activity, and urinary symptoms. 
There is considerable variation in masculinization and 

virilization.401 Despite improved understanding of DSDs 
and openness with patients and families, quality of life 
issues have not been fully resolved.401-403

Risks for Gonadal Tumors
The aberrant fetal gonadal environment and subsequent 
anomalous germ cell differentiation is associated with the 
development of germ cell tumors. The presence of  
Y chromosome material increases the propensity risk for 
gonadal tumors. Thus, another consideration regarding 
the need for and timing of surgery is the relative risk for 
gonadal tumors.

In general, CIS or gonadoblastoma are the most  
common germ cell tumors. The prevalence reported for 
gonadoblastoma ranges from 15% to 30%, depending on 
age of the patient, gonadal histology, and diagnostic cri-
teria used for CIS/gonadoblastoma. Gonadoblastomas 
are mixed germ cell sex cord-stromal tumors that arise in 
dysgenetic gonads, are composed of immature germ cells 
and sex cord-stromal cells of indeterminate differentia-
tion, and precede the development of the more invasive 
neoplasms such as dysgerminoma, seminoma, and non-
seminoma. Assessment of FOXL2 and SOX9 expression 
in the tumor tissue can help to discriminate between 
those with a Sertoli cell component from those with a 
granulosa cell component.404

Increased and prolonged expression of immunohisto-
chemical markers, OCT3/4 and testis-specific protein 
Y-encoded (TSPY), is common in CIS and gonadoblas-
toma.404 In one series, TSPY was abundantly expressed 
in germ cells within dysgenetic testes and undifferenti-
ated gonadal tissue suggesting upregulation when germ 
cells are located in an unfavorable environment.404 It is 
hypothesized that the normal germ cell maturation pro-
cess is interrupted, resulting in prolonged expression of 
OCT3/4, erased genomic imprinting, and subsequent 
immortalization of the cell.405,406

In one series of patients with Turner syndrome, 14/171 
(8%) were positive for Y-chromosomal material. Among 
these 14 patients, the prevalence of gonadoblastoma was 
33%.407 A meta-analysis of 11 studies, all using PCR 
methodology, found that 5% of patients with Turner 
syndrome showed positive results for Y chromosome 
material.407 Frasier syndrome is also associated with 
gonadoblastoma.

The prevalence of germ cell tumors is lower in andro-
gen insensitivity and disorders of androgen biosynthesis. 
Since the risk for malignancy appears to be low in child-
hood and early adolescence, patients with CAIS and their 
parents often choose to retain the gonads. However,  
accurate details regarding long term risk for malignancy 
are unknown at this time.408 Limited sample size, ascer-
tainment bias, inconsistent diagnostic criteria for malig-
nant cells, and confusing terminology leave many ques-
tions to be answered. For example, which patients with 
DSD benefit from gonadal biopsy to assess risk for neo-
plasia? Another consideration is how many biopsies are 
necessary to be representative of the histology of the 
gonad. Laparoscopy and video-assisted gonadectomy are 
invaluable techniques when the risk for malignancy is 
high. Ultimately, the decision regarding gonadectomy 
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involves consideration of the patient’s phenotype (inter-
nal and external genital anatomy), karyotype, gender of 
rearing, psychosocial factors, and gonadal histology.409

Transition from Pediatrics to Adult Care
Parents and pediatric healthcare providers envision  
that children with DSD will become productive adults 
who will find fulfillment and gratification in their lives. 
In view of the report from England regarding loss of 
follow-up of patients with CAH, a planned transition 
program from the pediatric healthcare team to the adult 
healthcare team is essential.410 This planned transition 
process needs to consider the medical, psychosocial, 
educational, emotional, cognitive, and vocational needs 
of the young adult. Differences in expectations between 
pediatric and adult healthcare situations should be re-
viewed. Explanation of the specific details of his/her  
diagnosis with the young adult is essential.411 For many 
of these patients, the specific details of their disorder 
were reviewed with the parents at the time of diagnosis 
when the individual was too young to participate in 
these discussions. The young adult needs to know the 
etiology, basic genetics, pathophysiology of his/her dis-
order, recurrence risk, and fertility status. The young 
adult, especially those requiring glucocorticoid replace-
ment therapy, needs to understand the rationale for 
treatment.411,412

Psychological and Genetic Counseling 
and Support and Ethical Considerations
Longitudinal continuity of care and provision for support 
systems are essential because of the medical and psycho-
logical aspects of DSDs. If an experienced social worker, 
psychologist, or psychiatrist is available, careful assess-
ment and counseling are invaluable throughout childhood 
and adolescence. Although most such cases of 46,XY 
DSD may not require medical therapy during early  
childhood, intermittent visits with the pediatric endocri-
nologist are helpful to address the patient’s and parents’ 
concerns, update parents concerning new therapy and 
outcome data, and ensure that appropriate psychological 
support needs are being met. These visits can foster a 
positive relationship between the child and the physician. 
Some parents may find disorder- specific support groups 
(e.g., AIS, www.aissg.org; CAH, www.caresfoundation.
org; Turner syndrome, www.turnersyndrome.org) to be 
helpful.

Many DSD conditions are inherited. The most  
common inheritance patterns are autosomal recessive or 
X-linked traits. Genetic counseling is indicated because 
parents are often interested to learn about recurrence 

risks. Phenotypic heterogeneity occurs in some DSD 
disorders, so it may be appropriate to perform hormone 
determinations and genetic analyses (when available) for 
other family members.

Ethical principles and recommendations have been 
published in a effort to provide a comprehensive view of 
the perspective of clinicians, patients and families, based 
on the principles of fostering the well-being of the child 
and future adult, uphold their rights to participate in 
decisions that impact them now and later, and to respect 
family and parent-child relationships.413

CONCLUSIONS

Identification of genes involved in sexual differentia-
tion has elucidated some of the molecular events  
responsible for normal and abnormal sexual differenti-
ation. Knowledge of the genetic, hormonal, and envi-
ronmental factors that influence sexual differentiation 
benefits the affected children, their parents, and their 
healthcare providers. This information enables better 
parental education regarding the etiology, natural his-
tory, and prognosis for their child. With understanding 
of factors that affect sexual differentiation, recurrence 
risks can be estimated.

The evaluation and subsequent management of a child 
with ambiguous genitalia is based on history, physical 
examination, and laboratory data. Understanding the 
family’s background enables the medical team to discuss 
the child’s sex development using terminology that they 
can understand at the time of diagnosis as well as during 
the following years. Initial diagnosis and management 
are the beginning of a long term relationship between the 
family and healthcare providers.

Despite the advances in characterizing the molecu-
lar basis of ambiguous genitalia, sensitivity and com-
passion demonstrated by the team of healthcare profes-
sionals in their interactions with the patient and family 
remain an essential aspect in the management of an 
infant with genital ambiguity. The initial evaluation 
and diagnostic processes are merely the beginning of 
an extended relationship with the child and family ulti-
mately culminating in successful transition to adult 
care providers. Respectful and empathetic interactions 
foster development of the infant with genital ambiguity 
to become an adult able to live a contented life. We, the 
healthcare providers, need to remain cognizant that 
knowledge regarding all aspects of sex determination, 
sex development, and gender identity determinants 
remains to be elucidated such that management of  
individuals with DSDs will still involve uncertainties 
and likelihoods.362
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Gene Name Locus

AKR1C2 Aldo-keto reductase family 1 member 2 10p15.1
AKR1C4 Aldo-keto reductase family 1 member 4 10p15.1
AMH Anti-Mullerian hormone 19p13.3
AMH-RII Anti-Mullerian hormone receptor 12q13.13
AR Androgen receptor Xq11-q12
ARX Aristaless-related homeobox, X-linked Xp21.3
BLIMP1/ PRDM1 B lymphocyte–induced maturation protein 6q21
ATR-X Alpha-thalassemia/mental retardation, X-linked Xq13
BMP2 Bone morphogenetic protein-2 20p12.3
BMP15 Bone morphogenetic protein-15 Xp11.22
CBX2/M33 Chromobox homolog 2 17q25
CDKN1C Cyclin-dependent kinase inhibitor 1C 11p15.4
CYB5 Cytochrome b5 18q22.3
CHD7 Chromodomain helicase DNA binding protein 7 8q12.1-12.2
CYP21A2 21-hydroxylase 6p21.33
CYP11B1 11b-Hydroxylase 8q21
CYP19A1 Aromatase 15q21.2
CYP11A1 Cholesterol side chain cleavage 15q23-q24
CYP17A1 17a-hydroxylase/17,20-lyase 10q24.3
CYP26B1 Cytochrome P450, subfamily XXVIB, polypeptide 1 2p13.2
CXCL12 Stromal cell-derived factor 1 10q11.21
CXCR4 Chemokine, CXC motif, receptor 4 2q22.1
DAX1/ NR0B1 DSS-AHC critical region on the X chromosome 1 Xp21.2
DAZL Deleted in azoospermia-like 3p24.2
DHCR7 7-dehydrocholesterol reductase 11q13.4
DHH Desert hedgehog 12q13.1
DMRT1 Doublesex- and MAB3-related transcription factor 1 9p24.3
EIF2B2 Eukaryotic translation initiation factor 2B, subunit 2 14q24.3
EIF2B4 Eukaryotic translation initiation factor 2B, subunit 4 2p23.3
EIF2B5 Eukaryotic translation initiation factor 2B, subunit 5 3q27.1
EMX2 Empty spiracles, drosophila, 2, homolog of 10q26.11
FIGLA Factor in germline alpha, mouse, homolog of 2p12
FGF8 Fibroblast growth factor 8 10q24.32
FGF9 Fibroblast growth factor 9 13q12.11
FGFR1 Fibroblast growth factor receptor 1 8p11.23-p11.22
FGFR2 Fibroblast growth factor receptor 2 10q26.13
FOG2/ ZFPM2 Friend of GATA 2 8q23
FOXL2 Forkhead transcription factor 2 3q23
GATA4 GATA binding protein 4 8p23.1-p22
GDF7 Growth differentiation factor 7 2p24.1
GLI3 Gli-Kruppel family member 3 7p14.1
GNRHR GnRH receptor 4q13.2
HOXA10 Homeobox A10 7p15.2
HOXA11 Homeobox A11 7p15.2
HOXA13 Homeobox A13 7p15.2
HSD3B2 3b Hydroxysteroid dehydrogenase 2 1p13.1
HSD17B3 17b Hydroxysteroid dehydrogenase 3 9q22
INLS3 Insulin like 3 19p13.11
IRX3 Iroquis homeobox protein 3 16q12.2
KAL1 Anosmin 1 Xp22.31
KAT6B Lysine acetyltransferase 6B 10q22
LGR4 G-protein–coupled receptor 48 11p14.1
LGR8/RXFP2 Relaxin/insulin-like peptide receptor 2 13q13.1
LIM1/ LHX1 Lim homeobox gene 1 17q12
LHX9 Lim homeobox gene 1 1q31.3
LIN28A/ZCCHC1 Zing finger CCHC domain-containing protein 1 1p36.11
LHR/LHCGR LH receptor 2p16.3
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Gene Name Locus

MAMLD1/ CXORF6 Mastermind-like domain-containing protein 1 Xq28
MAP3K1 Mitogen-activated kinase kinase kinase 1 5q11.2
MKKS McKusick-Kaufman syndrome 20p12.2
NANOG Homeobox transcription factor nanog 12p13.31
NGFI-B/ NR4A1 Nuclear receptor subfamily 4, group A, member 4 12q13.13
NKB/TAC3 Neurokinin B/tachykinin 3 12q13.3
NK3R/TACR3 Neurokinin B receptor/tachykinin receptor 3 4q24
NOBOX Newborn ovary homeobox, mouse, homolog of 7q35
PDGFA Platelet-derived growth factor, alpha polypeptide 7p22.3
PDGFRA Platelet-derived growth factor receptor, alpha 4q12
POR P450 oxidoreductase 7q11.2
PROK2 Prokineticin 2 3p13
PROKR2 Prokineticin receptor 2 20p12.3
PTC/ PTCH1 Patched 9q22.32
ROR2 Receptor tyrosine kinase-like orphan receptor, 2 9q22.31
RSPO1 R-spondin family member 1 1p34.3
SHH Sonic hedgehog 7q36.3
SMO/SMOH Smoothened, Drosophila, homolog of 7q32.1
SOX3 SRY Box 3 Xq27.1
SOX9 SRY Box 9 17q24.3-q25.1
SOX10 SRY Box 10 22q13.1
SRD5A2 5a-Reductase 2 2p23
SRY Sex determining region on Y Yp11.3
SF1/NR5A1 Steroidogenic factor 1/nuclear receptor subfamily 5, group A, 

member 1
9q33

STAR Steroidogenic acute regulatory protein 8p11.23
STRA8 Stimulated by retinoic acid 7q33
WNT4 Wingless-type MMTV integration site family, member 4 1p36.12
WNT5 Wingless-type MMTV integration site family, member 5A 3p14.3
WNT7A Wingless-type MMTV integration site family, member 7A 3p25.1
WNT9B Wingless-type MMTV integration site family, member 9B 17q21.32
WT1 Wilms tumor 1 11p13
WTIP WT1-interacting protein 19q13.11

Glossary of Genes—cont’d
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 1. What is the most common disorder of sex development?
 a. Gonadal dysgenesis
 b. Cryptorchidism
 c. DAX1 duplication
 d. Congenital adrenal hyperplasia

Answer: b

 2. What is the most likely diagnosis for an infant with 
symmetric external genitalia, fused labioscrotal folds, 
prominent phallus, and no palpable gonads
 a. Androgen insensitivity syndrome
 b. Mixed gonadal dysgenesis
 c. Persistent Mullerian duct syndrome
 d. Congenital adrenal hyperplasia

Answer: d

 3. What is the phenotype associated with mutations in 
the RSPO1 gene?
 a. 46,XY sex reversal with adrenal insufficiency
 b. No obvious phenotype in 46,XX individuals
 c. 46,XX sex reversal with palmoplantar keratoderma
 d. 46,XY sex reversal with ovotesticular disorder

Answer: c

QUESTIONS

 4. A 14 year old girl is referred for evaluation of primary 
amenorrhea. Her physical exam shows normal to tall 
stature for her family. She has Tanner 3 breast develop-
ment, but lacks pubic and axillary hair. Family history 
reveals a maternal aunt who had infertility. Which of 
the following options should be avoided?
 a. Reassure the family that she has delayed puberty. 

Recommend waiting 6 months and re-evaluate
 b. Obtain pelvic ultrasound to assess for presence of 

uterus
 c. Measure LH, FSH, and testosterone
 d. Obtain karyotype

Answer: a

 5. You are asked to evaluate a newborn infant with an 
abdominal wall defect, bifid phallic structure, and  
bilateral palpable gonads. Karyotype is 46,XY. What 
is this infant’s diagnosis?
 a. Ovotesticular disorder
 b. Androgen insensitivity
 c. Hypopituitarism
 d. Exstrophy of the bladder/cloaca

Answer: d
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Hypoglycemia in the Newborn  
and Infant

Diva D. De León, MD • Paul S. Thornton, MD, BCh, MRCPI •  
Charles A. Stanley, MD • Mark A. Sperling, MD

INTRODUCTION

One of the most important genetic and metabolic 
events to mark the transition from fetal to neonatal life 
is the adaptation from an environment that has a readily 
available and continuous source of glucose—maternal 
blood—to an environment in which glucose is provided 
in a limited and intermittent supply. The complex 
events involved in the maintenance of plasma glucose con-
centration must be coordinated to avoid hypoglycemia 
and resultant damage to the central nervous system. A 
newborn or infant with hypoglycemia presents an ur-
gent diagnostic and therapeutic challenge. The clinical 
features must be rapidly assessed and a plan of action 
developed based on the infant’s age, maternal and par-
turition history, severity and persistence of hypoglyce-
mic state, and all other relevant clinical clues. In this 
chapter we will review the normal physiology of glucose 
metabolism and the pathophysiology of the most com-
mon disorders resulting in hypoglycemia in the neonate 
(first 4 weeks of life) and infant (1 month to 1 year of 
life) with an emphasis on the approach to the diagnosis 
and management of these pathologies.

PRINCIPLES OF GLUCOSE METABOLISM

A systematic approach to hypoglycemia in the newborn, 
infant, or child requires an appreciation of the central 
role of glucose in the body’s fuel economy.1 Glucose me-
tabolism accounts for approximately half of basal daily 
energy needs and is the principal metabolic fuel of the 
human brain. Glucose can be stored for energy in the 
form of glycogen and fat, and its carbon can be used for 
synthesis of protein and for structural components (such 
as cell membranes). The aerobic oxidation of glucose 
yields high energy by producing 36 mols of adenosine 
triphosphate (ATP) for each mol of glucose.

All glucose extracted by the brain is oxidized, and thus 
cerebral glucose utilization parallels cerebral oxygen up-
take. In 5-week-old infants, cerebral glucose utilization 
already represents 71% to 93% of the adult level in most 
brain regions (ranging from 13 to 25 mmol/100 g/min). 
At that age, the areas with highest metabolic rates for 
glucose are the sensorimotor cortex, thalamus, midbrain, 
brainstem, and cerebellar vermis. By 3 months, metabolic 
rates for glucose increase in the parietal, temporal, and 
occipital cortices, as well as in basal ganglia. By 8 months, 
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family. Each of these isoforms is expressed in a distinct 
tissue distribution. In most cells, GLUTs mediate the 
import of glucose, because hexokinase activity maintains 
low intracellular glucose concentrations. Characteriza-
tion of the different members has provided new insights 
into the regulation and significance of glucose transport 
and its disorders in various tissues3,4,5 (Table 6-1). Several 
members of the GLUT family have been detected in the 
brain. GLUT1 is located at the blood-brain barrier,6 and 
although some neurons express GLUT2 and GLUT4, 
the majority use GLUT3 as their primary transporter.7 
The main isoform present in insulin-responsive tissues is 
GLUT4.8,9

Of major importance is the confirmation at a mo-
lecular level of biochemical evidence that glucose entry 
into brain cells and its subsequent metabolism are not 

subsequent increases occur in the frontal cortex and vari-
ous associative regions, concordant with the appearance 
of higher cortical and cognitive functions. Adult levels  
of cerebral glucose utilization (19 to 33 mmol/100 g/min) 
are reached by the time one is 2 years of age, and they 
continue to increase until 3 to 4 years of age—when they 
reach values ranging from 49 to 65 mmol/100 g/min, 
which are maintained to approximately 9 years of age. 
They then begin to decline, reaching adult levels by the 
end of the second decade.2

Glucose uptake by the brain occurs by means of a 
carrier-mediated facilitated diffusion process that is glu-
cose concentration dependent, as well as energy, Na1, 
and insulin independent.3 This process is mediated by 
facilitative glucose transporter (GLUT) proteins. The 
human genome contains 14 members of the GLUT 

Subfamily Name Tissue Distribution Glucose Transport Activity
Location of 
Human Gene

Regulation 
by Insulin

Class I GLUT1 Erythrocytes, brain  
(blood-brain barrier),  
placenta, pancreatic  
islets

Erythrocyte: asymmetric  
carrier with exchange  
acceleration; Km,5-30 
mmol/L (variable): Vmax 
(influx) , Vmax (efflux)

1p35-p31.3 Zero to  
minimal

GLUT2 Liver, islet cells, kidney, 
small intestine,  
pancreatic islets

Low-affinity. Liver:  
simple, symmetric carrier; 
Km,60 mmol/L; intestine: 
asymmetric carrier: Vmax 
(efflux) , Vmax (influx)

3q26.1-q26.2 Zero to  
minimal

GLUT3 Brain (neuronal), testis,  
placenta, pancreatic  
islets

High-affinity; exchange 
Km,10 mmol/L

12p13.3 Zero

GLUT4 Adipocytes, muscle High-affinity; adipocyte:  
simple, symmetric carrier; 
Km,2-5 mmol/L

17p13 Dependent 
on insulin

GLUT14 Testis ? 12p13.31 ?
Class II GLUT5 Testis, small intestine,  

kidney
No glucose transport activity, 

fructose transporter
1p36.2 ?

GLUT7 Small intestine (enterocytes 
brush border membrane), 
colon, testis, prostate

High-affinity transport for 
glucose (Km 5 0.3 mM)

1p36.2 ?

GLUT9 Liver, kidney. Expressed at 
preimplantation stage in 
mouse

Proven glucose transport  
activity

4p16-p15.3 ?

GLUT11 Pancreas, kidney, placenta, 
heart, skeletal muscle

Low affinity for glucose 
(possible fructose  
transporter)

22q11.2 Mediates  
insulin- 
stimulated 
glucose  
uptake in  
embryos

Class III GLUT6 Brain, spleen, leukocytes Low affinity for glucose 9q34 ?
GLUT8 Testis, brain (neuronal),  

adipocytes, preimplanta-
tion embryos

High-affinity glucose  
transporter (possible  
multifunctional  
transporter)

9q33.3 ?

GLUT10 Liver, pancreas Glucose transport activity 
with Km,3 mmol/L

20q13.1-q12 ?

GLUT12 Heart, prostate, breast  
cancer

Proven glucose transporter 
activity

6q23.2 ?

GLUT13 
(HMIT)

Brain No glucose transport activity, 
myo-inositol and related 
isomers transporter

12q12 ?

TABLE 6-1 Characterization of Glucose Transporters
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dependent on insulin but rather are dependent on cir-
culating arterial glucose concentration.10 Therefore, a 
decrease in arterial glucose concentration or a defect in 
the glucose transport mechanism of the brain will result 
in intracerebral glucopenia and low cerebrospinal fluid 
glucose concentration (hypoglycorrhachia)—with at-
tendant symptoms and signs of cerebral glucopenia as 
subsequently described.10-12

In normal humans, plasma glucose concentrations range 
from 3.9 to 7.1 mmol/L (70 to 128 mg/dL) and in the brain 
the range is from 0.8 to 2.3 mmol/L (14 to 41 mg/dL).13 
Brain glucose consumption will outstrip glucose transport 
at plasma glucose concentration , 2 mmol/L (36 mg/dL) 
(brain glucose will approach 0 mmol/L).14 To prevent cir-
culating arterial blood glucose from decreasing precipi-
tously under normal physiologic conditions, and therefore 
to prevent impairment of vital function that depends on 
cerebral glucose metabolism, an elaborate defense mecha-
nism has evolved.1 This defense against hypoglycemia is 
integrated by the autonomic nervous system and by hor-
mones that act synergistically to enhance glucose produc-
tion through enzymatic modulation of glycogenolysis and 
gluconeogenesis while simultaneously limiting peripheral 
glucose use.15,16 Thus, hypoglycemia is the result of a defect 
in one or several of the complex interactions that maintain 
a normal range of glucose concentration, preventing its  
fall to less than 3.9 mmol/L (70 mg/dL) during fasting  
and its rise to more than 7.8 mmol/L (140 mg/dL) during 
feeding.

These mechanisms are not fully developed at birth, 
when there is an abrupt transition from intrauterine life 
to extrauterine life. A neonate delivered prematurely 
whose enzymatic machinery mechanisms are not yet fully 
developed and expressed or one whose placental insuffi-
ciency resulted in intrauterine growth retardation with 
limited tissue nutrient deposits may be particularly vul-
nerable to hypoglycemia,17 often with consequences to 
subsequent cerebral development or function.18,19

PHYSIOLOGY OF PERINATAL GLUCOSE 
HOMEOSTASIS
Glucose Metabolism in the Fetus
It is estimated that 80% of fetal energy comes from  
glucose and that the remaining 20% is derived from  
metabolism of lactate and amino acids.20 Studies in 
human pregnancies as well as in other species suggest 
that fetal glucose is derived entirely from the mother 
through placenta transfer.21-24 Thus, maternal and fetal 
glucose concentrations behave as a single pool, with no 
endogenous glucose production in the fetus. There are 
important clinical consequences implicit in these find-
ings. For example, acute hypoglycemia in a mother with 
diabetes will result in acute hypoglycemia in the fetus—
with no ability to acutely compensate for the abrupt  
reduction in blood glucose supply.

The transfer of glucose across the placenta to the 
fetus is mediated by sodium-independent facilitated dif-
fusion along a concentration gradient. This process is 
dependent on specific isoforms of the glucose transport-
ers. GLUT1 has been identified as the major isoform in 

the human placenta,25 although other members of the 
family, such as GLUT3, are also expressed.26 Of note is 
the fact that the placental GLUTs are not regulated by 
insulin, suggesting that maternal glucose concentration 
and (more specifically) the maternal-fetal glucose gradi-
ent is the major determinant of placental glucose trans-
fer independent of the maternal insulin concentration 
perfusing the placenta.27

The fetus, from early gestation to time of delivery, has 
only slightly lower concentrations of plasma glucose than 
maternal concentrations with a mean fetal glucose concen-
tration of approximately 4.4 mmol/L (79 mg/dL). This 
maternal-fetal gradient allows greater transfer of glucose 
from the maternal circulation.28 There is a linear relation-
ship between the maternal and fetal glucose concentration 
with glucose transported by facilitated carrier-mediated dif-
fusion along the concentration gradient.29 As gestation 
proceeds this maternal-fetal gradient increases, perhaps re-
flecting the increased utilization of the fetal placenta unit.28 
When maternal glucose rises . 20 mmol/L (360 mg/dL), 
glucose transport changes to simple diffusion. Of the mater-
nal glucose taken up by the placenta, approximately 50% to 
60% is used by the placenta and 40% to 50% transported 
to the fetus.30

In the second half of gestation, the fetal–placental unit 
secretes large quantities of human placental lactogen, pro-
gesterone, and estrogen, which cause increased maternal 
insulin resistance. Maternal insulin does not significantly 
cross the placenta unless it is bound to antibody.31 Fetal 
insulin secretion cannot rapidly respond to rapidly chang-
ing glucose levels. In utero, the raised insulin-to-glucagon 
ratio drives metabolism toward anabolism, as evidenced by 
the rapid rate of growth of the fetus. The insulin resistance 
of the mother results in an increased availability of glu-
cose, amino acids, and lipids to meet the ever-increasing 
energy demands of the fetus, which is in a constant ana-
bolic state with glucose utilized for both energy produc-
tion and the formation of triglycerides stores and protein 
anabolism. Throughout gestation, the balance of glyco-
gen metabolism is toward anabolism and the building of 
glycogen stores. As gestation advances, the fetal glycogen 
content in the liver increases to about 24.6 mg/g liver by 
120 days. At 36 weeks, gestation there is a steep increase in 
accumulation of glycogen, with levels rising to 50 mg/g 
liver at term.

As gestation progresses, the increasing demand of the 
fetus for glucose is accomplished by increasing uterine 
blood flow. There is excess capacity in the uterine blood 
flow, and it may be reduced as much as 50% without 
causing any fetal harm. However, reducing blood flow 
from the placenta to the fetus causes significant impact 
on the fetus with resultant intrauterine growth restric-
tion (IUGR). In IUGR fetuses, the maternal fetal gradi-
ent is increased.

Changes at Birth: Transition Phase
The abrupt interruption of maternal glucose transfer  
to the fetus at delivery imposes an immediate need to 
mobilize endogenous glucose and to rapidly adjust insu-
lin secretion to glucose concentration. Following birth 
and clamping of the cord, the newborn has to transition 
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from a state of glucose excess and anabolism to a rapidly 
fluxing state of glucose deficiency and excess. This is due 
to the change from a constant supply of glucose and 
amino acids from the mother to variable and intermit-
tent oral intake. In addition, in breast-fed infants the 
colostrum is low in carbohydrates and high in fat. This 
transition is regulated by the interplay of hormones and 
enzyme induction. At birth, plasma epinephrine and nor-
epinephrine rise three- to tenfold,32 and may be respon-
sible for changes in the insulin-to-glucagon ratio, which 
in utero is high and favors anabolism. Within the first  
2 hours after birth, glucagon concentrations rise and 
continue to increase during the first 3 days of life; insulin, 
on the other hand, falls initially and remains in the basal 
range for several days.33 These changes induce both 
pyruvate carboxylase (PC) and phosphoenolpyruvate  
carboxykinase (PEPCK).34 By 8 to 12 hours, gluconeo-
genesis becomes fully effective.35 The ability to develop 
significant ketosis is impaired for the first 12 hours of life, 
as shown by a study in appropriate for gestational age 
(AGA) infants fasted up to 8 hours after birth. In these 
infants, free fatty acid (FFA) levels averaged 1.41 mmol/L 
(appropriately elevated) and total ketones were approxi-
mately 0.36 mmol/L (low relative to the FFA); thus, al-
though insulin levels fall and lipolysis occurs, fatty acid 
oxidation with ketone generation does not occur.35 
However, after 12 hours of life, ketone production and 
utilization occur at accelerated rates and equal those in 
adults starved for 48 to 72 hours.36 Thus, ketone utiliza-
tion can provide up to 25% of the energy needs of the 
neonate after the first 12 hours of life.

With the rise in glucagon and epinephrine and the fall 
in insulin, glycogen is mobilized to produce glucose by 
activation of glycogen phosphorylase. Indeed, levels of 
glycogen decline from a peak of 50 mg/g liver just prior to 
birth, to very low concentrations (, 10 mg/g liver) in the 
first 24 hours of life, and glycogen contributes to almost 
50% of the newborn’s glucose requirements during this 
time. Gluconeogenesis from pyruvate contributes approx-
imately 20% to 30% of glucose needs and glycerol pro-
duced by lipolysis contributes approximately 20%.24,37

In summary, glucose concentration during intrauterine 
life is constant and . 3.9 mmol/L (70 mg/dL). Following 
birth, glucose concentration falls to a mean glucose of  
3.1 mmol/L (56 mg/dL) at 2 hours (fifth percentile level 
28 mg/dL), and as glycogenolysis and gluconeogenesis 
become established, glucose concentration rises to a 
mean of 3.5 mmol/L (63 mg/dL) (fifth percentile level  
40 mg/dL) by 2 to 24 hours of life. By 24 hours of life, 
mean glucose concentrations are 3.8 mmol/L (68 mg/dL) 
(fifth percentile level 41 mg/dL) and by 48 hours they 
rise to a mean of 3.7 mmol/L (67 mg/dL) (fifth percentile 
level 48 mg/dL).38 As a result of these changes, 30% 
of normal newborns will have glucose concentrations  
, 2.8 mmol/L (50 mg/dL) in the first 24 hours of life 
and thereafter the frequency of glucose concentrations  
, 50 mg/dL in newborns older than 24 hours of age is 
0.5%.17 This physiologic drop in glucose levels in the 
first 24 hours of life is transitional hypoglycemia, which by 
definition occurs in normal healthy newborns. It should 
be differentiated from both transient and persistent 
pathologic causes of hypoglycemia.

Abnormalities of Transition

Because low plasma glucose concentrations in normal neo-
nates during this transitional hypoglycemia period are 
common, it can be difficult to identify newborn infants 
who have a pathologic hypoglycemia disorder. Thus, in 
neonates who are at risk for a pathologic hypoglycemia 
problem (e.g., genetic risk, large for gestational age [LGA], 
IUGR, infant of a diabetic mother, or perinatal stress), it is 
appropriate to monitor glucose concentrations closely and 
not merely treat any hypoglycemia expectantly. If such 
infants are treated and stabilized, formal evaluation or 
decisions about need for long-term treatment may be de-
layed until 2 to 3 days after birth, when diagnosis of the 
cause of hypoglycemia may be made by interpreting the 
critical sample drawn at a time of a spontaneous or fasting-
induced glucose , 50 mg/dL. It is vital that the diagnosis 
of the cause of hypoglycemia and decisions about need  
for treatment be completed prior to discharge from the 
nursery in order to avoid the potential hazard of a hypo-
glycemic episode after the infant is at home.

In infants born IUGR, the diminished glycogen re-
serves may have a significant impact on glucose control 
in the first 24 hours of life, resulting in hypoglycemia 
greater than expected. However, there are data that also 
suggest that small for gestational age (SGA) infants have 
a transient state of hyperinsulinism persisting over the 
first days of life as they adjust to extrauterine life.39 Pre-
mature infants may also not have accumulated adequate 
glycogen and will have immaturity of their enzyme sys-
tems also increasing the risk of hypoglycemia. Infants of 
diabetic mothers or infants with perinatal stress hyperin-
sulinism, or even those with genetic defects in insulin 
secretion or other conditions, will not have the sudden 
drop in insulin levels after birth, thus impairing glycoge-
nolysis and lipolysis and increasing the risk of hypoglyce-
mia. It is important for the clinician to recognize these 
at-risk neonates and neonates whose glucose control is 
out of the range of transitional hypoglycemia during this 
period and treat appropriately. In particular, it is impor-
tant to recognize conditions in which insulin secretion is 
increased, as these infants will neither mobilize glycogen 
nor be able to oxidize fatty acids, thus putting their brains 
at risk of damage due to the combination of hypoglyce-
mia and hypoketosis.

Management of Hypoglycemia in the First 
24 Hours

Management of hypoglycemia in the first 24 hours of life 
is important from two points of view. First, the manage-
ment plan should avoid treatment of infants who do not 
need treatment; second, it should include a management 
plan for those at risk of having a permanent hypoglycemic 
disorder that both identifies those neonates and threats 
them adequately. It is not currently recommended that all 
newborns have glucose concentration measured. However, 
if an infant has symptoms consistent with hypoglycemia—
such as lethargy, apnea, or seizures, or is unwell or in the 
at-risk category (e.g., infants with siblings with known 
hypoglycemic disorders, preterm infants, LGA infants, 
SGA infants, infants of a diabetic mother, or infants who 
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had birth asphyxia)—the infant’s glucose levels should be 
measured.

If the baby has symptoms of hypoglycemia or is unwell 
and the glucose is , 2.8 mmol/L (50 mg/dL), then IV 
glucose should be administered to keep the glucose  
. 3.3 mmol/L (60 mg/dL).40 Typically doses of glucose 
would be a 200 mg/kg (2 mL/kg dextrose 10%) bolus  
dose followed by a starting glucose infusion rate (GIR) of 
4 to 6 mg/kg/min (60 to 90 mL dextrose 10% /kg/day) 
and rising by GIR of 1.6 mg/kg/min (1 mL/kg dextrose 
10%/hour) until glucose levels are . 3.3 mmol/L 
(60 mg/dL) are obtained. Glucose levels should be 
checked every 15 minutes and the glucose infusion rate 
increased until the desired range is achieved. If after two 
dose increases of 1.6 mg/kg/min (1 mL/kg dextrose 
10%/hour) the glucose levels remain , 3.3 mmol/L (60 
mg/dL), then an increase by 3.2 mg/kg/min (2 mL/kg 
dextrose 10%/hour) every 15 minutes is recommended.

For asymptomatic infants at , 2 hours of life, intrave-
nous (IV) glucose should be given if glucose levels are  
, 1.7 mmol/L (30 mg/dL) and the goal is to raise the 
glucose to . 3.3 mmol/L (60 mg/dL). For asymptomatic 
infants at 2 to 24 hours of life, IV glucose should be given 
if glucose levels are , 2.2 mmol/L (40 mg/dL) and the 
goal is to raise the glucose to . 3.3 mmol/L (60 mg/dL). 
If newborns continue to have asymptomatic glucose con-
centrations , 50 mg/dL after 24-48 hours consideration 
should be given to providing IV dextrose with the goal of 
maintaining glucose . 3.9 mmol/L (70 mg/dL).

There is no evidence-based medicine to show us 
how to differentiate neonates who failed the preceding 
protocols because of a more severe transition from  
neonates with a more serious and potentially harmful 
cause of hypoglycemia. Both the American Academy  
of Pediatrics guidelines41 and the Canadian Pediatric 
Society guidelines40 recommend further testing to iden-
tify neonates who may needing longer-term treatment 
and to identify when glucose metabolism has returned 
to normal, but they do not recommend how and when 
this should be done.

We strongly recommend that neonates requiring in-
travenous glucose to maintain the blood glucose levels 
. 3.3 mmol/L (60 mg/dL) at any time, or those having 
glucose levels , 2.8 mmol/L (50 mg/dL) past 48 hours 
of age, should have the cause of their abnormality in 
glucose metabolism identified prior to discharge. This 
means a critical sample should be drawn during a spon-
taneous episode of hypoglycemia, whether on intrave-
nous glucose or not, and if a spontaneous event does not 
occur, a simple fast should be done after the neonate has 
been weaned from intravenous fluids and is feeding. 
Those who require IV glucose at any time for the treat-
ment of hypoglycemia should skip 1 to 2 feeds and fast 
a total of 6 to 8 hours. If plasma glucose levels remain 
. 3.6 mmol/L (65 mg/dL), one can conclude the infant 
is unlikely to have a hypoglycemic disorder. For those 
with glucose levels , 2.8 mmol/L (50 mg/dL) after 
48 hours of life and not requiring IV glucose, the rec-
ommendation is to skip one feeding and have the infant 
fast for 6 hours. If the infant maintains the glucose  
. 3.3 mmol/L (60 mg/dL), it is unlikely that the infant 
has a hypoglycemic disorder. One should note that 

there is no evidence that proves these protocols will 
identify 100% of infants, so caution should be made if 
clinical circumstances warrant further thought. Finally, 
it is important to emphasize to anxious parents the con-
sequences of missing a diagnosis of a hypoglycemic 
disorder. In our experience most parents are willing to 
lengthen the hospital stay by 6 to 9 hours to ensure the 
long-term safety of their child.

HORMONAL AND METABOLIC SYSTEMS 
OF FASTING ADAPTATION

Hypoglycemia in neonates, infants, and children is  
essentially always a problem with fasting adaptation. 
Postprandial hypoglycemia is exceedingly rare and is 
limited to a few unusual situations, such as postprandial 
hypoglycemia after Nissen fundoplication and gastric 
tube feedings, hereditary fructose intolerance, or the 
protein-induced hypoglycemia seen in some forms of 
congential hyperinsulinism. Therefore, a consideration 
of the major hormonal and metabolic pathways that 
maintain fuel homeostasis during fasting provides an 
important framework for understanding the causes, diag-
nosis, and treatment of different forms of hypoglycemia.

Three metabolic systems regulate the physiologic  
response to fasting: (1) hepatic glycogenolysis, (2) hepatic 
gluconeogenesis, and (3) hepatic ketogenesis. The key 
enzymatic steps in these pathways are shown in Figure 6-1. 
These metabolic systems are coordinated by the endo-
crine system, consisting of suppression of insulin (the 
most important endocrine response to fasting, as insulin 
suppresses all three metabolic systems) balanced by the 
secretion of glucagon, epinephrine, cortisol, and growth 
hormone. Table 6-2 summarizes the counter-balancing 
effects of these counter-regulatory hormones on key 
metabolic pathways. There is a hierarchic redundancy in 
the interaction of these counter-regulatory hormones 
that provides a margin of safety (“fail-safe mechanism”)  
if only one counter-regulatory hormone is impaired.  
Epinephrine and glucagon are quick acting, each signal-
ing its effects by activation of cyclic AMP. Deficiencies  
of glucagon, as occurs in long-standing type 1 diabetes 
mellitus, can be largely compensated for by an intact 
autonomic nervous system with appropriate a- and 
b-adrenergic, and cholinergic effects. Conversely, auto-
nomic failure can be largely compensated for if glucagon 
secretion remains intact.1

Hepatic glycogenolysis is sufficient to meet energy 
requirements for only a few hours. Beyond that time, 
glucose must be produced by hepatic gluconeogenesis 
from precursors such as amino acids, glycerol, and lactate 
recycled from glycolysis. The major source of gluconeo-
genic precursors is muscle protein. Although the pool of 
muscle protein is large, it is required for body function 
and thus in contrast to stores of glycogen and fat there 
are no “reserves” of protein to draw on during fasting. To 
spare the use of essential protein during extended fasting, 
glucose consumption must be suppressed by switching 
on the mobilization and oxidation of fatty acids from 
adipose triglyceride stores, producing ketone bodies and 
glycerol. The ketone bodies inhibit phosphofructokinase, 



SECTION II Endocrine Disorders in the Neonate162

hexokinase, and inactivate pyruvate dehydrogenase, thus 
reducing glucose utilization in the liver and preserving 
glucose for those cells dependent of glucose alone.

The essential function of fasting adaptation is to main-
tain fuel supply to the brain. Glucose homeostasis is very 
limited in neonates and infants compared to adults, in 

part because of their smaller reserves of liver glycogen 
and muscle protein but also because of their relatively 
larger rates of glucose consumption due to their larger 
brain-to-body-mass ratio. For example, the fuel stores of 
a 10-kg infant are only 15% of those of an adult. How-
ever, the caloric needs are 60% of those of an adult and 
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Counter-Regulatory Hormone Glycogenolysis Gluconeogenesis Lipolysis Ketogenesis

Insulin Inhibits Inhibits Inhibits Inhibits
Glucagon Stimulates Stimulates Stimulates
Cortisol Stimulates
Growth hormone Stimulates
Epinephrine Stimulates Stimulates Stimulates

TABLE 6-2 Hormonal Regulation of Fasting Metabolic Systems
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glucose turnover rates per kilogram are two- to threefold 
greater. As shown in Figure 6-2, early in fasting, glucose 
is the primary brain fuel and accounts for over 90% of 
total body oxygen consumption. Glucose is provided 
chiefly from hepatic glycogenolysis, supplemented by 
hepatic gluconeogenesis utilizing amino acids released by 
muscle protein turnover. After 8 to 12 hours in normal 
infants (24 to 36 hours in adults), glucose production 
declines, because the supply of liver glycogen is limited 
and the rate of gluconeogenesis from amino acids remains 
constant. At this time, a transition to fat as the major fuel for 
the body begins, with accelerated adipose tissue lipolysis 
and increased fatty acid oxidation in muscle and ketogenesis 
in liver. Lipolysis also generates glycerol, which is an impor-
tant gluconeogenic substrate once fasting adaptation is  
fully active. The brain cannot utilize fatty acids directly, 
because they do not pass the blood-brain barrier. However, 
the brain can substitute glucose consumption with the 
ketones acetoacetate and b-hydroxybutyrate, which are 
released by the liver as the end product of hepatic fatty 
acid oxidation. In late stages of fasting adaptation, fatty 
acid oxidation and ketone utilization account for 90% of 
total oxygen consumption.

The operation of the metabolic and endocrine systems 
of fasting adaptation is evidenced by the changes in cir-
culating levels of metabolic fuels and hormones during a 
fast. As shown in Figure 6-3, in young infants a 24-hour 
fast is accompanied by a gradual fall in plasma glucose 
levels as hepatic glycogen stores are depleted, a progres-
sive fall in concentrations of gluconeogenic substrate 
(e.g., lactate, alanine) as they are used for hepatic gluco-
neogenesis, a brisk rise in free fatty acids as lipolysis is 
activated, and a dramatic rise in b-hydroxybutyrate (the 
major ketone) as hepatic ketogenesis is turned on.1,42

By the time that plasma glucose concentration has 
fallen to , 2.8 mmol/L (50 mg/dL), all the metabolic 
systems and the hormonal responses described earlier 
will have fully engaged. A “critical sample” drawn at this 
time will therefore enable an evaluation of these systems 

and detect abnormalities of fasting adaptation. As an ex-
ample, when insulin concentration is above the lower 
limit of detection according to the assay at the time when 
plasma glucose concentration is 2.8 mmol/L (50 mg/dL) 
or less, there is a hyperinsulinemic state reflecting failure 
of the mechanisms that normally result in suppression of 
insulin secretion during fasting or hypoglycemia.43-45 

Thus, a snapshot of the integrity of the metabolic and 
endocrine fasting systems can easily be obtained by mea-
suring the plasma levels of the major fuels and hormones 
at the end of a fast, when the blood glucose approaches 
hypoglycemic levels (“critical samples”) (Table 6-3; also 
see also Box 6-2, presented later in the chapter). The use 
of these critical samples in diagnosing the cause of hypo-
glycemia is discussed later.

DEFINITION OF HYPOGLYCEMIA 
IN NEONATES AND INFANTS

The classic definition of symptomatic hypoglycemia is 
“Whipple’s triad”—symptoms, signs or both consistent 
with hypoglycemia, a low plasma glucose concentration, 
and resolution of symptoms/signs after the plasma glucose 
concentration is raised. These three criteria were originally 
used for diagnosing insulinomas in adults. However, in 
neonates and infants, who cannot dependably communi-
cate their symptoms and in whom clinical signs of hypogly-
cemia are not specific, it may not be possible to satisfy 
Whipple’s triad. In these cases, recognition of hypoglyce-
mia may require confirmation by repeated measurements 
of plasma glucose concentrations on multiple occasions or 
by formal provocative testing.

Beyond the first 48 hours of life, normal plasma  
glucose concentration in neonates and infants are not 
different than in older children and adults. Thus, plasma 
glucose concentrations in the postabsorptive state range 
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Plasma Fuels at End of Fast (mmol/L)
Plasma Hormones  

at End of Fast

disorder

Length  
of fast 
(hour) gLucose Lactate

free fatty 
acids

b-hydroxy- 
butyrate

insuLin  
(mU/mL)

cortisoL 
(mg/dL)

growth  
hormone  
(ng/mL)

gLycemic 
response to 
gLucagon 
(mg/dL)

physicaL  
examination

Normal Infants 24-36 2.8 0.7-1.5 1.5-2.5 2-4 , 2 . 20 .10 , 30

Endocrine System
Hyperinsulinism Varies 2.8 N , 1.5 , 2 . 1 N N . 30 LGA
Cortisol deficiency 10-16 2.8 N N N N Low Low N
GH deficiency 10-16 2.8 N N N N N Low N Short stature
Panhypopituitarism 10-16 2.8 N N N N Low N N Short stature,  

midline facial 
malformation, 
optic hypoplasia, 
micropenis

Epinephrine deficiency  
(beta-blocker)

10-16 2.8 N , 1.5 , 2 N N N N

Glycogenolysis
Debrancher deficiency (GSD3) 4-8 2.8 N N N N N N N Hepatomegaly 41

Phosphorylase deficiency (GSD6) 10-16 2.8 N N N N N N N Hepatomegaly 21

Phosphorylase kinase  
deficiency (GSD9)

10-16 2.8 N N N N N N N Hepatomegaly 21

Glycogen synthase  
deficiency (GSD0)

6-12 2.8 N N N N N N N Hepatomegaly 11

Gluconeogenesis
Glucose 6-phosphatase  

deficiency (GSD1a and 1b)
2-4 2.8 4-81 N , 2 N N N (lactate) Hepatomegaly 41

Fructose 1,6-diphosphatase  
deficiency

8-12 2.8 4-81 N N N N N N Hepatomegaly 11

Pyruvate carboxylase deficiency 8-12 2.8 4-81 N N N N N N
Lipolysis
Congenital lipodystrophy, familial 

dysautonomia, beta-blockers
10-16 2.8 N , 1.5 , 2 N N N N

Fatty Acid Oxidation 10-16 2.8 N . 2.5 , 1.5 N N N N Hepatomegaly 11

Carnitine transporter, CPT-1,  
Translocase, CPT-2, VLCAD, 
MCAD, SCAD, LCHAD, MADD, 
HMG-CoA synthase, HMG-CoA  
lyase deficiency

TABLE 6-3 Differential Diagnosis of Hypoglycemia in Neonates and Infants

For definitions of abbreviations, see Table 6-5 footnote.
GH, growth hormone; GSD, glycogen storage disease.
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between 3.9 and 5.6 mmol/L (70 and 100 mg/dL), with a 
mean of 4.4 to 4.7 mmol/L (80 to 85 mg/dL). A plasma 
glucose level of 2.8 mmol/L (50 mg/dL) is convention-
ally used as an end point for provocative diagnostic tests 
for hypoglycemia. This value is low enough to strongly 
stimulate the endocrine and metabolic defenses against 
hypoglycemia for identifying the mechanism responsible 
for hypoglycemia. Falling glucose levels elicit a typical 
sequence of responses: plasma insulin levels begin to  
decrease when plasma glucose falls to the range of 4.4  
to 4.7 mmol/L (80 to 85 mg/dL) and insulin secretion is 
generally “switched off” at glucose concentrations below 
2.5 to 3 mmol/L (45 to 54 mg/dL); glucagon secretion 
increases when plasma glucose levels are in the range  
of 3.6 to 3.9 mmol/L (65 to 70 mg/dL); epinephrine, 
cortisol, and growth hormone responses are activated in 
the range of 3.6 to 3.9 mmol/L (65 to 70 mg/dL). As  
the plasma glucose falls below 3.3 mmol/L (59 mg/dL), 
auditory and visual reaction time is prolonged and cogni-
tive function begins to decline as the plasma glucose 
concentration declines below 2.5 to 3.5 mmol/L (45 to 
63 mg/dL), with some of this variability dependent of the 
testing employed.13,46

In some disorders, such as defects in ketogenesis, signs 
and symptoms may begin to appear during fasting at plasma 
glucose levels of 3.3 mmol/L (60 mg/dL). On the other 
hand, some patients (those with glucose 6-phosphatase de-
ficiency) may have few symptoms of neuroglycopenia at 
plasma glucose levels as low as 1.1 to 1.7 mmol/L (20 to 
30 mg/dL) because their high plasma levels of lactate 
provide an alternative substrate for the brain. Plasma glu-
cose levels between 2.8 and 3.9 mmol/L (50 and 70 mg/
dL) should be regarded as suboptimal and below the goal 
for therapy for hypoglycemia.

A number of potential artifacts can interfere with mea-
suring glucose levels in neonates and infants (Box 6-1). 
Whole-blood glucose concentrations are 10% to 15% 
lower than plasma glucose levels because erythrocytes 
have a higher concentration of protein (hemoglobin) 
versus plasma with its higher water content, and hence 
higher dissolved glucose concentrations. The difference 
may be greater in neonates with higher hematocrits. 
Blood samples that are not processed promptly can have 
erroneously low glucose levels, owing to glycolysis by red 
and white blood cells. At room temperature, the decline 

of whole-blood glucose can be 5 to 7 mg/dL/hr. The use 
of inhibitors, such as fluoride, in collection tubes avoids 
this problem.

Hospital bedside glucose meters and similar home 
glucose meters are less precise than clinical laboratory 
methods and can be expected to have an error range of 
10% to 15%. These methods are also prone to errors, 
such as outdated strips or inadequate sampling—most of 
which result in falsely low glucose values. For this reason, 
bedside monitors can be used for screening purposes—
but any glucose value below 3.3 mmol/L (60 mg/dL) 
should be verified in the clinical laboratory. Falsely low 
(or high) glucose values may occur with samples drawn 
from indwelling lines without adequate flushing of the 
saline (or glucose) infusate.

For infants beyond the transitional period, treatment 
should be initiated promptly for plasma glucose values 
below 2.8 mmol/L (50 mg/dL). Plasma glucose values 
below 3.3 mmol/L (60 mg/dL) should be rechecked, 
and treatment considered if values are confirmed to be 
below 3.3 mmol/L (60 mg/dL). Symptomatic infants 
and neonates should be treated with intravenous dex-
trose (0.2 g/kg bolus, followed by infusion at 5 to 10 
mg/kg/min). These rates approximate the normal he-
patic glucose production rates in neonates and young 
infants (Figure 6-4). Asymptomatic neonates with 
plasma glucose levels below 2.8 mmol/L (50 mg/dL) 
may be treated with oral glucose, but only if there is 
good reason to believe the problem is a transient one 
that will not recur. This essentially only applies to oth-
erwise normal neonates during the first 12 to 24 hours 
after birth who have delayed feedings, such as with ini-
tiation of breastfeeding. Beyond the first day of life, all neo-
nates with verified plasma glucose concentration less than 2.8 
mmol/L (50 mg/dL) should be suspected of having a hypogly-
cemic disorder.

BOX 6-1 Factors Affecting Measurement of 
Blood Glucose Concentration

• Whole-blood versus plasma glucose concentration 
(plasma is 10% to 15% higher)

• Duration between sample collection and sample mea-
surement

• Presence or absence of glycolytic inhibitors in collection 
tubes

• Sample collection from indwelling lines without adequate 
flushing

Compiled from Sacks DB (1994). Carbohydrates. In Burtis CA, 
Ashwood ER (eds.), Tietz textbook of clinical chemistry, 2nd ed. 
Philadelphia: WB Saunders.
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FIGURE 6-4 n  Glucose production versus body weight determined 
in 19 newborns with the use of stable isotopic techniques. These 
studies provide support for the calculated rates of glucose admin-
istration required to correct hypoglycemia. (From Bier DM, Leake 
RD, Haymond MW, et al. [1977]. Measurement of “true” glucose 
production rates in infancy and childhood with 6,6-dideuteroglucose. 
Diabetes 26:1016.)
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CLINICAL SYMPTOMS AND SIGNS 
ASSOCIATED WITH HYPOGLYCEMIA

The clinical features of hypoglycemia in infants may be 
associated with both neurogenic and neuroglycopenic 
components (Table 6-4). Symptoms are often subtle 
and not specific, therefore a high index of clinical sus-
picion must be maintained. Any alteration in clinical 
status in a newborn that suggests a change in neurologic 
behavior, fall in temperature, change in feeding pattern, 
or presence of tremors must be considered a possible 
initial presentation of a hypoglycemic episode. A seizure 
must always be considered a possible manifestation of 
hypoglycemia.

DIAGNOSTIC APPROACH

Treatment of hypoglycemia in neonates and infants 
requires making a specific diagnosis of the underlying 
cause. The diagnosis should be based on the combina-
tion of data obtained from the history, physical exami-
nation, laboratory findings, and, especially, the hor-
monal and fuel responses at the time of fasting 
hypoglycemia. A logical approach to diagnosis and 
treatment must be to analyze a hypoglycemic event  
as a maladaptation to fasting, and thus the most impor-
tant information required for diagnosis comes from 
tests on the blood and urine specimens obtained at  
a time of hypoglycemia (also known as the critical 
samples).

Important facts from the history include the dura-
tion of fasting that provoked hypoglycemia. Onset 
within a few hours of a meal would be consistent with 
hyperinsulinism or glucose 6-phosphatase deficiency, 
whereas onset after 10 to 12 hours would be consistent 
with a defect in fatty acid oxidation. Pituitary defi-
ciency with growth hormone or adrenocorticotropic 
hormone (ACTH)-cortisol deficiency might be sus-
pected by the presence of midline facial malformations, 

microphthalmia, or microphallus (follicle-stimulating 
hormone [FSH]/luteinizing hormone [LH] deficiency 
in utero). Growth failure is also a prominent feature  
of glucose 6-phosphatase deficiency or debrancher  
deficiency glycogen storage disease after the first  
3 months of life. Both of these disorders are associated 
with massive hepatomegaly. Abnormal results of liver 
function tests (transaminases) and hyperammonemia, 
with or without elevated creatine kinase level, would 
suggest a possible fatty acid oxidation disorder (see 
Table 6-3).

Figure 6-5 outlines an algorithm for diagnosis of dif-
ferent forms of hypoglycemia based on readily available 
laboratory tests on the “critical” blood and urine sam-
ples. The first discriminant is a measure of acidemia  
at the time of hypoglycemia using the serum bicarbon-
ate. If the acidemia is caused by elevations of the  
ketoacids (b-hydroxybutyrate and acetoacetate), possi-
bilities include a normal child fasted for too long  
(ketotic hypoglycemia), a defect in glycogenolysis  
(glycogen storage disease type 3), or counter-regulatory 
hormone deficiency (hypopituitarism). If the acidemia 
is caused by an elevation of lactic acid, a block of gluco-
neogenesis should be suspected (glucose 6-phosphatase 
or fructose 1,6-diphosphatase deficiency or ethanol  
ingestion).

If there is no acidemia (i.e., absence of the normal  
elevation of ketones) but free fatty acid levels are high,  
a defect in fatty acid oxidation and ketogenesis should  
be suspected (MCAD deficiency). If ketones are not  
appropriately increased but the free fatty acid concentra-
tions are also suppressed, hyperinsulinism should be 
suspected. In the neonatal period, the features of hyper-
insulinism can be mimicked by congenital pituitary defi-
ciency. Further tests can then be planned using the initial 
critical specimens to confirm the suspected diagnosis. 
These may include physiologic tests (such as the gluca-
gon stimulation test at a time of hypoglycemia to confirm 
hyperinsulinism) or specialized laboratory tests (such as  
a plasma acyl-carnitine profile) to identify a defect in 
mitochondrial b-oxidation.

Neurogenic Neuroglycopenic

symptoms due in part to activation of autonomic 
nervous system (adrenergic or choLinergic)

symptoms due to decreased cerebraL 
gLucose and oxygen use

Shakiness, trembling, jitterness
Tachycardia
Hunger
Pallor
Hypothermia

Lethargy
Irritability
Poor feeding
Seizures
Cyanosis
Tachypnea
Apneic episodes
Weak/High-pitched cry
Floppiness
Eye-rolling
Lip smacking
Twitching, convulsions

TABLE 6-4 Symptoms of Hypoglycemia in Infancy
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In some cases, a formal fasting test may be necessary 
to diagnose the cause of hypoglycemia. The goal of this 
test is to reproduce the setting in which hypoglycemia 
occurs in order to identify the underlying cause. The 
fasting test should be considered a method of testing a 
hypothesis that has already been developed, based on 
available clinical and laboratory data about the cause of 
the hypoglycemia. Thus, the test can be modified with 
additions or deletions to the basic protocol. This is im-
portant, because challenging an infant with fasting is not 
without risk—particularly if a genetic defect in fatty acid 
oxidation or adrenal insufficiency is present. Therefore, 
fasting or other diagnostic challenges should be done 
only in the hospital under carefully controlled settings 
with an experienced physician and nursing staff readily 
available.

Infants younger than 1 year are usually fasted for up to 
24 hours, whereas in older children the maximum fast 
may be up to 36 hours. The fast is terminated when the 
plasma glucose falls below 2.8 mmol/L (50 mg/dL), but 
it may be ended sooner if plasma b-hydroxybutyrate rises 
to greater than 2.5 mmol/L or if there are any adverse 
signs or symptoms. Periodic blood samples are obtained 
for analysis of major fuels and hormones and for appro-
priate ancillary tests (e.g., serum total carnitine, acyl-
carnitine profile, liver transaminases, creatine phospho-
kinase, or urinary organic acids). If hyperinsulinism is 
suspected, the fasting test may be ended with glucagon  
(1 mg given intravenously) to evaluate the glycemic  
response.

Special note should be made that the most frequent 
cause of hypoglycemia in neonates, infants, and chil-
dren (hyperinsulinism) often cannot be diagnosed 
based solely on the plasma insulin concentration. With 
very sensitive assays, serum insulin concentrations will 
be less than 1 to 2 mU/mL at times of hypoglycemia 
(i.e., below the sensitivity of most insulin assays). 
Therefore, the diagnosis must often be made based on 
evidence of inappropriate insulin effects: hypoketone-
mia, hypo-free fatty acidemia, and a positive glycemic 
response to glucagon.

CLASSIFICATION OF CAUSES OF 
PERSISTENT HYPOGLYCEMIA IN THE 
NEONATE AND INFANT (Box 6-2)

Disorders of Insulin Excess or Actions
Suppression of insulin secretion is critical for maintain-
ing euglycemia during fasting through the activation of 
hepatic glycogenolysis, gluconeogenesis, and fatty acid 
oxidation. Indeed, failure to suppress insulin secretion  
or actions is the most common cause of persistent hy-
poglycemia in neonates and children. Whether this is 
the result of a genetic defect in factors involved in the 
insulin secretory pathway or in the insulin signaling 
cascade, the clinical and biochemical hallmarks in the 
neonate are: (1) increased birth weight because of  
the growth-promoting effects of insulin in utero,  
(2) increased glucose utilization, (3) suppression of  
lipolysis and ketogenesis (low free fatty acids and  
ketones at the time of hypoglycemia), and (4) inappro-
priate glycemic response to glucagon at time of hypo-
glycemia (an increase of . 30 mg/dL) (Box 6-3). These 
features are critical for making the diagnosis, but it is 
also essential to determine the underlying cause be-
cause the treatment and prognosis may vary among the 
different disorders. The potential risk of brain damage 
in an infant suffering from hyperinsulinism is high, 
placing this diagnosis in a critical position in the diag-
nostic evaluation of neonatal hypoglycemia.

G-6-Pase 
F-1,6-Pase 
PEP-CK 
PC-ase 
Ethanol 
Neonate 

Hyperinsulinism 
AKT2 activation 
Hypopit 
SGA 

FAO def 
Neonate 

↑  Lactate ↓  FFA  

↓  Ketones Normal 
Ketotic 

Hypogly 
GH-def
GSD 3, 6, 9
 Cortisol-def

↑  Ketones ↑  FFA  

↓  Ketones 

Acidemia No Acidemia 

Hypoglycemia 

FIGURE 6-5 n  Algorithm for diagnosis of hypoglycemia based on 
“critical” blood tests obtained during a period of hypoglycemia. 
FFA, free fatty acids; FAO: fatty acid oxidation; GSD, glycogen stor-
age disorder; SGA, small for gestational age. (Modified from Stanley 
CA, Baker L [1978]. Hypoglycemia. In Kaye R, Oski FA, Barness LA 
(eds.), Core textbook of pediatrics. Philadelphia: JB Lippincott, 280-305.)

BOX 6-2 Classification of Causes of 
Persistent Hypoglycemia in  
the Neonate and Infant

 A. Disorders of Insulin Excess or Actions
 1. Hyperinsulinemic Hypoglycemia

 a. Perinatal Stress-Induced Hyperinsulinism
 b. Monogenic Hyperinsulinism

KATP Hyperinsulinism
Focal
Diffuse

GDH Hyperinsulinism
SCHAD Hyperinsulinism
GCK Hyperinsulinism
HNF4Alpha Hyperinsulinism (HNF1Alpha)
UCP2 Hyperinsulinism

 c. Beckwith-Wiedemann Syndrome
 d. Hyperinsulinemic Hypoglycemia after Fundo-

plication
 2. AKT2

 B. Defects of Counter-Regulatory Response
 1. Hypopituitarism
 2. Congenital ACTH Deficiency (TBX19)

 C. Defects in Glycogenolysis and Gluconeogenesis
GSD Type 1

 D. Defects in Fatty Acid Oxidation
MCAD

 E. Defects of Glucose Transporters
GLUT1 Deficiency
GLUT2 Deficiency
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 1. Hyperinsulinemia (plasma insulin . 2 mU/mL)*
 2. Hypofattyacidemia (plasma FFA , 1.5 mmol/L)
 3. Hypoketonemia (plasma BOB , 2 mmol/L)
 4. Inappropriate glycemic response to glucagon, 1 mg IV 

(delta glucose . 30 mg/dL)

Hyperinsulinemic Hypoglycemia
Transient Hyperinsulinism Resulting from 
Maternal Factors

Transient hyperinsulinism is a well-recognized complica-
tion in neonates after a pregnancy complicated by gesta-
tional diabetes. At birth, infants born to these mothers 
may be large and plethoric—and their body stores of 
glycogen, protein, and fat are replete. The classic clinical 
description of the effect of hyperinsulinism relates to the 
infant of the diabetic mother47:

These infants are remarkable not only because like fetal 
versions of Shadrack, Meshack, and Abednego, they 
emerge at least alive from within the fiery metabolic 
furnace of diabetes mellitus, but because they resemble 
one another so closely they might well be related. They 
are plump, sleek, liberally coated with vernix caseosa, 
full-faced, and plethoric. The umbilical cord and  
placenta share in the gigantism. During their first  
24 or more extrauterine hours, they lie on their backs, 
bloated and flushed, their legs flexed and abducted, their 
lightly closed hands on either side of the head, the abdo-
men prominent and their respiration sighing. They con-
vey a distinct impression of having had such a surfeit of 
both food and fluid pressed upon them by an insistent 
hostess that they desire only peace so that they may re-
cover from their excesses. On the second day their re-
sentment of the slightest noise improves the analogy 
when their trembling anxiety seems to speak of intra-
uterine indiscretions of which we know nothing.

The hypoglycemia in infants of diabetic mothers is re-
lated chiefly to hyperinsulinemia and in part to diminished 
glucagon secretion. Hypertrophy and hyperplasia of their 
islets have been documented, as has their brisk, biphasic, 
and typically adult insulin response to glucose. This insu-
lin response is absent in normal infants. Infants born to 
diabetic mothers also have a subnormal surge in plasma 
glucagon immediately after birth, subnormal glucagon 
secretion in response to stimuli, and (initially) excessive 
sympathetic activity that may lead to adrenomedullary 
exhaustion because urinary excretion of epinephrine is  
diminished. Thus, despite their abundance of tissue stores 
of available substrate, the normal plasma hormonal pattern 
of low insulin, high glucagon, and catecholamines is re-
versed. Their endogenous glucose production is inhibited 

and glucose utilization is increased compared with that in 
normal infants, thus predisposing them to hypoglycemia.

Mothers whose diabetes has been well controlled 
during pregnancy in general have near-normal-sized 
infants who are less likely to develop neonatal hypogly-
cemia and other complications formerly considered 
typical of maternal diabetes. Nevertheless, treatment of 
infants born to mothers with diabetes commonly requires 
provision of intravenous glucose for a few days until the 
hyperinsulinemia abates. For these infants, glucose should 
be provided at a rate of 5 to 10 mg/kg/min. However, the 
appropriate dosage for each patient should be individually 
adjusted.

During labor and delivery, maternal hyperglycemia 
should be avoided because it may result in fetal hyper-
glycemia—which predisposes to rebound hypoglyce-
mia when the glucose supply is interrupted at birth. 
Other maternal factors that can result in transient neo-
natal hyperinsulinism include oral hypoglycemics (such 
as sulfonylureas) or other medications (terbutaline or 
propranolol).

By definition, transient hyperinsulinism as a cause of 
neonatal hypoglycemia in an infant of a diabetic mother 
should abate in 1 or 2 days. If the condition persists, pro-
longed or congenital hyperinsulinism must become a 
prominent consideration, and the index of suspicion 
must remain high until it is ruled out.

Prolonged Neonatal Hyperinsulinism: 
Perinatal Stress-Induced Hyperinsulinism

As shown in Figure 6-6, the risk of postnatal hypoglyce-
mia is increased in neonates who are small for gestational 
age. There is increasing evidence that prolonged hypo-
glycemia in some neonates exposed to perinatal stress 
such as birth asphyxia, maternal toxemia, prematurity, or 
intrauterine growth retardation or other peripartum 
stress is due to hyperinsulinism.48-50 The estimated inci-
dence of prolonged neonatal hyperinsulinism is 1:12,000 
live births.50

The clinical presentation of perinatal stress-induced 
hyperinsulinism is characterized by high glucose utiliza-
tion, and the response to fasting hypoglycemia shows an 
elevated plasma insulin level (although it may be normal), 
low b-hydroxybutyrate and free fatty acid levels, and 
inappropriate glycemic response to glucagon at the time 
of hypoglycemia. Unlike the transient hyperinsulinism 
seen in the infant of the diabetic mother, perinatal stress-
induced hyperinsulinism may persist for several days to 
several weeks. In a series of neonates with perinatal 
stress-induced hyperinsulinism, the median age of reso-
lution was 6 months.50 The mechanism responsible for 
the dysregulated insulin secretion is not known. Acute 
insulin responses (AIRs) show that in general the patterns 
of insulin response to secretagogues (calcium, tolbuta-
mide, glucose, and leucine) in infants with prolonged 
neonatal hyperinsulinism resembled those of normal 
controls.50

Infants with prolonged neonatal hyperinsulinism 
usually respond very well to medical therapy with di-
azoxide.48-50 Previously, it was common practice to use 
pharmacologic doses of glucocorticoids to treat such 

BOX 6-3 Criteria for Diagnosing 
Hyperinsulinism Based on 
“Critical” Samples (Drawn at a 
Time of Fasting Hypoglycemia: 
Plasma Glucose , 50 mg/dL)

BOB, b-hydroxybutyrate; FFA, free fatty acids.
*Depends on sensitivity of insulin assay.
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neonates with persistent hypoglycemia. However, the 
use of glucocorticoids as nonspecific therapy for neona-
tal hypoglycemia is not recommended because they are 
not only ineffective but also can suppress the hypotha-
lamic-pituitary-adrenal axis.

Hyperinsulinism in Beckwith-Wiedemann 
Syndrome

Beckwith-Wiedemann syndrome (BWS) is a heteroge-
neous disorder that results from various genetic and epi-
genetic anomalies in the imprinted 11p15.5 region. This 
region can be divided into two distinct imprinted domains 
separated by a nonimprinted region. The distal domain  
1 contains the imprinted genes insulin-like growth factor 2 
(IGF2), which is growth promoting and paternally ex-
pressed, and H19, a tumor suppressor expressed from the 
maternal allele. In the proximal domain 2, the imprinted 
region contains two genes that have been implicated in 
BWS, KCNQ1OT1 (paternally expressed untranslated 
transcript) and CDKN1C (maternally expressed, encodes 
a negative regulator of cell proliferation). Molecular  
alterations affecting domains 1 and 2 associated with 
BWS include paternal uniparental disomy involving both 
imprinted gene clusters (20% of cases) and paternal dupli-
cations of 11p15 (approximately 1% of cases).51

The classical features of BWS include macrosomia, 
macroglossia, visceromegaly, abdominal wall defects, ear 
creases/pits, body asymmetry, and an increased risk for 
embryonal tumor development. Hypoglycemia due to 
hyperinsulinism is present in up to 50% of cases.52 The 
mechanism responsible for hyperinsulinism in BWS has 
not been elucidated but may involve dysregulated insulin 
secretion due to loss of KATP channel function.53 
The pancreatic histology in BWS is characterized by  

hyperplasia of all pancreatic structures including ducts, 
acini, and islets with increased proliferation of endocrine 
cells.54 However, is not known whether the hyperinsulin-
ism in BWS is due to the increased b-cell mass, dysregu-
lated insulin secretion, or both.

The hyperinsulinism in BWS may be mild and tran-
sient, although in some cases it can be severe and persis-
tent.52 Some BWS infants respond to diazoxide, whereas 
others require pancreatectomy to control the hypoglyce-
mia. Because the hyperinsulinism will resolve within the 
first year of life in most cases, pancreatectomy should be 
reserved for those cases in which the hypoglycemia cannot 
be controlled with diazoxide, octreotide, or continuous 
enteral supplementation with dextrose or feedings.

Monogenic Hyperinsulinism

Congenital hyperinsulinism, also known as persistent 
hyperinsulinemic hypoglycemia of infancy, represents a 
group of clinically and genetically heterogeneous disor-
ders characterized by dysregulated insulin secretion and 
resulting in severe and persistent hypoglycemia. First 
described in 1954 by MacQuarrie55 as “idiopathic hypo-
glycemia of infancy,” congenital hyperinsulinism is the 
most common cause of persistent hypoglycemia in chil-
dren. Worldwide, the incidence of congenital hyperin-
sulinism is estimated at 1 in 50,000 live births with 
higher incidence of up to 1 in 2500 in areas of high 
consanguinity.45

To understand the pathophysiology of congenital  
hyperinsulinism, knowledge of the major pathways regu-
lating insulin release by pancreatic b-cells is critical 
(outlined in Figure 6-7). Glucose-stimulated insulin 
secretion involves glucose uptake through glucose trans-
porters (GLUT1, GLUT2, and GLUT3 are expressed 
in the islets56) and phosphorylation by glucokinase (GK), 
leading to glucose oxidation and an increased ATP/ADP 
ratio that results in inhibition of a plasma membrane 
ATP-dependent potassium (KATP) channel. The b-cell 
KATP channel is a hetero-octameric complex consisting of 
two subunits: a K1-selective pore-forming subunit 
(Kir6.2) and a regulatory subunit (SUR-1). Four Kir6.2 
subunits form the central pore, coupled to four SUR- 
1 subunits. The KATP channel is inhibited (closed) by 
sulfonylurea drugs (used therapeutically to stimulate in-
sulin secretion in type 2 diabetes) and activated (opened) 
by diazoxide (the main medical treatment for congenital 
hyperinsulinism). In the unstimulated state, the b-cell 
ATP-sensitive potassium channels are open—keeping a 
resting membrane potential of approximately –65 mV. 
Following the uptake and metabolism of glucose, an in-
crease in the intracellular ATP/ADP ratio results in clo-
sure of ATP-sensitive potassium channels, depolarization 
of the cell membrane, and subsequent opening of volt-
age-dependent Ca21 channels. The resulting increase in 
cytosolic Ca21 concentration triggers the release of 
stored insulin granules. Stimulation of insulin secretion 
by amino acids occurs through an allosteric activation of 
glutamate dehydrogenase (GDH) by leucine, which re-
sults in increased oxidation of glutamate—leading to an 
increased ATP/ADP ratio, inhibition of KATP-channel 
activity, and membrane depolarization.

Grams

4500

3500

2500

1500

500
26 30 34 38 42 46

Week of gestation

90%

10%

15%
(9/60)

67%
(10/15)

38%
(6/16)

4%
(2/48)

7%
(1/14)

5%
(2/40)

18%
(2/11)

10%
(12/126)

25%
(11/44)

FIGURE 6-6 n  Incidence of plasma glucose level being less than 
30 mg/dL before first feeding at 3 to 6 hours of age in newborns, 
classified by birth weight and gestational age. (From Lubchenko 
LO, Bard H [1971]. Incidence of hypoglycemia in newborn infants by 
birth weight and gestational age. Pediatrics 47:831.)
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Mutations in genes encoding nine different proteins 
involved in different steps of this pathway have been  
associated with congenital hyperinsulinism: the sulfonyl-
urea receptor 1 (SUR-1, a member of the superfamily of 
ATP-binding cassette proteins), encoded by ABCC857; 
Kir6.2, encoded by KCNJ1158; glucokinase (GK), encoded 
by GCK59; glutamate dehydrogenase (GDH), encoded 
by GLUD160; the mitochondrial enzyme short-chain 
3-hydroxyacyl-CoA dehydrogenase (SCHAD), encoded by 
HADH61; monocarboxyl transporter-1 (MCT-1), encoded 
by SLC16A162; uncoupling protein-2 (UCP2), encoded by 
Ucp263; hepatocyte nuclear factor 4 alpha (HNF-4 alpha), 
encoded by HNF4A64; and hepatocyte nuclear factor 1 alpha 
(HNF-1 alpha), encoded by HNF1A.65 In this chapter we 
review the forms more likely to present in the neonatal 
period. For a discussion of MCT-1 hyperinsulinism, see 
Chapter 6.

Treatment in neonates with suspected congenital hy-
perinsulinism should be initiated promptly, as their risk 
of brain damage is high because their brain is deprived 
not only of glucose but also alternative fuels (ketones). 
Brain injury due to hypoglycemia is particularly likely in 
KATPHI due to the severity of the hypoglycemia. In the 
Children’s Hospital of Philadelphia experience, the prev-
alence of developmental delay in patients with congenital 
hyperinsulinism is approximately 30%.66 Patients with 

KATPHI requiring surgical therapy have a higher inci-
dence of neurodevelopmental problems than diazoxide-
responsive patients.66 A homogenous cohort of children 
with the known Ashkenazi mutations who were treated 
without surgery showed good neurologic outcome by 
school age, based on parental reports, although earlier 
developmental deficits were present.67 A higher rate 
(44%) of long-term neurodevelopmental retardation was 
reported in a large series of children (49 medically 
treated, 65 treated surgically).68 In another series of 
90 patients, severe mental retardation was found in 8%, 
with milder disability in another 18%. Psychomotor de-
lays were more common in patients with neonatal onset 
than in those with onset of hypoglycemia later in infancy 
presumably reflecting more severe hypoglycemia.69 In 
general, the high risk of brain damage appears to be due 
to delays in diagnosis and treatment rather than a conse-
quence of the KATP channel defect and, thus, potentially 
preventable.

The goal of therapy is to restore plasma glucose to the 
normal range (. 70 mg/dL) and to maintain it there. In-
travenous glucose at high rates, up to five times the normal 
glucose requirement, is usually required and central lines 
may be needed for administration of highly concentrated 
dextrose. The first line of therapy for hyperinsulinism is 
diazoxide, an agent that acts as a KATP-channel opener that 
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FIGURE 6-7 n  Current model of mechanisms of insulin secretion by the beta cell of the pancreas. Glucose transported into the beta cell 
by the insulin-independent glucose transporter GLUT2/GLUT1 undergoes phosphorylation by glucokinase and is then metabolized, 
resulting in an increase in the adenosine triphosphate/adenosine diphosphate (ATP/ADP) ratio. The increase in the ATP/ADP ratio closes 
the KATP channel and initiates the cascade of events characterized by increase in intracellular potassium concentration, membrane de-
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glutamate dehydrogenase (GDH) and by increasing the oxidation of glutamate, thereby increasing the ATP/ADP ratio and closure of the 
KATP channel. Diazoxide inhibits insulin secretion by stimulating the KATP channel. The gene defects known to cause hyperinsulinism are 
shown in italics. Six are inactivating mutations: SUR1 (sulfonylurea receptor), Kir6.2 (potassium channel), SCHAD (short-chain 3-OH 
acyl-CoA dehydrogenase), UCP2 (uncoupling protein 2), HNF4a (hepatic nuclear transcription factor 4alpha), and HNF1a (hepatic nu-
clear transcription factor 1alpha). Three are activating mutations: GK (glucokinase), GDH (glutamate dehydrogenase), and MCT1 (mono-
carboxylate transporter 1). (2), inhibition; (1), stimulation.
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requires functional channels to be present at the cell sur-
face to have an effect; thus, most patients with KATPHI do 
not respond to diazoxide. In contrast, patients with GDH-
HI, GK-HI, SCHAD-HI, and those with perinatal stress-
induced hyperinsulinism do respond to diazoxide. The 
usual dose of diazoxide is 5 to15 mg/kg/day, given orally 
once or twice a day. The major adverse event with diazox-
ide in neonates is fluid retention. Concomitant use of a 
diuretic (chlorothiazide or furosemide) should be consid-
ered, especially in infants receiving intravenous fluids. The 
half-life of diazoxide is 24 to 36 hours in adults; limited 
data indicate that in children the half-life is 9.5 to 24 
hours.70 The response to diazoxide should thus be evalu-
ated after at least 5 days of therapy. Successful response 
should be demonstrated by showing maintenance of 
plasma glucose above 3.3 mmol/L (70 mg/dL) after fast-
ing. The duration of the fast should be determined on a 
case-by-case basis, based in part on the age of the child.

The second line of medical therapy for infants  
unresponsive to diazoxide is octreotide. This long-acting 
somatostatin analog inhibits insulin secretion by induc-
ing hyperpolarization of b-cells, direct inhibition of 
voltage-dependent calcium channels, and more distal 
events in the insulin secretory pathway. Octreotide is 
administered subcutaneously every 6 to 8 hours at 5 to  
20 mg/kg/day, or as a continuous infusion. The initial 
response to octreotide is good in most infants with  
hyperinsulinism, but tachyphylaxis develops after a few 
doses, rendering therapy inadequate for long-term use in 
most cases. The use of octreotide has been associated 

with the occurrence of necrotizing enterocolitis in neonates 
and should be used with caution in this population.71 
Treatment with a long-acting release octreotide has been 
shown to be effective in older children.72 Glucagon, 
given as a continuous intravenous infusion (1 mg/day), 
can help maintain euglycemia in infants waiting for sur-
gery, but its long-term use as a subcutaneous infusion73 is 
limited by crystallization of the glucagon and clogging in 
the tubing.74

Mutation analysis to establish the genetic cause of  
the hyperinsulinism is particularly helpful in diazoxide-
unresponsive cases, as it helps to distinguish those with 
diffuse pancreatic involvement who may require exten-
sive pancreatic resection from children in whom focal 
hyperinsulinism is likely, thereby permitting curative re-
section of the focal lesion. Thus, once the diagnosis is 
established and initial therapy is initiated, samples for the 
child and the child’s parents should be obtained for DNA 
molecular analysis. Figure 6-8 depicts the diagnostic and 
treatment approach for children with hyperinsulinism. A 
cardiac evaluation should also be considered in children 
with hyperinsulinism, as a large proportion of the cases 
have cardiac structural abnormalities, more commonly 
ventricular hypertrophy.75

KATP Hyperinsulinism.  Inactivating mutations of the 
KATP channels are responsible for the most common 
and most severe form of congenital hyperinsulinism.  
According to the severity of the molecular defect and the 
phenotype, KATPHI can be classified in three subtypes: 
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(1) recessive, diazoxide-unresponsive; (2) dominant,  
diazoxide-unresponsive; and (3) dominant, diazoxide-
responsive. Recessive mutations interfere with protein 
expression or channel trafficking, resulting essentially in 
a complete absence of channels on the plasma mem-
brane, and therefore diazoxide is not effective. Recessive 
mutations are the most common defects identified in 
children with congenital hyperinsulinism. Dominant 
mutations allow normal trafficking of the channels to the 
plasma membrane but impair channel activity either 
completely or partially, resulting in a spectrum of phe-
notypes that go from severe, diazoxide-unresponsive to 
mild, diazoxide-responsive. To date, a total of 146 muta-
tions in ABCC8 (119 recessive and 27 dominant) and 
22 mutations in KCNJ11 (18 recessive and 4 dominant) 
have been reported.76

The clinical presentation of KATPHI then depends on 
the severity of the mutation effect. More commonly, these 
children are large for gestational age and have severe neo-
natal hypoglycemia that does not respond to diazoxide, 
except for the cases with a dominant diazoxide-responsive 
subtype in which birth weight is normal and the clinical 
presentation tends to occur later in life.77

The pathophysiology of KATPHI has been illustrated 
by functional evaluation of islet function in vivo and in 
vitro. The absence of functional KATP channels results in 
an uncoupling between plasma glucose and insulin secre-
tion or b-cell “glucose blindness.” Thus, insulin secre-
tion is not turned off as plasma glucose decreases and fails 
to increase in response to a rapid raise in plasma glucose 
(Figure 6-9).78-80 The former defect dominates the clini-
cal manifestations in early infancy, whereas the latter may 
play a role in later development of glucose intolerance 
and, possibly, diabetes. In marked contrast with the fail-
ure to respond to changing concentrations of plasma 
glucose, these b-cells are hyperresponsive to stimulation 

with amino acids,81 which results in protein-induced 
hypoglycemia.82

Other clinical features of infants with KATPHI include 
extremely high glucose requirements, frequently four to 
five times higher than normal to control plasma glucose 
(although in some cases the requirement may be normal), 
feeding aversion, and gastroesophageal reflux, likely con-
sequences of force feeding. Treatment options for the 
diazoxide-unresponsive cases are limited. These infants 
often require pancreatectomy within the first few weeks 
after birth to manage the hypoglycemia. On the other 
hand, diazoxide is very effective for controlling hypoglyce-
mia in cases with dominant diazoxide-responsive KATPHI. 
Octreotide, a long-acting somatostatin analog, is a sec-
ond line medical therapy for infants unresponsive to  
diazoxide, although the Food and Drug Administration 
(FDA) has not approved it for this indication, and, as 
discussed earlier, because of concerns with a possible  
association with necrotizing enterocolitis, its use should 
be carefully considered.71 A nonsurgical approach in 
diazoxide-unresponsive hyperinsulinism consisting of  
octreotide in combination with continuous or frequent 
enteral feedings has been proposed.74 This approach is 
challenging for home management of these children, it 
requires feedings as frequently as every 2 to 3 hours dur-
ing the day and continuously at night, frequent glucose 
testing, and may lead to loss of oral feeding skills.

There are two distinctive histologic forms of KATP-
hyperinsulinism, focal and diffuse hyperinsulinism.

Focal KATP-Hyperinsulinism (Focal Adenomatosis).  
Approximately 40% to 60% of the cases of KATPHI 
(which require surgery) have focal disease.83 Focal lesions 
arise by a “two-hit” mechanism of focal loss of heterozy-
gosity for the maternal 11p15 region, leading to a so-
matic reduction to homozygosity (or hemizygosity) of a 
paternally inherited mutation of the ABCC8 or KCNJ11 
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gene. The 11p15 region, which carries the ABCC8 and 
KCNJ11 genes, contains several imprinted tumor sup-
pressor genes (H19 and CDKN1C) that are only ex-
pressed on the maternal chromosome, whereas IGF-II is 
expressed on the paternal allele. Loss of these growth-
suppressing genes, while the paternal growth-promoting 
gene is active, may play an important permissive role in 
the clonal expansion of the cells expressing the mutated 
channel.84 The majority of mutations causing the focal 
lesions involve the ABCC8 gene.

Diffuse Hyperinsulinism. In diffuse hyperinsulinism, 
all b-cells in the pancreas are affected. It results from the 
inheritance of two recessive mutations in ABCC8 or 
KCNJ11 or a dominant mutation in these genes.

Clinically, the focal and diffuse forms of hyperinsu-
linism are identical in terms of the presentation and the 
lack of response to diazoxide. Histologically, they are 
distinct.85 Diffuse hyperinsulinism is characterized by 
the presence of abnormally large islet cell nuclei distrib-
uted throughout the pancreas. In contrast, the pancre-
atic histology in focal hyperinsulinism is characterized 
by a lesion formed by the confluence of hyperplastic 
islets occupying more than 40% of the cross-sectional 
area of pancreatic lobules. In contrast to true adenomas, 
the focal adenomatous hyperplasia includes exocrine 
acinar cells intermixed within the lesion. The morphol-
ogy of islets away from the focal lesion is normal.86 The 
ability to interpret these histologic characteristics re-
quires specialized training and is only available at cen-
ters with dedicated multidisciplinary teams to evaluate 
and treat hyperinsulinism.

Focal KATPHI is potentially curable by surgery, whereas 
diffuse KATPHI is not. Therefore, efforts to diagnose and 
localize focal lesions in infants with diazoxide-unresponsive 
hyperinsulinism before surgery are critical. Conventional 
imaging techniques, such as computed tomography (CT) or 
magnetic resonance imaging (MRI), are unable to detect fo-
cal lesions. Interventional radiology studies, such as transhe-
patic portal venous insulin sampling87 and selective pancre-
atic arterial calcium stimulation,88 have only modest success, 
are technically difficult, and are highly invasive. The gold 
standard technique to localize the focal lesions is positron 
emission tomography (PET) scanning with flurorine-18 
L-3, 4-dihydroxyphenylalanine (18F-fluoro-L-DOPA).89-91 

Pancreatic b-cells take up L-DOPA,92 and DOPA decar-
boxylase is active in pancreatic islet cells.93 In children with 
focal hyperinsulinism, there is localized accumulation of 
18F-fluoro-L-DOPA. Co-registration of PET and CT im-
ages allows the anatomic localization of the lesion (Figure 
6-10; see also e-Figure 6-1 on the accompanying website 
for a full-color example).

Glutamate Dehydrogenase-Hyperinsulinism: The 
Hyperinsulinism Hyperammonemia Syndrome (HI/
HA).  Congenital hyperinsulinism due to gain-of-function 
mutations of GLUD1 (encoding glutamate dehydroge-
nase, GDH) is the second most common form of genetic 
hyperinsulinism and the most common form that re-
sponds to treatment with diazoxide.60,94-97 A total of 
23 different disease-causing mutations have been identi-
fied. In approximately 70% of the cases, the mutations 
are de novo.98 Among the 30% of familial cases, a clear 
autosomal dominant pattern of inheritance is evident.

The clinical presentation is characterized by hypogly-
cemia due to hyperinsulinism together with a character-
istically persistent but asymptomatic elevation of plasma 
ammonia. Hypoglycemia is usually recognized by around 
4 to 12 months of life and birth size is normal. Plasma 
ammonia levels in HI/HA are elevated three to five 
times above the normal range to approximately 60 to 
150 mmol/L. Ammonia levels are quite constant, and 
in contrast to the urea cycle enzyme defects, do not  
increase with protein feeding. The hyperammonemia 
does not appear to cause symptoms and does not require 
treatment.

GDH is a mitochondrial matrix enzyme that is a key 
regulator of amino acid and ammonia metabolism in 
pancreatic b-cells, liver, kidney, and brain. As shown in 
Figure 6-7, GDH functions in the beta cell pathway of 
leucine-stimulated insulin secretion. Leucine is an allo-
steric activator of the enzyme, causing increased oxida-
tion of glutamate to a-ketoglutarate and increased ATP 
production—which results in insulin release. The HI/
HA mutations affect either the inhibitory GTP-binding 
site or the antenna loop of the enzyme, which commu-
nicates between adjacent subunits, impairing the inhibi-
tory allosteric effect of GTP on GDH enzyme activity, 
thus leading to excessive insulin release.

FIGURE 6-10 n  18Fluoro-L-DOPA PET scan images showing L-DOPA uptake in the liver, kidneys, and pancreas. Note increased uptake 
in the tail (A) and head (B) of the pancreas demonstrating focal lesions. In contrast, diffuse hyperinsulinism uptake throughout the 
pancreas is uniform (C). A full-color image of L-DOPA uptake can be viewed online at ExpertConsult.
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The clinical phenotype of HI/HA is dominated by the 
effects of the activating mutations in the pancreatic b-cells. 
Isolated islets from transgenic mice expressing a mutated 
human GDH exhibit normal glucose-stimulated insulin 
secretion but enhanced leucine- and amino-acid–stimulated 
insulin secretion.99 In children with HI/HA there is a 
dramatic increase in insulin following an intravenous 
bolus of leucine, but in contrast to children with KATPHI, 
they do not respond to calcium stimulation.100 The hypo-
glycemia in children with HI/HA is provoked by fasting 
and by protein-rich meals. The fasting hypoglycemia 
may be relatively mild. Children may be able to fast for 8 
to 12 hours before becoming hypoglycemic. However, these 
patients have dramatic protein-sensitive hypoglycemia—
becoming severely hypoglycemic within 30 to 90 minutes 
of ingesting a protein meal101 (Figure 6-11). Diazoxide 
therapy, 5 to 10 mg/kg/day, is usually effective in control-
ling both fasting and protein-induced hypoglycemia in 
HI/HA. Carbohydrate preloading may be helpful in 
avoiding the latter.98

Initially, the hyperammonemia was presumed to be 
due to the effects of the mutated enzyme in the liver; 
however, an alternative mechanism involving activation 
of renal GDH seems to be more likely.102 The hyperam-
monemia is persistent and not associated to the classics 
signs of ammonia toxicity. It occurs in both the fed and 
fasted states and is unaffected by plasma glucose concen-
trations or protein intake.

GDH is also highly expressed in the brain, particularly 
astrocytes, but the consequences of increased GDH en-
zyme activity in the brain are less clear. Different groups 
have reported a propensity for seizures (atypical absence 
seizures, generalized tonic-clonic seizures, and focal mo-
tor seizures), learning disabilities, mental retardation, 
and behavior disorders in children with HI/HA.103-105 
The underlying mechanism responsible for the central 
nervous system manifestations is not known. It does not 
appear to be related to the hypoglycemia or the hyper-
ammonemia, and it may be a direct effect of the activa-
tion of GDH.

SCHAD-Hyperinsulinism.  A less common form of 
congenital hyperinsulinism also involving loss of regula-
tion of GDH activity is due to inactivating mutations in 
HADH (the gene encoding the mitochondrial short-chain 
L-3-hydroxyacyl-CoA dehydrogenase [SCHAD]).61,106,107 
SCHAD-HI is an autosomal recessive disorder character-
ized by fasting hypoglycemia due to inappropriate insulin 
regulation. The cause of dysregulated insulin secretion 
was elucidated with the discovery that in the b cell, 
SCHAD plays an inhibitory role in GDH activity.108 
Thus, the insulin dysregulation observed in SCHAD de-
ficiency is due to loss of this inhibition, explaining the 
clinical similarities between GDH-HI and SCHAD-HI.

In contrast to all other defects in fatty acid oxidation, 
children with SCHAD-HI have no signs of hepatic dys-
function or cardiomyopathy, or of affects on skeletal 
muscle, features usually recognized in children with fatty 
acid oxidation disorders. The clinical presentation of 
SCHAD-HI is heterogeneous, ranging from late onset of 
mild hypoglycemia to severe early onset of hypoglycemia 
in the neonatal period. In addition to fasting, hypoglyce-
mia children with SCHAD-HI exhibit protein-induced 
hypoglycemia, similar to the children with GDH-HI.109 
The biochemical hallmarks, in addition to markers  
of increased insulin action, are increased levels of plasma 
3-hydroxybutyryl-carnitine and increased levels of  
3-hydroxyglutarate in urine, findings consistent with re-
duced SCHAD enzyme activity. In contrast to GDH-HI, 
children with SCHAD-HI do not have elevated ammonia, 
probably because of the lower expression of SCHAD in 
other tissues where GDH is expressed. Affected children 
are responsive to medical therapy with diazoxide.

Glucokinase-Hyperinsulinism.  A less frequent form 
of congenital hyperinsulinism is due to activating muta-
tions in GCK (encoding glucokinase-GK). Glucokinase 
is a hexokinase that serves as the glucose sensor in pan-
creatic b-cells110 (see Figure 6-7). In contrast to other 
hexokinases, GK has a much lower affinity for its  
substrate with half-maximal activity (S0.5) at a glucose 

FIGURE 6-11 n  Blood glucose responses to fasting (open squares) and protein feeding (solid diamonds) in a 16-year-old girl with the 
hyperinsulinism/hyperammonemia syndrome caused by a dominantly expressed R269H regulatory mutation of glutamate dehydro-
genase. (From Hsu BY, Kelly A, Thornton PS, et al. [2001]. Protein-sensitive and fasting hypoglycemia in children with the hyperinsulinism/
hyperammonemia syndrome. J Pediatr 138:383.)
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concentration of 7.6 mM. The properties of GK and the 
positive cooperative action of glucose on enzyme activity 
with a curve that is steep in the range of 5 mM glucose 
make GK well suited to tightly control plasma glucose in 
the normal physiologic range of 70 to 100 mg/dL.111 
In GK-HI, activating mutations result in increased affin-
ity of glucokinase for glucose and insulin secretion at 
lower glucose concentrations. A total of 15 mutations 
have been associated with GK-HI111; some cases are 
sporadic, and some are dominantly inherited. All of the 
mutations have reduced glucose S0.5 ranging from 1.1 to 
4.5 mM.

The clinical presentation of GK-HI is characterized 
by large for gestational age birth weight, reflecting  
the growth-promoting effects of increased fetal insulin 
secretion. Hypoglycemia may present in the neonatal 
period but often is not recognized until later in infancy 
or childhood. The severity of the phenotype is variable 
with some mutations having a mild phenotype, with  
fasting hypoglycemia responsive to diazoxide, whereas 
others seem to lower the glucose threshold further and 
may be more difficult to treat. Based on the greater experi-
ence at the Children’s Hospital of Philadelphia, diazoxide 
is uniformly unable to normalize blood glucose, although 
most children do not have frequent severe episodes of 
hypoglycemia. Treatment with octreotide has been tried in 
some children with GK-HI, with poor effect in our experi-
ence. Although some cases have undergone pancreatec-
tomy, most children have continued to have hypoglycemia 
and required additional medical management after sur-
gery. In some cases, it is necessary to provide continuous 
support with overnight feedings or glucose to prevent  
hypoglycemia.

From the few cases that have undergone a pancre-
atectomy, pancreatic histology has been reported to 
have little or no abnormal features.112-114 Others have 
reported nuclear enlargement and increased islet size 
and b-cell proliferation.115,116

Uncoupling Protein-2 Hyperinsulinism.  Loss-of-
function mutations in the mitochondrial uncoupling  
protein UCP2 have been reported to cause congenital 
hyperinsulinism. UCP2 is a negative regulator of insulin 
secretion117 that regulates insulin secretion by decreasing 
the ATP/ADP ratio in b-cells or modulating the produc-
tion of reactive oxygen species.118 The cases of UCP2 
hyperinsulinism described to date were dominant and 
responsive to diazoxide.63

Hepatocyte Nuclear Factors and Hyperinsulinism: 
HNF1Alpha and HNF4Alpha-Hyperinsulinism.  Hepa-
tocyte nuclear factors 1 alpha and 4 alpha are transcription 
factors expressed in hepatocytes, pancreatic b-cells, in-
testinal epithelial cells, and renal tubular cells. In b-cells 
and hepatocytes, they form a feed-forward loop, such that 
the haploinsufficiency of either causes decreased expres-
sion of the other.119 Both HNF1a and HNF4a play an 
important role on pancreatic b-cell function and hetero-
zygous mutations in the genes encoding them: HNF1A 
and HNF4A, respectively, are known to cause familial 
monogenic diabetes (MODY 3 and MODY1). These  
autosomal dominant forms of diabetes are characterized 

by progressive impairment in glucose-stimulated insulin  
secretion leading to frank hyperglycemia usually mani-
festing before the age of 25.120

It has been demonstrated that heterozygous muta-
tions in the HNF4A gene not only cause reduced insu-
lin secretion leading to diabetes in early adolescence 
and young adulthood, but also lead to increased insulin 
secretion during fetal, neonatal, and childhood peri-
ods.64,121-123 The consequences of the increased insulin 
secretion range from fetal macrosomia to persistent 
hyperinsulinism. The hyperinsulinism in neonates with 
HNF4A mutations in some cases is transient, but in 
some cases it persists into childhood. The hypoglyce-
mia is well controlled with diazoxide.124 The phenotype 
in children with HNF4A mutations may extend beyond 
the pancreatic b-cells, and an association with renal 
Fanconi tubulopathy and hepatomegaly with increased 
glycogen stores have been reported.65

HNF4 alpha hyperinsulinism represents 5% of all 
cases of diazoxide-responsive hyperinsulinism.123 The 
precise mechanism by which mutation in HNF4A leads 
to hyperinsulinism is currently unknown, but it is likely 
that the defects in HNF4 alpha alter different gene 
expression patterns during early and later in life.

This dual phenotype of hyperinsulinism early in life 
and diabetes later is not limited to mutations in HNF4A, 
because dominant mutations in HNF1A have also been 
reported to present in the neonatal period with hyperin-
sulinemic hypoglycemia.65 The phenotype of HNF1A 
hyperinsulinism is similar to that described in HNF4A 
mutation carriers: evidence of insulin excess in utero and 
early onset hyperinsulinemic hypoglycemia that resolves 
with age.

Hypoglycemia Due to Activating 
Mutations in AKT2
Recessive gain-of-function mutations in AKT2, a key 
component of the insulin signaling cascade, cause a phe-
notype similar to hyperinsulinemic hypoglycemia but 
without detectable plasma insulin levels despite classical 
signs of increased insulin action (suppressed free fatty 
acids and ketones).125 The phenotype in these children is 
characterized by severe, persistent hypoglycemia unre-
sponsive to medical therapy and requiring continuous 
intragastric feedings. These children also had overgrowth 
with body asymmetry.

Acquired Postprandial Hyperinsulinemic 
Hypoglycemia after Fundoplication
The Nissen fundoplication and other modified fundo-
plication procedures, frequently performed for the 
treatment of gastroesophageal reflux in neonates and 
children, have been associated with late dumping syn-
drome, particularly postprandial hyperinsulinemic hy-
poglycemia. In a study in neonates it was estimated that 
approximately 24% of those undergoing fundoplication 
developed postprandial hypoglycemia after the sur-
gery.126 Classically, dumping syndrome is characterized 
by early symptoms or “early dumping,” thought to be 
due to the fluid shifts provoked by the osmotic load in 
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the small bowel,127 and “late dumping” or postprandial 
hypoglycemia.128 In our experience, dumping syndrome 
in children is characterized by severe postprandial hy-
poglycemia without the significant gastrointestinal 
symptoms observed in adults.129 Very frequently, chil-
dren with postprandial hyperinsulinemic hypoglycemia 
after fundoplication experience seizures, lethargy, and 
other symptoms of hypoglycemia for several months 
before the diagnosis is made. In the neonate particu-
larly, the hypoglycemia may not be recognized unless 
these infants are screened with postfeeding blood glu-
cose monitoring after the surgery.126

The pathophysiology of hyperinsulinemic hypoglyce-
mia after fundoplication is poorly understood. Studies of 
the motor and sensory function of the stomach after fun-
doplication have shown significantly reduced postprandial 
gastric relaxation and significantly accelerated gastric 
emptying.130 The rapid emptying of a meal into the small 
intestine results in rapid absorption of glucose into the 
bloodstream, with early hyperglycemia followed by an 
exaggerated insulin surge and subsequent hypoglycemia.129 
Increased secretion of the potent insulinotropic hormone, 
glucagon-like peptide-1 (GLP-1), after a meal may be 
partly responsible for the postprandial hyperinsulinemia.131

The diagnosis of hyperinsulinemic hypoglycemia in 
neonates and children after fundoplication is established 
based on the glucose and insulin profile after a mixed 
meal tolerance test or an oral glucose tolerance test.131 
The typical response is characterized by hyperglycemia 
that can reach up to . 11.1 mmol/L (200 mg/dL) within 
the first hour after the meal, followed by hypoglycemia  
at 90 to 120 minutes. Plasma insulin reach a peak that  
is . 200 mU/mL approximately 30 minutes after the 
meal. A variety of therapies have been used with varying 
success to treat dumping syndrome, including uncooked 
cornstarch,132 pectin,133 octreotide,134 acarbose,129 and 
dietary manipulations.135 Many of the patients suffering 
from postprandial hyperinsulinemic hypoglycemia con-
tinue to have severe symptoms despite these interventions 
and require a regimen of continuous enteral feedings to 
avoid hypoglycemia but continue to be at high risk of 
hypoglycemic events if feedings are abruptly stopped. In 
most cases, the postprandial hyperinsulinemic hypogly-
cemia improves with time, especially after solids have 
been introduced to the diet.

Defects in Counter-Regulatory Response
Hypoglycemia associated with endocrine deficiency is 
usually caused by glucocorticoid or growth hormone 
deficiency, more commonly the combination of both. 
In children with panhypopituitarism, isolated growth 
hormone deficiency, or a combination of ACTH defi-
ciency and growth hormone deficiency, the incidence 
of hypoglycemia is as high as 20%. In the newborn 
period, hypoglycemia may be the presenting feature of 
hypopituitarism. In males, a microphallus may provide 
a clue to a coexistent deficiency of gonadotropin136,137 
(Figure 6-12). Newborns with hypopituitarism may 
also have liver dysfunction resembling cholestatic liver 
disease, and some have midline malformations such as 
the syndrome of septo-optic dysplasia.138

Although older infants and children with pituitary 
deficiency present with ketotic hypoglycemia, in the neo-
natal period the hypoglycemia may mimic hyperinsulin-
ism. However, their hypoglycemia is not responsive to 
diazoxide and only remits with replacement of deficient 
hormones (including thyroxine, as well as growth hor-
mone and cortisol). When adrenal disease is severe, as in 
congenital adrenal hyperplasia, adrenal hemorrhage, or 
congenital absence or hypoplasia of the adrenals,139,140 
disturbances in serum electrolytes with hyponatremia 
and hyperkalemia or ambiguous genitalia may provide 
diagnostic clues.

Abnormalities of the ACTH receptor or adrenal hy-
poplasia may be phenotypically difficult to distinguish 
from cortisol deficiency of other causes, with the excep-
tion of the marked elevations of serum ACTH concen-
tration noted if the ACTH receptor or adrenal gland is 
malfunctioning.141 However, all states with ACTH eleva-
tions may be clinically suspected by virtue of the associ-
ated hyperpigmentation (see Chapter 13). These cases  
of isolated adrenal insufficiency very rarely cause hypo-
glycemia in neonates, whereas in older infants and chil-
dren, treated congenital adrenal hyperplasia and isolated 
ACTH deficiency may cause profound stress-induced 
hypoglycemia. Congenital ACTH deficiency due to muta-
tion in TPIT, which encodes TBX19, a transcription factor 
that is required for the expression of the proopiomelano-
cortin (POMC) gene and for terminal differentiation of the 
pituitary corticotroph lineage, is the exception, presenting 
in the neonatal period with severe and persistent hypogly-
cemia until hormonal replacement is established.142 It is 
important to have in mind that a low growth hormone  
and cortisol level at the time of hypoglycemia is not  

FIGURE 6-12 n  Micropenis and undescended testes in an infant 
with congenital hypopituitarism. The infant was hypoglycemic 
at 12 hours of age (glucose, 24 mg/dL). At 72 hours of age, he 
was jaundiced—and a liver biopsy demonstrated neonatal 
hepatitis. His endocrine evaluation was positive for hypothy-
roidism, low cortisol level, undetectable growth hormone 
level, and an elevated prolactin level (confirming hypotha-
lamic hypopituitarism).
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diagnostic of a true deficiency143 and provocative testing 
may be needed to establish the diagnosis.

The mechanism of hypoglycemia in growth hormone 
deficiency may be the result of decreased lipolysis. The 
mechanism of hypoglycemia with cortisol deficiency may 
be reduced liver glycogen reserves plus diminished glu-
coneogenesis, owing to a failure to supply endogenous 
gluconeogenic substrate in the form of amino acids from 
muscle proteolysis. Investigation of a child with hypogly-
cemia therefore requires exclusion of ACTH, cortisol, or 
growth hormone deficiency—and if diagnosed appropri-
ate replacement with cortisol or growth hormone.

Although glucagon deficiency144,145 had been described, 
the authors have retracted their conclusions and now  
believe these patients had SCHAD hyperinsulinism; thus, 
this disorder is exceedingly rare and may be nonexistent. 
Epinephrine deficiency is also rare but must be a consid-
eration in familial dysautonomia or in children treated 
with beta-blockers.

Defects in Glycogenolysis and 
Gluconeogenesis
Most of the disorders of glycogenolysis and gluconeogen-
esis that result in hypoglycemia are usually diagnosed in 
childhood and will be discussed in Chapter 6. The excep-
tion is glucose 6-phosphatase deficiency, which impairs the 
release of glucose from glycogenolysis and gluconeogen-
esis and presents in the neonatal period, although in some 
cases it is diagnosed later.

Glucose 6-Phosphatase Deficiency 
(GSD Type 1)

Glycogen storage disease type 1 is an autosomal recessive 
disorder caused by defects in the glucose 6-phosphatase 
(G6Pase) complex, which catalyzes the terminal steps of 
both hepatic gluconeogenesis and glycogenolysis, the 
hydrolysis of glucose 6-phosphate to glucose and inor-
ganic phosphate. Deficiency of G6Pase activity in liver, 
kidney, and intestine results in the accumulation of gly-
cogen in these organs, fasting hypoglycemia as a result of 
inadequate glucose production, and other secondary bio-
chemical abnormalities including hyperlactacidemia, hy-
peruricemia, and hyperlipidemia.

Glucose 6-phosphatase is a multicomponent complex 
consisting of a catalytic unit, G6Pase, localized on the  
luminal side of the endoplasmic reticulum, and a G6P-
specific bidirectional translocase (G6PT) that allow the 
entry of glucose 6-phosphate to the catalytic unit.146 The 
gene for the catalytic unit has been cloned and located on 
chromosome 17,147 whereas the gene for the glucose 
6-phosphate translocase is located on chromosome 11.148 
Mutations in the catalytic unit cause GSD type 1a,149 
whereas mutations in G6PT cause GSD type 1b.148 The 
phenotype for these two subtypes is identical, except that in 
type 1b, in addition to the liver phenotype, there are recur-
rent bacterial infections and inflammatory bowel disease 
associated with neutropenia and neutrophil dysfunction.150 
Although two additional types have been reported (GSD 
type 1c and GSD type 1d), there is insufficient available 
evidence to support the existence of these defects.

The estimated incidence of GSD type 1 is 1 in 100,000 
live births, with GSD type 1a representing approximately 
80% of cases. Clinically, GSD type 1 may present in the 
neonatal period with severe hypoglycemia occurring 2  
to 21⁄2 hours after a meal and tachypnea secondary to 
respiratory compensation for the metabolic acidemia. 
However, because lactate and ketones may provide ade-
quate brain substrate to protect central nervous system 
function (and because in early infancy regular feedings are 
consistently provided) the diagnosis may be delayed for 
months until massive hepatomegaly brings the infant to 
medical attention, although the hepatomegaly may be 
missed because the liver is soft. After infancy, affected 
patients may be seen walking with a waddling gait second-
ary to their prominent abdomen and muscle weakness. 
Other consistent features are hyperuricemia, hypophos-
phatemia, a bleeding diathesis secondary to impairment of 
platelet adhesiveness, and growth retardation.

Hypoglycemia may occur anytime these children are 
exposed to even brief periods of fasting. They are com-
pletely dependent on the provision of glucose from exog-
enous sources, with the exception of the small amount of 
free glucose—which is released as part of the process of 
debranching glycogen. Because less than 10% of glyco-
gen consists of branch points, this mechanism provides 
little protection against hypoglycemia during fasting. 
Hypoglycemia in the setting of suppressed insulin and 
increased glucagon promotes glycogenolysis, but the  
absence of G6Pase commits the glucose-1-phosphate 
produced by phosphorylase to glycolytic catabolism re-
sulting in increased lactate production (see Figure 6-1). 
Another consequence of the impaired activity of G6Pase 
is the shunting of 6P through the pentose phosphate 
pathway, to yield ribose-6-phosphate, which ultimately 
yields uric acid, resulting in hyperuricemia. Hypertri-
glyceridemia results from increased triglyceride forma-
tion as a major route of disposal of pyruvate from lactate 
and amino acids when glucose yield is blocked in G6Pase 
deficiency.151 Massive accumulation of fat in the liver is 
responsible for the massive hepatomegaly characteristic 
of GSD type 1.

Renal disease is a frequent complication of GSD type 1 
(with an estimated prevalence of 30%).152 Manifestations 
include proximal renal tubular dysfunction (Fanconi-like 
syndrome), distal tubular acidification defect, and hyper-
calciuria. There is an inverse relationship between age  
and citrate excretion, and the combination of low citrate 
excretion and hypercalciuria predispose these children to 
nephrocalcinosis and nephrolithiasis.153 Citrate supple-
mentation may prevent or ameliorate these complica-
tions.154 The widespread prevalence and serious prognosis 
of kidney involvement is manifested by severe glomerular 
hyperfiltration and microalbuminuria over time, systemic 
arterial hypertension, and consequently renal failure.155-157 
The early implementation of treatment with angiotensin-
converting enzyme inhibitors has been shown to delay the 
progression of renal damage.152 The pathologic findings 
include focal segmental glomerulosclerosis with interstitial 
fibrosis. The etiology of the renal involvement is unclear, 
but it correlates negatively with metabolic control. It has 
been proposed that the dyslipidemia contributes to the 
kidney injury.158
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In addition to the characteristic hepatomegaly, the 
liver undergoes adenomatous changes. Adenomas are 
usually first observed in the second and third decades of 
life but may appear before puberty.157,159 The adenomas 
may undergo malignant degeneration or hemorrhage 
and are frequently associated with chronic iron resistant 
anemia.160 Other complications of GSD 1 include osteo-
penia and growth retardation.

The diagnosis of GSD type 1 is based on the clinical 
and biochemical characteristics: hypoglycemia after a 
short period of fasting, hepatomegaly, lactic academia, 
and elevation of uric acid and triglycerides. Glucagon 
stimulation 2 to 4 hours after a meal containing carbohy-
drates results in increased lactate concentration, but 
plasma glucose does not rise.160 The diagnosis can be 
confirmed by mutation analysis.

The goal of treatment of children with glucose 6- 
phosphate deficiency is to completely eliminate hypoglyce-
mia and suppress secondary metabolic decompensation. 
Continuous nasogastric or intragastric feedings during 
the night have been demonstrated to either reduce or 
eliminate the metabolic and clinical findings through 
complete avoidance of hypoglycemia.161 However, this 
approach places children at risk of severe hypoglycemia if 
feedings are abruptly stopped. A safer approach is the 
introduction of oral uncooked cornstarch, which helps 
prolonged the fasting tolerance162,163 and can be used in 
older infants, usually older than 6 months of age. The 
doses of cornstarch used are approximately 1.6 g/kg per 
dose every 4 hours in infants and 1.7 to 2.5 g/kg per dose 
every 6 hours in older patients. A typical regimen consists 
of daytime feedings every 3 to 4 hours that are calculated 
to provide adequate carbohydrate calories to avoid the 
need for hepatic glucose output.160 Most of these calories 
consist of carbohydrates, primarily providing pure glucose 
as an energy source and avoiding disaccharides contain-
ing fructose or galactose. At night, the regimen consists 
of an intragastric infusion of glucose with or without 
protein designed to infuse at rates of about 125% calcu-
lated hepatic glucose output151 for normal young infants. 
For older children, a regimen of uncooked cornstarch 
can be implemented at nighttime.

Meticulous dietary control of blood glucose levels can 
lead to a significant clinical and metabolic improvement 
and prevention of complications. Adjunctive therapies 
should include careful monitoring of the uric acid level 
and treatment with allopurinol if the uric acid level is  
elevated. With increasing awareness of the renal tubular 
dysfunction, treatment of the hyperfiltration state with an 
angiotensin-converting enzyme inhibitor should be initi-
ated promptly. Treatment with granulocyte-macrophage 
colony-stimulating factor to augment neutrophil produc-
tion has been shown to ameliorate mouth ulcers and the 
enteritis in type 1b.164

Disorders of Fatty Acid Oxidation: 
Medium-Chain Acyl-Coenzyme A 
Dehydrogenase Deficiency (MCAD)
The inborn errors of metabolism associated with defi-
ciencies of fatty acid oxidation (Figure 6-13) are inherited 

in an autosomal-recessive fashion. All of these disorders 
may be provoked by fasting and exhibit life-threatening 
events characterized by varying degrees of hypoglycemia 
associated with a relative deficiency in the generation  
of ketone bodies.165 Disorders of fatty acid oxidation may 
be divided according to the site of the defect: defects of 
fatty acid and carnitine transport, b-oxidation defects, 
electron transport chain defects, and defects of ketone 
body synthesis and utilization. The presentation is  
usually beyond the neonatal period, but because of the 
severe consequences of the manifestations, newborn 
screening for the most common defect, MCAD defi-
ciency, is now offered in all U.S. states and many other 
countries. In the United States, the screening also detects 
cases of long-chain L-3-hydroxyacyl-CoA dehydroge-
nase (LCHAD), carnitine transport defect, and very 
long-chain acyl-CoA dehydrogenase (VLCAD). We review 
the diagnosis, clinical characteristics, and treatment of 
MCAD deficiency in this chapter; other fatty acid oxida-
tion defects are reviewed in Chapter 6.

MCAD deficiency is the most frequent defect on fatty 
acid oxidation. Neonatal screening in Pennsylvania has 
shown an incidence of 1 in 15,700 newborns.166 MCAD 
(encoded by ACADM) is responsible for the initial dehy-
drogenation of acyl-CoAs with a chain length between  
4 and 12 carbon atoms. Thus, defects in MCAD enzyme 
activity leads to accumulation of medium-chain fatty  
acids (between 6 and 10 carbons) that can be detected by 
mass spectrometry. The most prominent metabolite in 
MCAD deficiency is octanoylcarnitine (C8). Other me-
tabolites presenting as abnormally elevated in MCAD 
deficiency include hexanoylcarnitine (C6), decanoylcar-
nitine (C10), and decenoylcarnitine (C10:1).

Children with MCAD deficiency may appear normal at 
birth, although symptoms may manifest before results 
from newborn screening are available.167 The clinical pre-
sentation (if not detected by newborn screening) occurs 
between 3 and 24 months of life precipitated in response 
to prolonged fasting (at time of weaning from nighttime 
feedings) or during an intercurrent illnesses. The resulting 
metabolic stress may rapidly progress to coma and death. 
In children in which the diagnosis has not been previously 
established, the rate of death with the first episode is as 
high as 18%.168

Although there is significant heterogeneity in the  
presentation of MCAD, the most frequent clinical pre-
sentation is one of intermittent hypoketotic hypoglyce-
mia with little or no acidemia, elevation of serum urea, 
ammonia, and uric acid, liver function abnormalities, and 
hepatic steatosis. The risk of severe complications and 
death is very high unless appropriate treatment to reverse 
the catabolic state is implemented. The diagnosis of these 
cases may be confused with Reye syndrome. Although 
hypoglycemia may be a prominent late feature with 
MCAD, the phenotype of a defect of a fatty acid oxida-
tion disorder may not manifest if a fasting state is 
avoided. A high index of suspicion for fatty acid oxidation 
defects is important because appropriate therapy may 
result in an interruption and prevention of these poten-
tially life-threatening episodes. Affected patients have 
also been misdiagnosed with idiopathic sudden infant 
death syndrome.169 Decreased plasma carnitine levels and 
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an increase in the ratio of esterified to free carnitine is a 
frequently associated laboratory finding.

Evaluation of suspected errors in fatty acid oxidation 
should first include a determination of the profile of 
plasma acylcarnitines by mass spectrometry and mea-
surement of plasma total, esterified, and free carnitine. 
Most, but not all, of the fatty acid oxidation disorders 
are associated with specific abnormalities of plasma ac-
ylcarnitines—octanoylcarnitine in cases with MCAD 
deficiency (Table 6-5). Determinations of urinary or-
ganic acids with assessment of the presence or absence 
of dicarboxylic aciduria are also very useful. Patients 
whose disorder cannot be identified by these tests may 
require further evaluations, including assays of fatty 
acid oxidation and specific enzyme assays in cultured 
skin fibroblasts or lymphoblasts. Since the early 1990s, 
the use of tandem mass espectometry has made new-
born screening possible for most fatty acid oxidation 
disorders based on the acylcarnitine profile in blood 
spots. Presymptomatic identification of these individu-
als can prevent catastrophic events such as sudden 
death. Direct DNA mutational analysis can be per-
formed for many of these defects, which is particularly 
useful in MCAD in which most cases are due to a single 
common mutations (Lys304Gly).170

The primary treatment of disorders of fatty acid oxi-
dation is a devoted avoidance of fasting. For infants 
younger than 1 year old, 6 to 8 hours of fasting may be 

sufficient to precipitate an episode. On the other hand, 
as children become older they appear to be able to with-
stand periods of fasting of as long as 10 to 12 hours 
without decompensation. A high index of suspicion and 
rapid institution of intravenous glucose will often re-
verse an evolving episode. The presence of hypoglyce-
mia is usually an event that occurs late in the evolution 
of an episode of metabolic decompensation. High-fat 
diets should be avoided, although normal amounts of 
dietary fats do not appear to be toxic. An adjunct ap-
proach may involve the use of cornstarch (as used for the 
treatment of type 1 glycogen storage disease) in doses of 
1.5 to 2 g/kg.171

Defects of Glucose Transporters
GLUT1 Deficiency

Glucose transporter type 1 (GLUT1) deficiency syn-
drome is an autosomal dominant inborn error of glucose 
transport characterized by seizures, developmental delay, 
spasticity, acquired microcephaly, and ataxia. The bio-
chemical hallmark is the finding of hypoglycorrhachia 
(low cerebrospinal fluid glucose concentration) despite 
normal plasma glucose concentrations.

GLUT1, encoded by SLC2A1, is the fundamental ve-
hicle that facilitates glucose entry into the brain. Diagnosis 
of GLUT1 deficiency is based on the finding of low  

FIGURE 6-13 n  The pathways of mitochondrial fatty acid oxidation and ketone body synthesis. ACD, acyl-CoA dehydrogenase; CPT-1 
and CPT-2, carnitine palmitoyltransferase I and II; ETF 5, electron-transferring flavoprotein; ETF-DH, electron-transferring flavoprotein 
dehydrogenase; HAD, hydroxyacyl-CoA dehydrogenase. (From Stanley CA, Hale DE [1994]. Genetic disorders of mitochondrial fatty acid 
oxidation. Curr Opin Pediatr 6:476.)



SECTION II Endocrine Disorders in the Neonate180

cerebrospinal fluid glucose, in the absence of hypoglyce-
mia, and identification of SLC2A1 mutation (located on 
chromosome 1). The classic phenotype is a severe form  
of early onset epileptic encephalopathy in approximately 
90% of cases (classic form). A nonepileptic form repre-
sents 10% of cases, which includes a broad phenotypic 
spectrum that may present with paroxysmal nonepileptic 
manifestations that have been reported to include inter-
mittent ataxia, choreoathetosis, dystonia, and alternating 
hemiplegia.172

Treatment efforts have been based on providing alter-
native brain fuel sources by a ketogenic diet.11,173 The 
ketogenic diet effectively controls the seizures and other 
paroxysmal activities, but it is has less effect on the cogni-
tive function.

GLUT2 Deficiency

Originally described by Fanconi and Bickel as a syn-
drome characterized by hypoglycemia and ketonuria in 
the fasting state and hyperglycemia in the postabsorptive 
state,174 Fanconi-Bickel syndrome is due to recessive mu-
tations of the GLUT2 plasma membrane transporter for 
glucose (encoded by SLC2A2).175 The defect on GLUT2 
results in hepatorenal glycogen accumulation, proximal 
renal tubular dysfunction, and impaired utilization of 
glucose and galactose.176 GLUT2 is expressed in hepato-
cyte, pancreatic b-cells, and the basolateral membranes 
of intestinal and renal tubular epithelial cells.177 The 
clinical manifestations reflect impairment of glucose  
release from liver and of glucose reabsorption from renal 
tubular cells. Galactose clearance and conversion to  
glucose is delayed.

Patients with GLUT2 deficiency usually present at an 
age of 3 to 10 months. The typical clinical signs are 
hepatomegaly due to glycogen accumulation, a severe 
Fanconi-type renal tubulopathy with disproportionately 
severe glucosuria, glucose and galactose intolerance,  

hypophosphatemic rickets, and severely stunted 
growth.178 These patients may present with a combina-
tion of fasting hypoglycemia and postprandial hypergly-
cemia. The hypoglycemia during fasting is explained by 
altered glucose transport out of the liver, resulting in an 
increased intracellular glucose concentration that may 
inhibit glycogen degradation, leading to glycogen stor-
age and hepatomegaly. The hypoglycemia is exacerbated 
by renal loss of glucose due to a transport defect for glu-
cose and galactose across the basolateral membranes of 
the tubular cells. Hyperglycemia (and hypergalactose-
mia) in the fed state is explained by decreased monosac-
charide uptake by the liver and enhanced by an inappro-
priately low insulin secretion due to impaired 
glucose-sensing by the pancreatic b-cells.175

The therapeutic goal for patients with GLUT2 defi-
ciency is to ameliorate the consequences of renal tubu-
lopathy by replacing water, electrolytes, and alkali—and 
by providing phosphate and vitamin D supplementa-
tion. In terms of diet, an adequate caloric intake is  
recommended to compensate for renal and intestinal 
glucose loss—given as frequent feedings containing 
slowly absorbed carbohydrates (such as cornstarch) to 
avoid fasting hypoglycemia.

TREATMENT

A rational therapeutic approach to the treatment of hy-
poglycemia relies on a systematic diagnostic evaluation. 
The key to effective treatment is diagnosis specific. The 
maintenance of euglycemia is critical to the preservation 
of central nervous system function. Even in the presence 
of an uncertain diagnosis, every effort must be used to 
maintain euglycemia until a diagnosis is made or hypo-
glycemia resolves. Intravenous glucose infusion remains 
the mainstay of emergency therapy, particularly for the 
child with severe hypoglycemia. It is important to follow 

Disorder Plasma Acylcarnitines Urinary Acylglycines Urinary Organic Acids

VLCAD Tetradecenoyl-
MCAD Octanoyl Hexanoyl-Suberyl-Phenylpropionyl-
SCAD Butyryl- Butyryl- Ethylmalonic
LCHAD 3-Hydroxy-palmitoyl-3-Hydroxy- 

oleoyl-3-Hydroxy-linoleoyl-
3-Hydroxydicarboxylic

DER Dodecadienoyl-
ETF and ETF-DH Butyryl-Isovaleryl-Glutaryl- Isovaleryl- Ethylmalonic

Hexanoyl- Glutaric
Isovaleric

HMG-CoA lyase Methylglutaryl- 3-Hydroxy- 
3-methyl-glutaric

TABLE 6-5 Fatty Acid Oxidation Disorders with Distinguishing Metabolic Markers

From Stanley CA (1990). Disorders of fatty acid oxidation. In Fernandes J, Bremer E, Saudubray J-M (eds.), Inborn metabolic diseases: 
diagnosis and treatment. New York: Springer-Verlag, 394-410.

DER, 2,4-dienoyl-coenzyme A reductase; ETF, electron-transferring flavoprotein; ETF-DH, ETF dehydrogenase; HMG-CoA, 3-hydroxy-3-
methylglutaryl-coenzyme A; LCHAD, long-chain 3-hydroxyacyl-coenzyme A dehydrogenase; MCAD, medium-chain acyl-coenzyme A 
dehydrogenase; SCAD, short-chain acyl-coenzyme A dehydrogenase; VLCAD, very-long-chain acyl-coenzyme A dehydrogenase.
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an initial glucose bolus with a continuous glucose infu-
sion to prevent further episodes of hypoglycemia until 
specific therapies are established.

The therapeutic goal is to maintain plasma glucose  
. 3.3 mmol/L (70 mg/dL). Ideally, treatment should 
maintain normoglycemia on a normal feeding schedule 
for the patient’s age. It is advisable to periodically reassess 
the efficacy of the treatment for any form of hypoglyce-
mia by a formal fasting study on treatment.

CONCLUSIONS

Since the early reports of neonatal hypoglycemia in the 
1950s by McQuarrie55 and Cornblath and colleagues,179 our 
understanding of the pathogeneses and treatment of hypo-
glycemia in neonates and infants has progressed signifi-
cantly. The ongoing identification of new molecular causes 
of congenital hyperinsulinism represents significant new 
discoveries. The development of noninvasive techniques 
(such as the 18F-fluoro-L-DOPA PET scan) that can accu-
rately identify patients with focal hyperinsulinism and the 
potential for cure with surgical removal of the lesion are 
promising advances in the treatment of these children. 
These and future discoveries should result in continued 
improvement in outcome for hypoglycemic patients.
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QUESTIONS

 c. Medium-chain acyl-CoA dehydrogenase deficiency
 d. Hyperinsulinism due to an activating mutation in 

GLUD1
Answer: d

What are the correct next steps for this condition?
 a. Frequent feedings, especially milk to avoid fasting 

hypoglycemia
 b. Diazoxide 10 mg/kg/day in divided doses
 c. Supplemental carnitine in all feedings
 d. Confirmation of the diagnosis by mutation analy-

sis of glutamate dehydrogenase
 e. a and c
 f. b and d

Answer: f

 3. A 4 month-old boy is referred to endocrine clinic for 
poor growth. He was the product of a full-term, normal 
pregnancy complicated by gestational diabetes treated 
with diet. A plasma glucose concentration at 2 hours of 
age was 40 mg/dL. He was formula-fed and a plasma 
glucose concentration at discharge on day of life 2 was 
50 mg/dL. Over the past 2 months, his mother has 
noted that he has been increasingly fussy and sweaty  
if not fed every 2 hours. Despite the frequent feedings, 
his length and weight have decreased from the 50  
and 80 percentiles, respectively, at birth to the 10 and  
25 percentiles at 4 months of age. On physical examina-
tion, he seems irritable and is breathing rapidly; the 
liver is enlarged to 8 cm below the costal margin; the 
phallus is 3.2 cm in length and the testes are descended 
2 mL in volume bilaterally. Lab tests show plasma  
glucose 25 mg/dL; normal sodium, potassium, and 
chloride, HCO3; 11 mEq/L; calcium 10 mg/dL; phos-
phate 4.5 mg/dL; growth hormone 2 ng/mL, cortisol  
8 µg/dL, insulin 3 µU/mL; and urine ketones small.

Which of the following is the most likely diagnosis?
 a. Hyperinsulinism associated with recessive mutations 

of short-chain 3-hydroxy-acyl-CoA dehydrogenase
 b. Hypopituitarism associated with recessive muta-

tion of PIT1
 c. Recessive deficiency of the GLUT2 glucose 

transporter
 d. Mosaic paternal isodisomy for 11p
 e. Recessive deficiency of glucose 6-phosphatase 

(G6PC)
Answer: e

The diagnosis is best confirmed by which of the follow-
ing results?
 a. Following injection of glucagon 1 mg IV, the plasma 

glucose rises from 35 to 90 mg/dL after 30 minutes.
 b. Following injection of glucagon 1 mg IV, the blood 

lactate rises from 3.5 to 7 mM/L after 15 minutes.
 c. Following ingestion of an oral protein supple-

ment, 1 gm/kg, the plasma glucose falls from 75 to 
45 mg/dL after 20 minutes.

 d. Following ingestion of oral glucose, 1.75 gm/kg, 
the plasma glucose rises to 250 mg/dL at 1 hour 
and then falls to 35 mg/dL at 1.5 hour.

 1. An infant girl was admitted to a children’s hospital 
on day 3 of life following an apneic episode at home 
for which emergency medical services (EMS) was 
dispatched after a 911 call. EMS recorded a glucose 
of 24 mg/dL (meter) and treated it with a bolus of 
10% glucose followed by transfer to the children’s 
hospital. History revealed an induced delivery at 
34W gestation because of U/S confirmed IUGR 
presumed secondary to “placental insufficiency.” 
The mother admitted to smoking half a pack per 
day during pregnancy but denied use of any other 
medication or drugs; a screening OGTT was nor-
mal. At birth, the baby weighed 2.6 kg, had Apgar of 
9/9, and was found to have symmetric growth retar-
dation. Despite feeding and intravenous glucose at 
15 mg/kg/min, hypoglycemia persisted. A “critical 
sample” on day 5 of life was performed when the 
glucose was noted to be 33 mg/dL via meter and 
confirmed via laboratory glucose. In this “critical 
sample,” insulin was 62 µU/mL, cortisol 32 µg/dL, 
growth hormone 35 ng/mL; bOHB 0.2 mmol/L. What 
should the net step be?
 a. Genetic mutational analysis with emphasis on 

KCNJ11, ABCC8.
 b. Liver biopsy to rule out GSD-1.
 c. Start diazoxide 10 mg/kg/D in divided doses.
 d. Refer to an institution for PET scan with 18F-L 

DOPA immediately preceding scheduled surgery 
for pancreatectomy.

Answer: c

 2. A 17-month-old female was admitted to a children’s 
hospital for evaluation of a seizure. Three weeks 
before the seizure, she had a “spell” and was taken to 
a local emergency department where metered blood 
glucose was 17 mg/dL and a formal laboratory glu-
cose was 30 mg/dL. In that sample, insulin concen-
tration was , 2 µU/mL, GH 11.1 ng/dl, and cortisol 
32 µg/dL. Because of the low insulin, a diagnosis of 
“ketotic hypoglycemia” was made and the infant 
discharged to her home. Past history revealed nor-
mal gestation, delivery and birth weight, normal 
developmental milestones, and normal weight gain 
and growth. While awaiting the results of an EEG 
and MRI of the brain, it was noted that the fasting 
blood glucose was 60 mg/dL and 1 hour post pran-
dial glucose was 44 mg/dL. A “controlled fast” was 
begun after the child had her usual evening meal. 
Two hours after this meal, a metered blood glucose 
was 36 mg/dL and lab glucose was 37 mg/dL. Other 
results included the following:
b-OHB of 0.27 mmol/L
Lactate 1.8 mM/L
Insulin 9 µU/ML
NH3 93 µM/L

Given the presentation beginning at approximately 
17 months, what is the most likely diagnosis?
 a. Idiopathic ketotic hypoglycemia of infancy
 b. Hyperinsulinism due to an activating mutation in 

the insulin receptor
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 e. Following injection of calcium 200 mg/kg IV, the 
plasma insulin rises from 10 up to 45 µU/mL after 
3 minutes.

Answer: b

What would be the most appropriate treatment for this 
condition?
 a. A high-protein, low–glycemic index diet

 b. Frequent feedings using a normal milk-based formula
 c. Frequent feedings using a non–lactose-containing 

formula, with the addition of raw cornstarch after 
age 1 to 2 years old

 d. Oral diazoxide plus a low-leucine diet
 e. Growth hormone, 0.3 mg/kg/week, divided into 

twice daily injections
Answer: c

e-FIGURE 6-1 n A, 18F-fluoro-L-DOPA PET scan image of a diffuse case of hyperinsulinism showing L-DOPA uptake in the liver, in 
the kidneys, and throughout the pancreas with equal intensity. B, Fused 3D image of a contrast-enhanced CT scan fused with an 
18F-fluoro-L-DOPA PET scan for the same case as in (A). C, An axial image of a contrast-enhanced CT scan fused with an 18F-fluoro-
L-DOPA PET scan showing a focus of increased uptake in the posterior body of the pancreas. Note the normal tracer uptake in the 
liver and left kidney. (Images courtesy of Dr. Lisa States.)
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C H A P T E R  7

Disorders of the Thyroid  
in the Newborn and Infant
Guy Van Vliet, MD • Johnny Deladoëy, MD, PhD

EMBRYOLOGY, PHYSIOLOGY, 
AND PHYSIOPATHOLOGY

Development of the Thyrotropic Axis
As for all organs, anatomic development of the  
hypothalamic-pituitary-thyroid system occurs during 
the first trimester of gestation. The human embryonic 
forebrain and hypothalamus begin to differentiate by  
3 weeks of gestation under the influence of a series  
of homeodomain proteins or transcription factors. Immu-
noreactive thyrotropin-releasing hormone (TRH) becomes 
detectable in human embryonic hypothalami by 8 to  
9 weeks of postconceptional age and is also produced by the 
fetal gut and pancreas.4,5

Anatomically, the pituitary gland develops from two 
ectodermal anlagen: a neural component from the floor of 
the primitive forebrain and Rathke’s pouch from the 
primitive oral cavity. The latter is visible by 5 weeks, evolv-
ing to a morphologically mature pituitary gland by 14 to 
15 weeks. The pituitary-portal blood vessels are present  
by this time and mature further through 30 to 35 weeks.  
A wide spectrum of congenital malformations collectively 
named “midline defects,” including holoprosencephaly 

INTRODUCTION

EMBRYOLOGY, PHYSIOLOGY, AND 
PHYSIOPATHOLOGY 

Development of the Thyrotropic Axis
Placental Transfer of Iodine, T4, TRH, 

Antithyroid Drugs, and Immunoglobulins 
Maturation of Thyroid Hormone Synthesis 

and Secretion
Maturation of Thyroid Hormone Metabolism 

and Transport
Extrauterine Thyroid Adaptation
Thyroid Hormone Actions

CONGENITAL HYPOTHYROIDISM
Newborn Screening
Thyroid Dysgenesis

Thyroid Dyshormonogenesis
Abnormal Thyroid Hormone Metabolism
Thyroid Hormone Resistance
Hypothalamo-Pituitary Hypothyroidism
Evaluation of Newborns with Positive 
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CONGENITAL HYPERTHYROIDISM
Graves Disease
Nonautoimmune Hyperthyroidism

DISORDERS OF THYROID HORMONE TRANSPORT

CHAPTER OUTLINE

INTRODUCTION

The management of the fetus, newborn, and infant with 
disorders of thyroid function has benefited greatly from 
our ability, since the 1970s, to measure hormones in minute 
amounts of biologic fluids. Specifically, biochemical 
screening of newborns for congenital hypothyroidism 
(CH) is now routine throughout the industrialized world 
and has resulted in the disappearance of the overt intel-
lectual disability that affected 8% to 28% of patients with 
this condition in the prescreening era.1 More recently, 
the molecular basis of several monogenic disorders of 
thyroid development and function has been deciphered. 
However, most cases of abnormal thyroid gland develop-
ment in humans, the most common cause of CH, are 
unexplained and constitute one of the remaining myster-
ies of thyroid physiopathology.2 On the other hand, 
progress in ultrasound techniques has led to an increas-
ing number of goiters being identified in the fetus in 
utero, which raises the possibility of prenatal treatment 
via the mother’s amniotic fluid in highly selected cases.3 
This chapter reviews thyroid disorders in the fetus, new-
born, and infant from a developmental, molecular, and 
clinical perspective.
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itself (I2) and iodide (I-). The human placenta expresses the 
sodium–iodine symporter throughout gestation,23 which 
explains why the mother’s iodine status is reflected in the 
fetus (Figure 7-1) . If the mother’s iodine intake is subopti-
mal, the fetal thyroid cannot constitute appropriate stores 
of iodine and fetal hypothyroidism may ensue. Worldwide, 
inadequate maternal iodine intake leading to irreversible 
consequences, known as endemic cretinism, remains a  
major public health problem. Prevention of this condition 
by supplying the mother with adequate iodine is one of  
the best and most important examples of considering the 
fetus as a patient and of treating this patient through its 
mother.24,25

In contrast to iodine, thyroxine (T4) was for a long 
time thought not to cross the placenta in substantial 
amounts.26 However, T4 is detectable in human embry-
onic tissues before the onset of fetal thyroid function  
and must, therefore, be of maternal origin.27 Later in 
gestation, the transfer of T4 from mother to fetus must 
continue, because the concentration in cord blood from 
neonates with complete absence of thyroid function is 
30% to 50% of that of normal neonates.28 More recently, 
it was shown that normal neonates born to a mother  
who has chronically higher T4 concentrations due to a 
mutation inactivating the thyroid hormone receptor have 
lower birth weight and TSH concentrations at newborn 
screening than those born to normal mothers.29 Taken 
together, these data indicate that maternal T4 must cross 
the placenta in physiologically relevant amounts through-
out gestation.

That this transplacental transfer of T4 from mother to 
fetus might be of clinical relevance was suggested by the 
severe developmental delay observed in an infant with 
central hypothyroidism caused by a maternally inherited 

and septo-optic dysplasia, may be associated with central 
hypothyroidism and other anterior pituitary deficiencies.6 
The molecular mechanisms underlying these malforma-
tions have been identified in some cases.7 Within the pitu-
itary itself, PROP-1 and PIT-1 are terminal factors in  
the differentiation cascade of pituitary cells and PIT-1  
or PROP-1 deficiency results in profound defects in 
growth hormone, prolactin, and thyroid-stimulating hor-
mone (TSH) secretion as well as age-dependent pituitary 
hypoplasia.8-10

The human thyroid gland develops from a median an-
lage derived from the primitive pharyngeal floor and from 
paired lateral anlagen from the fourth pharyngeal pouches. 
The long-held belief that the lateral anlagen were the only 
source of calcitonin-producing cells has been challenged 
by the observation that sublingual thyroids that are  
derived exclusively from the median anlage contain  
calcitonin mRNA and protein.11 Conversely, thyroid fol-
licular cells can differentiate within the lateral anlagen, as 
illustrated by histologic observations12 as well as by pa-
tients in whom the only thyroid tissue is a lateral ectopy.13 
Both the median and lateral structures are visible by  
day 16 to 17 of gestation; by 50 days they have fused and 
the thyroid gland has migrated to its definitive location in 
the anterior neck. The thyroglossal duct, from the fora-
men cecum to the final location of the thyroid, may persist 
and is constituted of degenerated thyroid follicular cells. 
Within the thyroid gland, iodine concentration, TSH re-
ceptors, thyroglobulin, and thyroid peroxidase mRNA and 
protein can be demonstrated by 70 days.14

Thyroid embryogenesis is dependent on the expres-
sion of a programmed sequence of homeobox and tran-
scription factors, including thyroid transcription factors-1 
and -2 (TTF-1 or TiTF-1, also known as NK2 homeobox 
1 -NKX2-1- and TTF-2, also known as Forkhead box  
E1 -FOXE-1) and paired box gene 8 (PAX8).15 Embry-
onic stem cells in which NKX2-1 and PAX 8 are over-
expressed form fully differentiated thyroid cells and will 
form the typical follicular architecture under the influ-
ence of TSH.16 In keeping with this concept, mice with a 
naturally occurring mutation inactivating the TSH recep-
tor have a disorganized follicular architecture,17 and this 
is also probably the case in humans with similar mutations 
in which a high serum thyroglobulin in spite of profound 
thyroid hypoplasia suggests leaky follicles.18 In newborn 
mice, biallelic inactivation of Nkx2.1 results in absence of 
both pituitary and thyroid glands, with complete absence 
of both thyroid follicular cells and of calcitonin-producing 
C cells,19 whereas that of PAX8 results in a small thyroid 
gland composed almost exclusively of C cells.20 FOXE-1 
null mouse embryos have either an absent thyroid or  
an ectopic sublingual gland, but all newborn pups have 
athyreosis in addition to cleft palate.21 Mutations in the 
homologous genes, however, account for at most 2% of 
cases of thyroid dysgenesis in humans.22

Placental Transfer of Iodine, T4, TRH, 
Antithyroid Drugs, and Immunoglobulins
Iodine is an essential component of thyroid hormones. In 
this chapter, the term iodine is used to designate both iodine 

FIGURE 7-1 n  The placental role in thyroid metabolism during 
human pregnancy. The placenta produces estrogens and a hu-
man chorionic gonadotropin (hCG), which increase maternal 
TBG levels and stimulate maternal thyroid hormone production, 
respectively. Both activities tend to increase maternal T4 and T3 
concentrations and inhibit maternal TSH secretion. Iodide and 
TRH readily cross the placenta. In addition, the placenta synthe-
sizes TRH. The placenta is impermeable to TSH and only par-
tially permeable to T4 and T3. Placental type 3 iodothyronine 
monodeiodinase enzymes degrade T4 to reverse T3 and T3 to 
3,3’ T2. The placenta is also permeable to the thiourea drugs 
used to treat maternal Graves disease.
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heterozygous mutation inactivating PIT1, and whose 
equally hypothyroid mother had stopped thyroxine treat-
ment at midpregnancy.30 At the population level, children 
born to mothers who have low T4 concentrations during 
pregnancy have been reported to have lower IQ than chil-
dren born to mothers with normal circulating concentra-
tions of thyroid hormones.31-33 However, in a randomized 
trial, developmental outcome was similar in the offspring 
of T4- and placebo-treated women who had either ele-
vated TSH concentrations (. 97.5 percentile) or lower 
circulating T4 concentrations (, 2.5 percentile) when 
treatment was begun toward the end of the first trimes-
ter.34 Moreover, in two recent case series of women with 
severe hypothyroidism diagnosed during pregnancy but 
corrected by the third trimester, the intellectual outcome 
of the offspring was normal.35,36 Thus, universal screening 
for thyroid dysfunction during pregnancy remains ques-
tionable at this time. On the other hand, 85% of women 
who are already receiving T4 therapy require an increase 
in dose of about 30% to 50% during pregnancy because of 
the estradiol-induced increase in serum thyroxine-binding 
globulin (TBG).37

The transplacental transfer of T4 is not always suffi-
cient to prevent the development of fetal goiter if the 
fetus has severe thyroid dyshormonogenesis. Fetal goi-
ters may be big enough to interfere with the flow of 
amniotic fluid into the airways, causing progressive hy-
dramnios and eventual lung hypoplasia. In such occur-
rences, levothyroxine can be injected into the amniotic 
fluid, which the fetus then swallows, leading to a decrease 
in the size of the fetal thyroid and in the degree of  
hydramnios.38 The injection of thyroxine into the umbili-
cal vein, which carries an even higher risk of triggering 
premature labor or fetal loss than amniocentesis, should 
be restricted to fetuses with a goiter that continues to  
increase in spite of repeated intra-amniotic injections. 
Invasive and potentially risky procedures should not  
be undertaken to protect the brain of affected fetuses: 
indeed, the fetal brain is, to a large extent, protected from 
the deleterious effect of hypothyroidism through up-
regulation of brain type 2 deiodinase, which converts the 
prohormone T4 into its biologically active derivative, 
T3.39 This likely accounts for the observation that even 
in CH with delayed bone maturation at diagnosis (indi-
cating a prenatal onset), the intellectual outcome is 
within normal limits if continuous and adequate treat-
ment is instituted shortly after birth.40 Thus, the in utero 
treatment of fetal hypothyroidism should only be consid-
ered in exceptional circumstances, such as for goiter 
causing progressive hydramnios. Although the identifica-
tion of a goiter by prenatal ultrasound may be increas-
ing,41 it remains rare and even direct examination at birth 
often fails to detect goiters that are obvious on scintigra-
phy. Goiters can also be observed in fetuses borne by 
women with Graves disease if they are overtreated  
with antithyroid drugs, which readily cross the placenta. 
Reducing the dose of the antithyroid medication given to 
the mother should decrease the size of the fetal thyroid 
in such circumstances42 (Figure 7-2).

Although the placenta produces a pro-TRH molecule, 
TRH concentrations in the maternal circulation are very 
low and thus have little effect on fetal thyroid function. 

However, TRH, with its tripeptide structure (the smallest 
of the hypothalamic hypophysiotropic peptides), crosses 
the placenta readily and, when injected to the mother, 
increases thyroid hormone concentrations in the fetus. 
Because thyroid hormones stimulate fetal lung matura-
tion, maternal TRH treatment to decrease neonatal 
respiratory distress syndrome has been attempted, but 
without successful outcome.43

Because immunoglobulins of the IgG type cross the 
placenta, transient fetal/neonatal hyperthyroidism from 
transplacental transfer of TSH-receptor activating anti-
bodies can occur in women with past or present Graves 
disease. On the other hand, when pregnant women are 
overtreated with antithyroid drugs, which also cross the 
placenta readily, their fetus may develop goitrous hypo-
thyroidism, as noted previously. However, in the Québec 
database for neonatal thyroid screening, only one case 
out of 30,000 births is attributable to this mechanism 
(unpublished observations). Lastly, transient neonatal 
hypothyroidism from materno-fetal transfer of TSH- 
receptor–blocking antibodies can also occur, but only 
accounts for 2% of cases of neonatal hypothyroidism 
identified by screening44; hence, for babies born to 
women with Hashimoto thyroiditis, a specific screening 
strategy is not required. However, thyroid function tests 
are often ordered clinically in newborns whose mother 
has a history of thyroid disease and, if abnormal, require 
special consideration of optimal approach to therapy. For 
example, hypothyroidism at birth caused by treatment  
of maternal Graves disease with antithyroid medication 
may only require observation, in the expectation that the 
effects of the drugs will dissipate over a few days; hyper-
thyroidism may follow, albeit exceptionally. For hypothy-
roidism or hyperthyroidism resulting respectively from 
maternal TSH receptor blocking or stimulating antibod-
ies, treatment will be required as these effects may last 
several months.45

Maturation of Thyroid Hormone 
Synthesis and Secretion
Maturation of thyroid function in the fetus reflects 
changes at the level of the hypothalamus, pituitary, and 
thyroid. Serum TRH concentrations are relatively high 
in the human fetus, because it is produced at both hypo-
thalamic and extrahypothalamic sites and because of  
the TRH-degrading activity of fetal blood is low.46 Fetal 
serum TSH increases from a low concentration at 18 to 
20 weeks to a peak value of approximately 7 to 10 mU/L 
at term. After delivery, in response to exposure to the 
cold extrauterine environment, there is an acute release 
of TSH with mean serum concentrations peaking at  
30 minutes at approximately 70 mU/L. The subsequent 
increase in serum T4 concentration immediately after 
birth is TSH dependent.

Only free thyroid hormones enter cells, and hor-
mones bound to serum TBG and other transport pro-
teins are not available to tissues. In addition, T4 is a 
prohormone and it is T3 that is biologically active to 
exert intracellular effects, so that deiodination of T4 is 
essential for tissue euthyroidism. Both serum transport 
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proteins and intracellular deiodination change during 
development. As previously mentioned, the fetal thyroid 
gland is capable of iodine concentration and iodothyro-
nine synthesis as early as 70 days of gestation, a reflection 
of a sharp increase in the expression of the sodium-iodine 
symporter and of the appearance of a follicular architec-
ture.47 Starting at 18 to 20 weeks, total T4 and TBG 
concentrations in fetal serum increase steadily until the 
final weeks of pregnancy.

The study of free T4 concentrations in fetal/neonatal 
blood has been hampered by the relative inadequacy  
of the commercially available immunoassay systems for 
measurements in these samples.48 The fetal serum 
T3 concentration remains low until 30 weeks due to two 
factors: first, the low activities of type 1 iodothyronine 
monodeiodinase result in relatively low rates of T4 to T3 
conversion in fetal tissues; second, active type 3 mono-
deiodinase in placenta and selected fetal tissues de-
grades T3 to T2. After 30 weeks, serum T3 increases 
slowly until birth. This prenatal increase in serum T3 is 
due to progressive maturation of liver type 1 deiodinase 
activity increasing hepatic conversion of T4 to T3, and 
to decreased placental T3 degradation. Postnatally, T3 
and T4 serum concentrations increase two- to sixfold 
within the first few hours, peaking on the second day of 

life. These levels then gradually decline to levels char-
acteristic of infancy over the first 4 to 5 weeks of life 
(Figures 7-3 and 7-4).

In the human, the fetal thyroid gland grows and its 
production increases under the influence of the increas-
ing serum TSH level during the second half of gestation, 
as illustrated by the severely atrophic and hypofunctional 
glands observed in newborns with mutations that inacti-
vate either the b-subunit of TSH49 or the TSH recep-
tor.50 On the other hand, the maturation of the negative 
feedback control system appears to occur earlier than 
previously thought, as an elevated TSH in serum obtained 
at cordocentesis can be seen in fetuses with primary hypo-
thyroidism as early as 18 weeks.51

Thyroid function in the premature infant (before 30 
to 32 weeks) is characterized by low circulating concen-
trations of T4 and free T4, a normal or low concentra-
tion of TSH, and a normal or prolonged TSH response 
to TRH, suggesting a degree of relative hypothalamic 
(tertiary) hypothyroidism. In summary, fetal thyroid hor-
mone secretion results from increasing hypothalamic 
TRH secretion that stimulates the secretion of TSH 
from the pituitary and increased thyroid follicular cell 
sensitivity to TSH. In turn, this process is regulated by 
increasing pituitary sensitivity to inhibition by thyroid 
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FIGURE 7-2 n  A, Fetal goiter discovered at a routine ultrasound at 19 weeks (white arrow). The mother was euthyroid and had no 
autoantibodies. Cordocentesis showed a serum TSH of 90 mU/L. B, initial management was through oral treatment of the mother 
with increasing doses of levothyroxine; this resulted in increased maternal free T4 concentrations, but presumably not enough to 
cross the placenta in sufficient amounts to prevent the progression of the fetal goiter (panel C) and the development of hydramnios 
(panel D). C, Effect of 3 intra-amniotic injections of 200 mg of levothyroxine (black arrows) on fetal thyroid size. D, Effect of three 
intra-amniotic injections of 200 mg of levothyroxine (black arrows) on amniotic fluid index. At birth, cord serum TSH was 224 mU/L 
and thyroglobulin was low at 3.55 mg/L; thyroglobulin deficiency was confirmed by molecular genetic analyses. Treatment with 
50 mg of levothyroxine orally from day 1 has allowed this child, now age 4 years, to have normal intellectual development. �(Adapted�
and�updated�from�Stoppa-Vaucher�S,�Francoeur�D,�Grignon�A,�et�al.�[2010].�Non-immune�goiter�and�hypothyroidism�in�a�19-week�fetus:�a�plea�
for�conservative�treatment.�J�Pediatr�156:1026-1029.)
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Maturation of Thyroid Hormone 
Metabolism and Transport
The thyroid gland is the sole source of T4. Most of the 
circulating T3 after birth is derived from conversion of 
T4 to T3 via monodeiodination in peripheral tissues. 
Deiodination of the iodothyronines is the major route of 
metabolism, and monodeiodination may occur either at 
the outer (phenolic) ring or the inner (tyrosyl) ring of the 
iodothyronine molecule. Outer ring monodeiodination 
of T4 produces T3, the form of thyroid hormone with 
greatest affinity for the thyroid nuclear receptor. Inner 
ring monodeiodination of T4 produces reverse T3 (rT3), 
an inactive metabolite. In adults, between 70% and 90% 
of circulating T3 is derived from peripheral conversion 
of T4, and 10% to 30% from direct glandular secretion. 
Nearly all circulating rT3 derives from peripheral con-
version, with only 2% to 3% coming directly from the 
thyroid gland. T3 and rT3 are progressively metabolized 
to diiodo, monoiodo, and noniodinated forms of thyrox-
ine, none of which possess biologic activity.

Two types of outer ring iodothyronine monodeiodinases 
have been described.53 Type 1 deiodinase (predominantly 
expressed in liver, kidney, and thyroid) is a high-Km  
enzyme inhibited by propylthiouracil and stimulated by 
thyroid hormone. Type 2 deiodinase (predominantly lo-
cated in brain, pituitary, placenta, skeletal muscle, heart, 
thyroid, and brown adipose tissue) is a low-Km enzyme 
insensitive to propylthiouracil and inhibited by thyroid 
hormone. Types 1 and 2 deiodinases contribute to circulat-
ing T3 production, whereas type 2 acts to increase local 
tissue levels of T3 as well. An inner ring deiodinase (type 3 
deiodinase) has been characterized in most fetal tissues, 
including placenta. This enzyme system catalyzes the con-
version of T4 to rT3 and T3 to diiodothyronine. All three 
deiodinase enzymes are selenoproteins (Figure 7-5).

Deiodination is developmentally and thyroid-state 
regulated. In the human fetal brain, type 2 deiodinase 
activity in the cortex increases between 13 and 20 weeks 
gestation and by about 50% over the last third of gesta-
tion. There is a general inverse correlation of type 2 and 
type 3 activities. Both of these deiodinase species are 
thyroid hormone responsive.

FIGURE 7-3 n  The pattern of change in fetal and neonatal thyroid 
function parameters during pregnancy and extrauterine adapta-
tion. Fetal serum thyroxine (T4) concentrations begin to in-
crease at midgestation and increase progressively thereafter to 
term. This increase is due largely to the increase in thyroxine-
binding globulin concentration, but free T4 concentrations (not 
shown) also increase progressively between 20 and 40 weeks. 
T4 in the fetus is metabolized predominantly to inactive reverse 
triiodothyronine (rT3) and sulfated analogs (T4S, T3S). Monode-
iodination of T4 to active triiodothyronine (T3) increases at 
about 30 weeks to levels approximating 50 ng/dL at term. The 
TSH surge (not shown), which peaks at 25 to 30 minutes after 
extrauterine exposure, stimulates thyroidal T4 and T3 secretion. 
Neonatal T4 and T3 peak at 2 to 3 days. Serum T3 concentra-
tions remain at higher postnatal levels because of the increased 
T4-to-T3 conversion mediated by increased type 1 iodothyro-
nine deiodinase activity in newborn tissues.

FIGURE 7-4 n  Changes in fetal TRH and TSH levels in 
pancreas, hypothalamus, serum, and pituitary during 
human gestation. Hypothalamic TRH concentrations in-
crease progressively after midgestation, but the pattern 
of change has not been documented in the human  
fetus. (Reproduced�with�permission� from�Fisher�DA,�Polk�
DH� [1994].� Development� of� the� fetal� thyroid� system.� In�
Thorburn�GD,�Harding�R�[eds.],�Textbook of fetal physiology.�
Oxford,�UK:�Oxford�University�Press,�359-368.)

hormone of TSH release. The marked cold-stimulated 
TRH-TSH surge at birth is associated with a marked 
increase in T4 secretion and free T4 concentration with 
a new equilibrium reached by 1 to 2 months. During in-
fancy and childhood, there is a progressive decrease in 
T4 secretion rate (based on a mg/kg/day) correlating with 
a decreasing metabolic rate.52
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Fetal thyroid hormone metabolism is characterized 
by a predominance of type 3 enzyme activity (particu-
larly in liver, kidney, and placenta), accounting for the 
increased circulating concentrations of rT3 observed in 
the fetus. However, the persistence of high circulating 
rT3 concentrations for several weeks in the newborn 
indicate that type 3 deiodinase activity expressed in non-
placental tissues is important. The mixture of type 2 and 
type 3 deiodinase activities in the placenta provides for 
the conversion of T4 to T3 and of T4 and T3 to rT3 and 
T2, respectively.

Sulfated iodothyronines are the major thyroid hor-
mone metabolites circulating in the fetus.54 Sulfokinase 
enzymes are present early in fetal life, and sulfation of the 
phenolic hydroxyl group of the iodothyronine molecule 
may be a normal prerequisite step for monodeiodination. 
The sulfated iodothyronines are preferred substrates  
for the type 1 deiodinase, and concentrations are high in 
fetal serum in part because of low type 1 deiodinase activ-
ity. However, increased production of sulfated metabo-
lites is also involved. There is evidence that T3S has 
biologic activity (i.e., suppresses TSH in vivo), suggest-
ing that it can be de-sulfated by one or more tissue sulfa-
tase enzymes. The low production rates and low levels of 
T3 metabolites and the high ratio of inactive to active 
metabolites suggest that fetal thyroid hormone metabo-
lism is largely oriented to inactivating T4, presumably to 
avoid tissue thermogenesis and to potentiate the anabolic 
state of the rapidly growing fetus. This is mediated by 
early activation of type 3 monodeiodinase, inactivation of 
type 1 monodeiodinase, and augmented iodothyronine 
sulfation.

The developmental expression of type 2 deiodinase 
in brain and other tissues provides for local T3 supply 
to specific tissues (particularly in the event of T4 defi-
ciency) and helps guarantee provision of T3 during 
gestation, when brain development is thyroid hormone 
dependent.39

Extrauterine Thyroid Adaptation
At the time of parturition, the neonate must rapidly con-
vert from the fetal state of predominant thyroid hormone 
inactivation to a state of relative thyroidal hyperactivity. 
During the first hours after birth, there is an acute in-
crease in circulating T4 and T3 levels. This is due to  
the abrupt increase in hypothalamic TRH stimulating 
increased pituitary TSH secretion and, in turn, thyroid 
hormone secretion. The cold-stimulated TRH-TSH 
surge is short lived and mean TSH concentrations de-
crease progressively to normal infant levels by 3 to  
5 days, but the serum-free T4 level remains elevated for 
several weeks.55

Serum T3 levels increase in response to the TSH surge, 
because of stimulation of thyroidal T3 secretion and of 
increased hepatic type 1 deiodinase activity. Placental 
separation decreases T3 deiodination (to inactive T2), 
contributing to the early postnatal increase in serum T3 
concentration. The type 2 deiodinase activity in brown 
adipose tissue increases during the last weeks of gestation 
to potentiate catecholamine-stimulated brown adipose  
tissue thermogenesis, thereby contributing to the mainte-
nance of the body temperature of the neonate.53

Thyroid Hormone Actions
Evidence suggests that all thyroid-sensitive cell popula-
tions express iodothyronine membrane transporters. 
These belong to several families of integrin, organic an-
ion, amino acid, and monocarboxylate solute carriers. 
The importance of these transporters is highlighted by 
the role of mutations inactivating human monocarboxyl-
ate transporter 8 (MCT8) in an X-linked syndrome of 
severe psychomotor retardation (previously called the 
Allan-Herndon-Dudley syndrome) combined with mild 
abnormalities of thyroid function, characterized by high 
T3, low T4, and normal or high TSH.56,57 MCT8 is 
thought to play a role in the entry of T3 into neurons, 

FIGURE 7-5 n  The deiodination of thyroxine by 
types 1, 2, and 3 iodothyronine monodeiodin-
ase enzymes. The type 1 enzyme is also capable 
of inner ring monodeiodination, particularly of 
the sulfated conjugates (not shown).
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after deiodination of T4 to T3 in neighboring astrocytes. 
In addition, MCT8 is involved in the transfer of T3 
across the blood-brain barrier. Lastly, the abnormalities 
in thyroid hormone levels and TSH are also due to the 
effect of MCT8 on deiodination.58

Thyroid hormone effects are mediated predominantly 
via nuclear thyroid hormone protein receptors (TR), 
which act as DNA-binding transcription factors regulat-
ing gene transcription. Two mammalian genes code for 
TR, TRa and TRb, and alternative mRNA splicing lead 
to the production of four major thyroid hormone-binding 
transcripts: TRa1, TRa2, TRb1, and TRb2. The TRs 
exist as monomers, homodimers, and heterodimers with 
other nuclear receptor family members such as the reti-
noid X receptors. TRa1 is the predominant subtype in 
the bone, gastrointestinal tract, heart, and brain. TRb1 
is expressed in liver, kidney, heart, lung, brain, cochlea, 
and pituitary. TRb2 is expressed in pituitary gland, 
retina, and cochlea. The receptors function redun-
dantly, as indicated by knockout studies in mice, but 
predominant effects of one or another TR have been 
described.

In humans, the specific roles of TRa and TRb are 
illustrated by the phenotypes observed in patients with 
inactivating mutations in the corresponding genes. The 
syndrome of thyroid hormone resistance initially de-
scribed in 1967 was later found to be generally due to 
mutations inactivating TRb that occur either de novo or 
are inherited in an autosomal dominant fashion; however, 
in some patients with thyroid hormone resistance, TRb 
is normal and the molecular defect remains elusive.59 
Mutations in TRa have been described, occurring de 
novo in one patient60 and transmitted from father to 
daughter in one pedigree.61

Thyroid hormone-programmed development of fetal 
tissues requires the interaction of local tissue monodeio-
dinase 1 and 2, TRs, thyroid receptor coactivators, and 
thyroid-responsive genes. In most responsive tissues, the 
timing of maturation events is controlled by the TRs act-
ing as a molecular switch. In the absence of T3, the unli-
ganded receptor recruits corepressors, thereby repressing 
gene transcription. Local tissue maturation events are 
stimulated by the coincident availability of T3, liganded 
T3 receptor, T3-mediated receptor exchange of core-
pressors with coactivators, and activation of responsive 
gene transcription.62

In the human fetus, low levels of TR binding have 
been detected in brain tissue at 10 weeks gestational 
age—and liver, heart, and lung TR binding is observed  
at 16 to 18 weeks. TR levels in human fetal cerebral cor-
tex and cerebellum increase markedly during the second  
and third trimesters.63 Information is limited regarding 
the timing of the appearance of thyroid hormone tissue 
effects in the human fetus.

The birth length of the athyroid human neonate is 
within normal limits: the linear growth of the human fetus 
is programmed independently of thyroid hormones by a 
complex interplay of genetic, nutritional, and hormonal 
factors, as well by the mechanical uterine constraint.64 
However, 50% to 60% of athyroid newborns manifest 
delayed epiphyseal maturation and have large fontanelles.65 
At birth, severe CH may be suspected in the presence of a 

large anterior fontanelle, a persistent posterior fontanelle 
at term with diastasis of the parietal bones, macroglossia 
and umbilical hernia; delayed meconium emission, feeding 
difficulties, and prolonged jaundice may be noted soon 
thereafter.66 However, the classic clinical manifestations of 
CH appear progressively during the early months of life. 
These include soft-tissue myxedema, a slow linear growth, 
and retarded central nervous system (CNS) develop-
ment.64 The normal IQ in most athyroid infants treated 
early thanks to newborn screening1 seems attributable to 
the low but significant levels of maternal thyroxine derived 
from placental transfer, shown in humans,28 and the up-
regulation of type 2 monodeiodinase in fetal brain tissue in 
the face of low fetal serum thyroxine concentrations, 
shown in rats.39

Postnatal thermogenesis is mediated via the brown 
adipose tissue prominent in subscapular and perirenal 
areas in the mammalian fetus and neonate. Heat produc-
tion in brown adipose tissue is stimulated by catechol-
amines via b-adrenergic receptors and is thyroid hormone 
dependent. The uncoupling protein thermogenin unique 
to brown adipose tissue is located on the inner mito-
chondrial membrane and uncouples phosphorylation by 
dissipating the proton gradient created by the mitochon-
drial respiratory chain. The type 2 monodeiodinase in 
brown adipose tissue mediates local T4 to T3 conver-
sion. Full thermogenin expression in brown adipose tis-
sue requires both catecholamine and T3 stimulation.67 
Brown adipose tissue matures progressively in the fetus 
but remains thermoneutral until stimulated by catechol-
amines in the perinatal period. Brown adipose tissue 
thermogenesis is immature in small premature infants, 
and brown adipose tissue mass decreases in the neonatal 
period in full-term infants as the capacity for nonshiver-
ing thermogenesis develops in other tissues.68 Uncou-
pling protein-2 is found in many tissues, but it does not 
appear to be regulated by b-adrenergic agonists or thy-
roid hormone. Uncoupling protein-3 is expressed in 
muscle and white adipose tissue as well as brown adipose 
tissue. Muscle uncoupling protein-3 is regulated by  
b3-adrenergic stimulation and thyroid hormone and 
presumably contributes to nonshivering thermogenesis 
in humans. mRNA levels for uncoupling protein-3 are 
also regulated by dexamethasone, leptin, and starvation, 
but the regulation differs in brown adipose tissue and 
muscle. Starvation increases muscle and decreases brown 
adipose tissue uncoupling protein-3, suggesting that 
muscle serves a larger role in thermoregulation during 
starvation.69

The critical role of thyroid hormones in CNS matu-
ration has long been recognized. Nervous system de-
velopment involves neurogenesis, gliogenesis, neural cell  
migration, neuronal differentiation, dendritic and axonal 
growth, synaptogenesis, myelination, and neurotransmitter 
synthesis. Thyroid hormones have been shown to stimulate 
a number of developmentally regulated nervous tissue 
genes, but the role of these factors in the CNS developmen-
tal program remains undefined. Available evidence suggests 
that deficiency or excess of thyroid hormones alters the  
timing or synchronization of the CNS developmental pro-
gram, presumably by initiating critical gene actions or other 
genetic CNS maturation events.70
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There is increasing evidence for a critical period for 
thyroid-dependent brain maturation in utero. Early 
maternal hypothyroxinemia in the rat alters histogene-
sis and cerebral cortical architecture of the progeny.71 
As noted earlier, maternal hypothyroxinemia in humans 
has been reported to be associated with IQ reduction in 
offspring,31-33 but association does not mean causation 
as shown by the negative results of the randomized con-
trolled trial of T4 treatment.34 In contrast, iodine sup-
plementation in pregnant women in geographic areas of 
severe iodine deficiency improves developmental out-
come of the offspring if given before the third trimester 
of gestation.24 The reasons for the discrepancy between 
the effect of iodine in iodine-deficient women and the 
lack of effect of T4 in hypothyroid women are un-
known. Studies of the dose and timing of thyroid hor-
mone therapy in infants with CH suggest a second 
critical period of thyroid hormone action during the 
very early neonatal period,72 but the period of CNS 
thyroid hormone dependency extends further, to at least 
2 years of age.73

CONGENITAL HYPOTHYROIDISM

Newborn Screening
CH screening tests are usually carried out in dried blood 
spot samples collected via skin puncture, although a few 
programs use cord serum.74-76 The historical controversy 
between the proponents of using total T477 or TSH78 as 
the primary test was related in part to the greater preci-
sion of T4 measurements around the cutoff value, but 
this is no longer an issue. Because primary hypothyroid-
ism is at least 10-fold more common than central hypo-
thyroidism and because only 19% of cases of central  
hypothyroidism have T4 below the cutoff,6 primary TSH 

screening makes more sense. About half of the states in 
the United States and the Netherlands still use a primary 
T4 strategy, but, in effect, all are screening for elevated 
serum TSH concentrations as the secondary screening 
test. In the Dutch program, for instance, TSH is mea-
sured in almost half of the population: all those with  
a T4 below 0.8 SD and all infants born with a weight 
# 2.5 kg or a gestational age of # 36 weeks.79 Con-
versely, the Québec program uses T4 to sort cases with 
borderline TSH elevation (15 to 30 mU/L) as shown on 
the algorithm in Figure 7-6.

With the trend toward earlier discharge of newborns 
in the 1990s, the minimal age at which TSH screening 
should be performed was assessed: in the first 24 hours, 
9% of the population had a TSH above 15 mU/L (a re-
flection of the neonatal surge), but this percentage 
dropped precipitously to only 0.2% to 0.3% from days  
2 to 5. Thus, any sample collected after 24 hours is  
acceptable.80

A more recent controversy relates to the threshold 
value for a significant TSH elevation, with cutoffs vary-
ing from 6 to 20 mU/L of whole blood.81 Predictably, 
the lower the cutoff, the greater the number of children 
labeled as having CH. However, the additional cases 
identified have mostly functional disorders whose im-
pact on cognition and behavior, if left untreated, is 
unknown.82

False-negative results are very rare and most are due to 
errors in specimen handling, testing and data analysis, or 
reporting of results. Some jurisdictions obtain screening 
samples in addition to the initial one in low-birth-weight 
infants, based on observations of a delayed TSH rise  
in some.83,84 The mechanisms for such delayed rises are 
unknown, but the widespread use of dopamine infusions, 
a potent inhibitor of TSH secretion, in the first few days 
of life may play a role.85 An update on a subset of 

CH screening algorithm, Québec 2012 

Blood collected by heel prick on filter paper 
on 2nd or 3rd day of life (earlier if: blood transfusion, death or transfer) 

Samples sent to screening lab every weekday 

Single measurement of TSH (results in mU/L of whole blood) 

TSH � 11: N TSH � 11: repeat in duplicate
on initial blood spot 

TSH � 15: N

TSH 15-29: measure
T4 on initial spot

T4 N
T4 low

TSH � 30 
Call parents:

Immediate referral 

Request 2nd filter paper and refer if TSH � 10 or T4 low

FIGURE 7-6 n  Algorithm presently used in Québec for screening newborns for hypothyroidism.
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low-birth-weight newborns with a delayed TSH rise has 
shown that the problem was transient, with no evidence 
of benefit from treatment.86 Thus, the repeat screening 
policy in low-birth-weight newborns remains debatable.87 
By contrast, the case for a repeat screening policy in 
same-sex twins risk is stronger, as fetal blood mixing may 
lead to a falsely negative screening TSH in the affected 
member of a monozygotic twin pair.88

As is obvious from the previous discussion, estimat-
ing the prevalence of CH depends on the ascertainment 
method. Before population-based biochemical screen-
ing of neonates, it was 1 in 6700 births.89 Over the al-
most four decades of the screening era, it has increased 
progressively from 1 in 4000 to 1 in 2500 with our cur-
rent screening algorithm 82 or even 1 in 1500 in some 
jurisdictions.90,91 Geographical and temporal variations 
are due almost exclusively to differences or changes in 
screening algorithms.92 In keeping with this concept, 
permanent CH due to thyroid dysgenesis documented 
by radionuclide imaging is not increasing, whereas the 
prevalence of dyshormonogenesis, a group of autoso-
mal recessive conditions, is predictably higher in inbred 
populations93 or in those with a founder effect.94 Interest-
ingly, the introduction of folic acid fortification, which 
has resulted in a marked decrease in the prevalence of 
neural tube defects95 and of some heart malformations,96 
has not affected the prevalence of CH due to thyroid 
dysgenesis in the same jurisdiction.82 Universal newborn 
screening has also provided estimates of the relative birth 
prevalence of various congenital thyroid disorders at the 
population level (Table 7-1).

Thyroid Dysgenesis
Dysgenesis is defined as abnormal organogenesis, a pro-
cess that occurs during the embryonic period. The most 
common developmental defect, currently accounting  
for about half of CH cases,82 is a defect in the migration 
of the median anlage, resulting in an ectopic (sub)lingual 
thyroid. These ectopic thyroids are round structures, 
lacking lateral lobes, and are the only thyroid tissue 
present in affected individuals. They can only be un-
equivocally visualized by radionuclide scanning.97 In almost 
10% of cases, there is a dumbbell appearance, with two 
adjacent areas of ectopic tissue.98 Histologically, ectopic 
thyroids are fully differentiated with a normal follicu-
lar architecture. Thus, the associated hypothyroidism, 
which is variable in severity, is likely due to a smaller 
number of cells, due to the absence of lateral lobes,  
and to a limitation to TSH-induced cell growth.99 The 
second category of thyroid dysgenesis, athyreosis, is  
heterogeneous. Indeed, about half of newborns with CH 
and undetectable technetium uptake on imaging have a 
detectable serum thyroglobulin.100 We have proposed 
to call this situation “apparent athyreosis.” Apparent 
athyreosis can be permanent in patients with a severely 
hypoplastic and hypofunctional orthotopic thyroid due 
to mutations that completely inactivate the TSH recep-
tor.50 The term transient athyreosis has been used to de-
scribe the absent uptake that can be observed in babies 
with CH due to the transplacental transfer of TSH  
receptor-blocking antibodies.101

Thyroid dysgenesis is usually sporadic but familial cases 
occur more often than by chance alone.102 On the other 
hand, monozygotic twins are almost always discordant.88 
To reconcile these seemingly discrepant findings, a two-
hit model combining germ-line susceptibility and early 
postzygotic mutations has been proposed,22 but its valida-
tion requires access to ectopic thyroids, which generally do 
not need to be removed. The limited data available seem 
to exclude somatic mutations in TTF-1, TTF-2, and 
PAX-899 and suggest the implication of the Wnt-beta 
catenin pathway in thyroid migration.103

Also inconsistent with simple Mendelian genetics is 
the observation that thyroid dysgenesis is about twofold 
more prevalent in female than in male infants. In most 
series, the skewing of the sex ratio is more pronounced in 
ectopy than in athyreosis.104 Thyroid dysgenesis is less 
prevalent in blacks, who are more genetically diverse 
than Caucasians, and this supports an oligogenic first-hit 
susceptibility.105 In some of the rare multiplex families, 
mutations in TTF-1, TTF-2, or PAX8 can be found but 
these genes have been excluded by linkage analysis in 
other multiplex families.106 TTF-2 mutations appear to 
be the least common, having been found in the homozy-
gous state in only three consanguineous pedigrees in 
which probands present with true athyreosis and cleft 
palate, sometimes associated with kinky hair, choanal 
atresia, and a bifid epiglottis.107 TTF-1 heterozygous 
mutations, de novo or dominantly inherited, present with 
a spectrum of anomalies, the “brain-lung-thyroid syn-
drome,” in which CH is usually mild and associated with 
normal thyroid gland morphology108,109 but may rarely 
be severe with apparent athyreosis.110 Heterozygous 

Type of Permanent  
Congenital Disorder Estimated Birth Prevalence

Thyroid dysgenesis
—Ectopy
—Athyreosis

1:5,000
1:15,000

Thyroid dyshormonogenesis 1:30,000
Hypothalamic-pituitary  

hypothyroidism 
1:21,000

Thyroid hormone resistance 1:40,000

TABLE 7-1  Estimated Birth Prevalence of 
Various Types of Permanent Thyroid 
Disorders in Iodine-Sufficient 
Populations, Based on Universal 
Newborn Screening with Either  
TSH or T4

From�Deladoey�J,�Ruel�J,�Giguere�Y,�Van�Vliet�G�(2011).�Is�the�
incidence�of�congenital�hypothyroidism�really�increasing?�A��
20-year�retrospective�population-based�study�in�Quebec.�J�Clin�
Endocrinol�Metab�96:2422-2429;�Kempers�MJ,�Lanting�CI,�
van�Heijst�AF,�et�al.�(2006).�Neonatal�screening�for�congenital��
hypothyroidism�based�on�thyroxine,�thyrotropin,�and�thyroxine-
binding�globulin�measurement:�potentials�and�pitfalls.�J�Clin��
Endocrinol�Metab�91:3370-3376;�Lafranchi�SH,�Snyder�DB,�
Sesser�DE,�et�al.�(2003).�Follow-up�of�newborns�with�elevated�
screening�T4�concentrations.�J�Pediatr�143:296-301;�Tajima�T,�
Jo�W,�Fujikura�K,�et�al.�(2009).�Elevated�free�thyroxine�levels��
detected�by�a�neonatal�screening�system.�Pediatr�Res�66:�
312-316.
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mutations in PAX8 can occur de novo or be inherited in 
an autosomal dominant fashion.111 They have been as-
sociated with hypothyroidism of greatly variable severity 
and age of onset, even within the same pedigree, with 
either apparent athyreosis or orthotopic thyroid hypo-
plasia. In spite of the ubiquitous expression of PAX8, the 
phenotype is generally limited to hypothyroidism.112 
Lastly, mutations of another transcription factor (GL1S3) 
have been described as the cause of a rare syndrome of 
CH with apparent athyreosis or normal thyroid anatomy, 
neonatal diabetes, congenital glaucoma and deafness, 
liver, kidney, and pancreas abnormalities.113,114 Thus, all 
transcription factor mutations in humans have been found 
to cause true athyreosis (TTF2), apparent athyreosis, or 
orthotopic thyroid hypoplasia (TTF1, PAX8, GLIS3) 
(Table 7-2) but thyroid ectopy, the most common form of 
thyroid dysgenesis, remains unexplained.

Newborns with trisomy 21, as a group, have a slight 
skewing of their T4 distribution toward low values and of 
TSH toward higher values.115 However, these shifts are 
very subtle so that TSH rarely exceeds screening cutoffs. 
In fact, not a single case of CH was found in a newborn 
with trisomy 21 over 20 years in Québec (1.6 million 
births), so that previous statements that the prevalence  
of CH is markedly increased in trisomy 21 are clearly 
unfounded.82

An increased prevalence of extrathyroid abnormalities 
has consistently been found in several large series; spe-
cifically, defects in heart septation are observed in about 
5% of dysgenetic CH cohorts.104,116,117 The molecular 
mechanisms underlying this association are unknown. 
These septal defects are usually mild and close spontane-
ously so that, beyond a careful clinical examination, they 
do not need to be searched for by other tests.

Overt CH due to defects in TSH binding/action re-
sulting in severe thyroid hypoplasia at birth18 represents a 
developmental disorder (growth being part of develop-
ment), and we therefore think it is more appropriate to 
discuss this entity under dysgenesis rather than under 
dyshormonogenesis. Severe TSH resistance was postu-
lated in 1968118 and the molecular characterization of the 

TSH receptor, a member of the family of G-protein–
coupled receptors,119 has led to the identification of 
homozygote or compound heterozygote loss-of-function 
mutations of the TSH receptor gene in several patients 
with this phenotype.18,50,120 However, the phenotype re-
sulting from biallelic TSH receptor inactivating muta-
tions is generally milder.121,122 When only one allele bears 
a mutation inactivating the TSH receptor, carriers are 
typically normal as expected in traditional autosomal re-
cessive transmission, although some may have asymptom-
atic hyperthyrotropinemia.123 Likewise, TSH resistance 
from defects in the Gs subunits, as seen in pseudohypo-
parathyroidism, is typically mild (although it may be 
picked up on neonatal screening124), and these patients 
usually maintain normal serum T4 concentrations.

Thyroid Dyshormonogenesis
General Features

The thyroid gland can be envisioned as an iodine pump 
coupled to an assembly line destined to return iodine  
to the bloodstream in a hormonally active form.125 
The major substrates for thyroid hormone synthesis are 
iodine and tyrosine. Tyrosine is not rate limiting even  
in individuals with phenylketonuria, in whom tyrosine 
becomes an essential amino acid. Iodine, by contrast, is  
a trace element that can be rate limiting in thyroid hor-
mone synthesis. The process of thyroid hormone biosyn-
thesis is initiated by TSH binding to the follicular cell 
TSH receptor and cAMP activation.126

Processes stimulated by cAMP include cell membrane 
iodine transport, thyroglobulin synthesis, oxidation and 
organification of trapped iodine, activation of colloid 
endocytosis and intracellular phagolysosome formation, 
hydrolysis of thyroglobulin to release the iodotyrosines 
(monoiodotyrosine [MIT] and diiodotyrosine [DIT]) 
and iodothyronine (T4 and T3) residues, deiodination  
of MIT and DIT by a dehalogenase leading to intracel-
lular iodine recycling, and release of T4 and T3 into  
the circulation.127 Significant amounts of thyroglobulin 

Thyroid Phenotype Other Features Gene Transmission

From apparent athyreosis to normally  
appearing gland

None TSHR AR

From apparent athyreosis to normal gland, 
usually mild h TSH

RDS
Developmental delay/hypotonia
Ataxia/choreoathetosis

TTF-1 De novo or AD

True athyreosis Cleft palate
Choanal atresia
Kinky hair
Bifid epiglottis

TTF-2 AR

From apparent athyreosis to normally  
appearing gland

Cysts within thyroid remnants PAX-8 AD or de novo

From apparent athyreosis to normally  
appearing gland

Congenital glaucoma
Deafness
Liver, kidney, and pancreas abnormalities

GLIS3 AR

TABLE 7-2   Thyroid and Extrathyroid Phenotypes Associated with TSHR and Transcription Factor 
Mutations and Mode of Inheritance 

RDS,�respiratory�distress�syndrome;�TTF,�thyroid�transcription�factor;�AR,�autosomal�recessive;�AD,�autosomal�dominant.
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also escape from the gland, predominantly via the thyroid 
lymphatic system. These events are summarized in  
Figure 7-7. Infants with CH due to dyshormonogenesis 
leading to goiter constitute some 10% to 15% of new-
borns with CH.

The causes of thyroid dyshormonogenesis include 
decreased iodine trapping, defective organification of 
trapped iodine, abnormalities of thyroglobulin struc-
ture, and deficiency of iodotyrosine deiodination and 
recycling. With few exceptions, these disorders are 
transmitted as autosomal recessive traits.128 Except for 
the familial incidence and tendency for affected indi-
viduals to develop goiter, the clinical manifestations of 
CH due to a biochemical defect are similar to those in 
infants with thyroid dysgenesis. Thyroid enlargement 
may be manifest at birth or even before, but in many 
patients development of the goiter is delayed. From 
surveys of the specific molecular defects, it appears that 
mutations in thyroperoxidase are the most common 
cause of thyroid dyshormonogenesis.129 However, iden-
tifying the specific disorder in an individual patient is 
not required as it does not affect management: a risk  
of 25% in siblings of affected subjects can be given 
empirically, treatment is lifelong except in DuOX2 
deficiency (discussed later), and surveillance for the 
development of multinodular goiter, a frequent occur-
rence, is required.

Sodium-Iodine Symporter Defects

The transport of iodine across the thyroid follicular cell 
membrane from plasma to cytosol is the first step in thy-
roid hormone biosynthesis. Under normal circumstances, 
the thyroid cell membrane iodine pump generates a thy-
roid/serum (T/S ratio) concentration gradient in excess 
of 20 to 30. This gradient can reach several hundredfold 
when the thyroid gland is stimulated by a low-iodine diet, 
by TSH, by thyroid-stimulating immunoglobulins in 
Graves disease, or by drugs that impair the efficiency of 

hormone synthesis. Other tissues (such as the salivary 
glands, gastric mucosa, mammary glands, ciliary body, 
choroid plexus, and placenta) are also capable of concen-
trating iodine against a gradient. However, these tissues 
are not capable of organifying inorganic iodine.

The discovery of the gene encoding the sodium- 
iodine symporter (NIS; called SLC5A5 and which has 
been mapped to chromosome 19) has allowed detecting 
the presence of mutations in 31 patients with a defect in 
iodine transport as of 2006. The patients present most 
frequently with neonatal or infantile hypothyroidism 
(which may rarely be transient) and the diagnosis is based 
on the presence of a goiter on clinical examination or 
ultrasound imaging contrasting with limited or absent 
uptake on scintiscanning. The timing of onset of hypo-
thyroidism tends to correlate with the genotype-specific 
residual NIS activity and iodine intake. Neonatal onset is 
likely with mutations associated with lower radioactive 
iodine uptake. Importantly, infantile onset after normal 
neonatal TSH screening has been reported, sometimes 
with neurodevelopmental sequelae.130

Pendred Syndrome

Pendred syndrome, defined as congenital bilateral neuro-
sensory deafness and goiter, is transmitted as an autoso-
mal recessive trait. By some estimates, it is the cause  
of 10% of cases of congenital deafness.131 The etiology of 
the deafness remains controversial but it is characteristi-
cally associated with dilated semicircular canals on CT 
scanning of the temporal bone (an abnormality named 
“Mondini’s cochlea”). The thyroid phenotype is usually 
mild, appears to depend on nutritional iodine intake, and 
is seldom identified by neonatal TSH screening.132,133 
Over time, affected subjects may develop a goiter and 
subtle hypothyroidism.

One century after its clinical description, the gene 
responsible for this syndrome was discovered. This gene, 
SLC26A4, maps to chromosome 7, and the predicted 
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FIGURE 7-7 n  Schematic representation of a thyroid follicular cell indicating all the important steps in thyroid hormone biosynthesis.



7  Disorders of the Thyroid in the Newborn and Infant 197

protein, named pendrin, is a multifunctional anion ex-
changer.131 It is mainly expressed in the thyroid, the inner 
ear, and the kidney. In the thyroid, pendrin localizes  
to the apical membrane of thyrocytes, where it may be 
involved in mediating iodide efflux. In the inner ear, pen-
drin is important in the maintenance of a normal anion 
transport and of the endocochlear potential. Molecular 
studies in affected families from different geographic  
areas have shown independent point mutations and no 
large deletions.134

Thyroperoxidase Defects

Normally, iodide concentrated by the thyroid follicular 
cell is rapidly oxidized and bound in organic form. Or-
ganification of iodide involves two processes: oxidation of 
iodide and iodination of thyroglobulin-bound tyrosine. 
Trapped iodide is oxidized to an active intermediate, fol-
lowed by iodination of thyroglobulin-bound tyrosyl resi-
dues to form the iodotyrosines MIT and DIT. Two DIT 
residues are “coupled” to form T4, while MIT and DIT 
couple to form T3. Tyrosyl iodination and coupling are 
catalyzed by a thyroid peroxidase enzyme system located 
at the apical membrane of the thyroid follicular cell in 
association with thyroid (NADPH) oxidases. Thyroid 
peroxidase (TPO) is a membrane-bound heme protein 
that requires peroxide and an acceptor, which in the nor-
mal thyroid gland is thyroglobulin but can be albumin or 
other proteins or peptides. The clinical presentation of 
thyroperoxidase deficiency is permanent goitrous CH 
with high uptake on scintiscanning and a high serum 
thyroglobulin. Historically, complete iodide organification 
defects were identified by a rapid and profound discharge 
of the thyroidal radioiodine trapped after administration 
of perchlorate (the “perchlorate discharge test”).127 This 
test is not specific for TPO deficiency (it can also be posi-
tive in Pendred syndrome and in DuOX2 deficiency, as 
discussed later) and clinical grade perchlorate is not avail-
able in all jurisdictions. Detecting mutations in the TPO 
gene will establish the diagnosis if this is deemed impor-
tant, such as in atypical pedigrees due to uniparental  
disomy135 or other mechanisms.128

The thyroid peroxidase gene is located on chromo-
some 2 and encodes a glycoprotein that is located at the 
apical membrane of the thyroid follicular cell. Since  
the 1990s, a variety of mutations have been described, 
including homozygous and compound heterozygous 
missense mutations, frame-shift mutations, base pair 
duplications, and single-nucleotide substitutions,136,137 
but no systematic genotype-phenotype correlations have 
been established. In about 17% of patients with a TPO 
deficiency phenotype, only one TPO mutations is found 
and the TPO deficiency may arise from the monoallelic 
expression of mutant TPO in the thyroid.138

Defects in H2O2 Generation

Since the first description of mutations inactivating 
DuOX2,139 one of the enzymes generating H2O2 at the 
apical membrane, DuOX2 mutations have been found 
with increasing frequency.127 It was initially suggested 
that monoallelic mutations led to transient CH while 

mutations on both alleles led to permanent CH. It is  
now clear that even patients with biallelic mutations can 
have a transient phenotype140 and that their phenotypic 
variability, even within a family, is wide. It has been 
speculated that iodine intake is a possible disease  
modifier141 but genetic variants in DuOX1, the other 
H2O2-generating enzyme in the thyroid (and also located 
on chromosome 15), may also play a role in the variable 
phenotype of DuOX2 deficiency.140 By contrast, in a 
patient with a phenotype reminiscent of DuOX2 defi-
ciency, the DuOX2 gene was normal but the gene encod-
ing the “DuOX2 maturation factor” (that is required for 
translocation to the plasma membrane of functional 
DuOX2142) was mutated.143 Other clinical observations 
show redundancy between the two DuOX enzymes and 
their respective maturation factors.127

Thyroglobulin Defects

Thyroglobulin is an essential substrate for organification 
and is the major protein component of the colloid in the 
thyroid follicular lumen. It is an iodinated glycoprotein 
with a molecular weight approximating 650,000 daltons. 
It consists of two monomeric chains, each with 67 tyro-
sine residues. About one third of the tyrosine residues are 
spatially oriented so that they are susceptible to iodin-
ation. The thyroglobulin gene is located on chromosome 
8 and encodes a 300-kilodalton monomer molecule.144

Genetic defects can lead to thyroglobulin deficiency or 
structural/functional abnormalities of the protein. Goiter 
and hypothyroidism are usually manifest at birth or even 
before, and a low or undetectable serum thyroglobulin in 
this context points to thyroglobulin mutations. Interest-
ingly, five of the cases of nonautoimmune fetal goiters in 
whom the gene defect was searched for have had thyro-
globulin defects,42,145-147 whereas a thyroperoxidase defect 
has been found in only one.148 To date, 52 mutations in 
thyroglobulin have been described, leading to various 
defects including defective transport with carbohydrate-
deficient thyroglobulin sequestered in Golgi or cytoplas-
mic membranes, thyroglobulin with deficient tyrosine 
residues or tyrosine residues buried within the molecule 
and not available for iodination, and sialic-acid–deficient 
thyroglobulin (due to a sialyltransferase deficiency)  
containing MIT and DIT but manifesting defective  
coupling.149

Dehalogenase Defects

Iodotyrosine deiodinase recycles the iodine contained in 
MIT and DIT as they are released from thyroglobulin 
within the thyroid follicular cell. Failure to deiodinate 
MIT and DIT leads to their being leaking out of the 
thyroid and being excreted in the urine. Iodotyrosine 
deiodinases are present in both thyroid cells and periph-
eral tissues, and abnormalities involving both systems 
have been described.

A clinical phenotype was originally described in the 
1950s, combining hypothyroidism; goiters with early, 
rapid thyroid radioiodine uptake and rapid spontaneous 
discharge; and high serum and urine concentrations  
of MIT and DIT. The cloning of the gene encoding  
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iodothyronine dehalogenase (DEHAL1, IYD, located on 
chromosome 6) has led to the identification of mutations 
of the DEHAL1 gene in five consanguineous pedigrees. 
The variability of the phenotype between siblings carry-
ing the same mutation in the homozygous state and in 
time of onset of hypothyroidism between pedigrees may 
be due to variation in iodine intake but appears to also 
involve yet unidentified modifier genes.150-152 The devel-
opment of the phenotype between ages 9 and 15 years in 
one patient with a single mutated allele is unexplained, 
but monoallelic expression in the thyroid was ruled out.151 
Importantly, some patients had intellectual disability as a 
consequence of early-onset, but not congenital, hypothy-
roidism.150 This emphasizes that hypothyroidism should 
be looked for in any infant with suggestive signs, even if 
TSH was normal at neonatal screening.

Abnormal Thyroid Hormone Metabolism
Selenium Incorporation Defects

As discussed previously, iodothyronines are metabolized 
via three iodothyronine monodeiodinases (types 1, 2, and 
3). To date, no defects have been identified in the genes 
encoding the enzymes themselves. All are selenoproteins 
requiring the incorporation of selenocysteine (sec) during 
biosynthesis. Incorporation of selenocysteine into the  
iodothyronine monodeiodinase enzymes requires several 
components: a selenocysteine insertion sequence (SECIS) 
element, a SECIS-binding protein (SECISBP2), and a 
selenoprotein-specific elongation factor (EFSec) and its 
transfer RNA tRNAsec.

Homozygous or compound heterozygous mutations 
in the SECISBP2 gene on chromosome 9 have been re-
ported in four probands (including one who had had  
a high TSH at neonatal screening, but no follow-up  
because of normal T4), ascertained for transient delay  
in growth, and found to have elevated T4, reverse T3  
and TSH, and decreased T3.153-155 A broader and more 
severe phenotype including myopathy156 azoospermia and 
photosensitivity,157 in addition to abnormal thyroid func-
tion tests, has also been described, consistent with the 
ubiquitous functions of selenoproteins other than thyroid 
deiodinases. All subjects with biallelic inactivation of 
SECISBP2 have had low serum selenium levels, which is 
therefore a helpful diagnostic clue to detect this disorder.

Thyroid Hormone Resistance
Receptor Defects

Patients with thyroid hormone resistance classically pre-
sent with increased circulating levels of T4 and T3 with  
a (inappropriately nonsuppressed) normal or increased 
serum TSH concentration. In the newborn, TSH may be 
sufficiently high to be picked up at screening.158 The 
prevalence of this condition estimated from two popula-
tion-based studies of infants with a high T4 on the neo-
natal blood spot is 1 in 40,000 births.159,160 Resistance to 
thyroid hormone has been classified into three pheno-
types (generalized, pituitary, and peripheral), but this 
classification is somewhat artificial because patients and 

even siblings with the same mutation in TRb can have 
different phenotypes.

Inheritance is generally autosomal dominant but 15% 
to 20% of cases appear sporadically. Many patients are 
asymptomatic or demonstrate nonspecific symptoms. 
Deafness is observed in 20%, and a syndrome of atten-
tion deficit hyperactivity has been documented in half of 
affected patients. Hypothyroid features include growth 
retardation, delayed bone maturation, and intellectual 
impairment. Some children exhibit features of thyrotoxi-
cosis, including failure to thrive, accelerated growth, and 
hyperkinetic behavior.

Thyroid hormone action is mediated via nuclear  
thyroid hormone receptor proteins with zinc-finger 
DNA-binding regions and thyroid hormone-binding  
domains. The latter have a 10:1 relative binding affinity 
for T3 rather than for T4. The receptors act as DNA-
transactivating factors to stimulate or suppress respon-
sive genes. Two genes coding for the TR proteins have 
been described: an alpha gene on chromosome 17 and a 
beta gene on chromosome 3. To date, the most common 
molecular defect in all cases studied has involved the 
TRb1 gene on chromosome 3. In about 80% of subjects 
with features of resistance to thyroid hormone, specific 
TRb gene mutations can be demonstrated. More than 
120 different defects have been described, mostly involv-
ing single-amino-acid deletions or substitutions in the 
hormone-binding domain at the carboxy terminal end  
of the receptor molecule. A few in-frame deletions and 
frame-shift insertions have been described. Only very 
recently have the first mutations in TRa been described, 
and the markedly retarded bone maturation and severe 
constipation found in these three patients is consistent with 
the known tissue distribution of this receptor isoform.60,61

TRs (like other steroid hormone superfamily receptors) 
bind to DNA response elements as monomers, homodi-
mers, or heterodimers—and heterodimerization can involve 
another TR, including the TRa2 receptors, or other trans-
activation factors. Affected members of most families stud-
ied have one normal and one abnormal TRb allele. The 
abnormal TRb with minimal or reduced T3 binding fails 
to mediate T3-regulated transcription and may block the 
action of the normal allele. This dominant negative effect is 
presumably mediated by binding of the defective allele with 
normal TRb and producing an inactive homodimer.59

Treatment of thyroid hormone resistance remains a 
challenge, especially in severely affected individuals, such 
as the rare homozygotes.161 Symptomatic treatments 
with beta-blockers or attempts to override or bypass the 
hormone resistance with high-dose thyroxine or TRIAC, 
a thyroid hormone analog, have been reported.161,162 
Anti-thyroid drugs result in increasing TSH and goiter 
size,163 with the theoretical risk of developing a tumor of 
the pituitary or the thyroid in the long term. In the ma-
jority of patients with only biochemical abnormalities 
and mild clinical manifestations, the dictum primum non 
nocere applies.164

Membrane Transporter Defects

Among the proteins involved in carrier-mediated energy-
dependent transport of thyroid hormones for which 



7  Disorders of the Thyroid in the Newborn and Infant 199

there is in vitro evidence, only the monocarboxylate 
transporter MCT-8 (encoded by the SLC16A2 gene on 
the X chromosome) has now been shown to be involved 
in human disease.56,57

Interestingly, Allan-Herndon-Dudley syndrome, an 
X-linked mental retardation syndrome described in 
1944,165 was also found to be due to MCT8 mutations. It 
is not surprising that the neurologic phenotype was rec-
ognized decades earlier, as it is much more severe than 
the abnormalities of thyroid function. It develops from 
infancy or childhood with hypotonia, poor head control, 
involuntary athetoid and dystonic movements, hyperre-
flexia, nystagmus, and severe mental retardation. Thyroid 
function test reveal elevated serum T3, low serum T4, 
free T4, and normal or slightly elevated TSH without 
signs of hypothyroidism.

The gene defects have included deletions and mis-
sense mutations. The MCT-8 gene in mice is expressed 
in brain (choroid plexus, cerebrum, hippocampus, amyg-
dala, striatum, and hypothalamus), liver, kidney, and  
pituitary and thyroid tissues. In brain tissues, MCT-8 
transporters seem localized to neuronal rather than to 
glial cells. Much of the brain damage due to decreased 
neuronal T4 content occurs in utero, and the phenotype 
resembles that of severe endemic cretinism. Accordingly, 
women hemizygous for MCT8 mutations should be 
counseled regarding pregnancy, not only about genetic 
risk but also because they may be prone to gestational 
hypothyroxinemia.166 In affected children, the thyroid 
hormone analog DITPA, which has been shown in mice 
not to require MCT8 to enter tissues,167 could be an 
effective alternative.168

Consumptive Hypothyroidism

This entity, which typically develops in infants, may be 
considered under thyroid hormone resistance, because it 
is characterized by the need for extremely high amounts 
of thyroxine to maintain euthyroidism. This is because 
both endogenous and endogenous thyroxine is inacti-
vated, most often within hemangiomas that express high 
levels of deiodinase 3.169 Hemangiomas are not typically 
present at birth but grow rapidly during the first few 
months of life. Accordingly, hypothyroidism is generally 
not congenital but develops during early infancy. Large 
cutaneous hemangiomas are easy to diagnose but con-
sumptive hypothyroidism was the clue that led to  
diagnosing a liver hemangiomas in one infant.170 An 
elevated reverse T3 concentration in serum may also  
be suggestive.171 Thyroid scintigraphy shows a gland of 
normal size but with increased uptake.170 It is unclear 
whether the series reported by Ayling and colleagues 
represents a different entity, because immunohisto-
chemical studies of deiodinase 3 were not performed.172 
Aside from high-dose T4, treatment with T3 has also 
been reported.169,171 With disappearance of the heman-
giomas, either spontaneously or through medical or sur-
gical treatment, euthyroidism is restored. The exact 
prevalence of this entity is unknown but it is likely low: 
in a retrospective review of 1555 patients with hemangio-
mas, 92 had thyroid function tests but only 3 had overt 
hypothyroidism.169

Hypothalamo-Pituitary Hypothyroidism
Congenital central hypothyroidism is uncommon, and 
isolated TRH/TSH deficiency is exceedingly rare. Mul-
tiple pituitary hormone deficiencies are estimated to be 
present in about 1 in 20,000 to 30,000 newborns.173 
However, these patients usually do not come to medical 
attention because of thyroid hormone deficiency. Rather, 
hypoglycemia reveals growth hormone or adrenocor-
ticotropic hormone (ACTH)/cortisol deficiency or 
micropenis and cryptorchidism reveal gonadotrophin 
deficiency. Although hypothyroidism may reduce bile 
flow,174 the major factor leading to jaundice in primary 
CH is immature glucuronoconjugation175 and the hy-
perbilirubinemia is mostly unconjugated. By contrast, in 
congenital ACTH or cortisol deficiency, it is conjugated 
because cortisol is necessary for neonatal choleresis.176,177 
Congenital hypopituitarism is most often associated 
with the “classical triad” (ectopic posterior pituitary,  
interrupted stalk, and small anterior pituitary) on mag-
netic resonance imaging.178 This malformation occurs 
almost always sporadically and its cause is generally  
unknown.

TRH Defects

No mutations of TRH itself have been described to date 
in humans. By contrast, homozygosity and compound 
heterozygosity for loss-of-function mutations of the 
TRH receptor gene, located on chromosome 8, have 
been described. The phenotype of the probands was 
mild, with ascertainment at 9 and 11 years because of 
short stature and delayed bone maturation. The clue to 
the diagnosis was a complete absence of response of both 
TSH and prolactin (which were measurable at baseline) 
to exogenous TRH. In the first proband, a low T4  
had been measured on the neonatal blood spot but  
IQ was similar to that of unaffected siblings.179 In the 
other family, an affected sister had breastfed her two 
children, showing that the TRH receptor is not required 
for lactation.180

Isolated TSH Deficiency

Severe congenital hypothyroidism due to isolated TSH 
deficiency was first described in consanguineous Japa-
nese pedigrees.181 Cloning of the gene encoding the 
TSHb subunit gene, located on chromosome 1, quickly 
led to the identification of homozygous mutations in 
the Japanese patients,182 but also in patients with simi-
lar phenotypes from different parts of the world.183 
Typically, serum TSH is undetectable or low and the 
response to TRH is blunted but, in contrast to what is 
observed in patients with TRH receptor mutations, 
prolactin increases after TRH. Serum TSH may be slightly 
elevated with some radioimmunoassays.49 There may be 
no isotope uptake on scintigraphy but the thyroid becomes 
visible after exogenous TSH stimulation.49 The most 
prevalent mutation involves a 1–base pair deletion from 
codon 105 and has been identified in different populations, 
which may indicate common ancestry184 or a mutational 
hot spot.183
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Transient Neonatal Hypothyroidism, 
Hyperthyrotropinemia, and 
Hypothyroxinemia
A blood-spot TSH above the screening cutoff but with 
spontaneous normalization in serum taken at the time  
of diagnostic evaluation could be described as “false 
positive” of CH screening or as transient neonatal hyper-
thyrotropinemia. Its prevalence obviously depends on 
screening cutoffs. In Québec, it occurs in approximately 
1 in 18,000 births and is generally ascribed to transpla-
cental passage of either antithyroid drugs or TSH receptor-
blocking antibodies. In both of these situations, overt 
hypothyroidism has also been reported but is transient, 
lasting a few days in the former and a few months (and 
therefore justifying treatment, until TSH receptor anti-
body levels are cleared) in the latter.

Transient CH can also result from iodine deficiency or 
excess. In severe iodine deficiency, up to 10% of new-
borns have severe primary CH185 associated with the in-
creased thyroid hormone requirements in the neonatal 
period.52 In borderline iodine deficiency, transient CH 
may be provoked by a superimposed acute iodine over-
load (the Wolff-Chaikoff effect), especially in premature 
newborns.186 On the other hand, iodine in quantities 
more than 10-fold the upper limit of the recommended 
intake, from nutritional supplements taken throughout 
pregnancy, can also cause transient CH.187 Amiodarone, 
an iodine-rich anti-arrhythmic drug, can also lead to 
hypothyroidism when given either to the pregnant 
woman188 or to the newborn or infant.189 The use of 
povidone-iodine disinfection of the skin or of the medi-
astinum in infants undergoing heart surgery may also 
induce hypothyroidism,190 although this is not common 
in North America.191

Asymptomatic hyperthyrotropinemia is a relatively 
common disorder at all ages and, when detected at new-
born screening, may be permanent and reflect either a 
large ectopic thyroid,82 thyroid hemiagenesis,192 hetero-
zygous inactivating mutations in the TSH receptor,123 or 
dominant TSH resistance of unknown origin.193

Transient isolated hypothyroxinemia is a very com-
mon finding in premature neonates and is correlated with 
poorer outcome in terms of mortality, morbidity, and 
developmental outcome. However, the results of a long-
term randomized placebo-controlled trial do not suggest 
causation.194,195 Pending the results of an ongoing trial 
comparing placebo, thyroxine, and iodine,196 hypothy-
roxinemia of prematurity should be viewed as a state of 
physiologic adaptation that does not need to be screened 
for or treated routinely. The same likely applies to  
the nonthyroidal illness syndrome (low free T4, T3,  
and TSH), which is sometimes observed in severely  
ill infants197 who, upon recovery, may have transient 
hyperthyrotropinemia.

Evaluation of Newborns with Positive 
Screening Results
A positive screening report for CH is only the begin-
ning of a process that should lead to confirmation of the 

diagnosis, establishment of etiology, optimal treatment, 
and documentation of outcome.

Family history should focus on consanguinity, which 
increases the likelihood of dyshormonogenesis,94 and on 
the existence of even distant relatives with CH.102 Given 
the very high prevalence of thyroid disorders with onset 
in later life, a family history of these disorders is usually 
irrelevant. However, a maternal history of thyroid disease 
of documented autoimmune etiology198 or of consump-
tion of iodine-rich nutritional supplements187 is relevant. 
Personal history should include length of gestation and 
birth weight, and the mother should be asked if she has 
noticed the baby is hypotonic or is feeding poorly. Phys-
ical examination may reveal large fontanelles, persistent 
jaundice, macroglossia, dry and mottled skin, and an um-
bilical hernia.66,199 However, only 1% to 4% of newborns 
are under clinical suspicion of CH when the results of 
biochemical screening become available.76,200 Even with 
the infant’s neck hyperextended, experienced clinicians 
often fail to detect a goiter that will only be evidenced  
on imaging. Physical examination should also include a 
search for dysmorphic features201 and for a heart murmur 
suggesting a defect in heart septation.104,116,117

At a minimum, the diagnosis of CH should be con-
firmed biochemically with a serum TSH and free T4. 
Indeed, a low free T4 has been associated in several stud-
ies with a higher risk of neurocognitive sequelae.202,203 
When a thyroid ectopy or a goiter is documented on 
nuclear medicine scanning, no other tests are required 
for clinical management. In cases with undetectable ra-
dioisotope uptake, serum thyroglobulin will allow distin-
guishing true athyreosis (a permanent condition) from 
apparent athyreosis (which may be transient if due to 
antibodies to the TSH receptor100,101).

The role of nuclear medicine in establishing the etiology 
of CH cannot be overemphasized.204 In 50% of the cases, 
it will reveal a sublingual thyroid ectopy,82 a permanent 
condition that is almost always sporadic. In 15%, there will 
be no detectable uptake and, if serum thyroglobulin is also 
undetectable, the condition is also sporadic and will be 
permanent. In about 10%, it will reveal a goiter reflecting 
dyshormonogenesis, in which case the hypothyroidism  
will almost always be permanent and the recurrence risk  
in siblings is one in four. Thus, a clear etiology can be  
established on the day of diagnosis, and this is an important 
decision that can offer help for physicians and families 
(Figure 7-8).

We favor the use of sodium pertechnetate, which  
is available daily in all nuclear medicine services and  
allows imaging in 20 minutes,205 in contrast to iodine 
scintigraphy, which requires several hours. Care should 
be taken to feed the baby after the injection of the 
tracer, to avoid tracer accumulation in the salivary 
glands205 and to ensure that the baby will sleep while 
under the camera. Although thyroid scintigraphy can be 
postponed until reevaluation of the diagnosis at 3 years 
of age, it is much easier to perform in a sleepy 10-day-
old. We do not advise the routine use of ultrasound 
scanning, which is prone to movement artifacts, does 
not unequivocally allow the identification of a sublin-
gual ectopy, and may constitute a diagnostic trap.97 By 
contrast, demonstrating absence of the knee epiphyses 
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on an antero-posterior x-ray, which indicates hypo-
thyroidism of prenatal onset, has prognostic value for 
neurocognitive development.206,207

Although it has been repeatedly and rightly stated that 
delay in obtaining imaging should not delay treatment, it 
has been our experience that nuclear medicine services 
can be motivated to carry out a sodium pertechnetate 
scan with a 24-hour notice. In severe cases, it can even be 
performed after a few days of treatment,208 as long as 
serum TSH is still above 30 mU/L. Treating an asymp-
tomatic newborn on the basis of TSH alone may give  
the parents the impression that a number, rather than a 
patient, is being treated. This may account for the obser-
vation that about 40% of patients labeled as having CH 
by neonatal screening laboratories in the United States 
are no longer treated after 4 years of age,209 without 
the recommended documentation of outcome of such 
thyroxine withdrawal.210

Treatment of Congenital Hypothyroidism

The following discussion applies to infants with definite 
CH from ectopy, athyreosis, or goiter and not to those 
with a normal gland in situ whose hypothyroidism is usu-
ally milder but who represent about half of contemporary 
CH cohorts.82 Treatment should be instituted as soon 
as the diagnosis is confirmed. The goal of newborn CH 
screening is the institution of early adequate thyroid  
hormone replacement therapy. Most of the brain cell 
thyroid hormone is derived from local T4-to-T3 conver-
sion. Thus, the preferred thyroid hormone preparation 
for treatment of infants with CH is thyroxine, and the 
addition of T3 offers no advantage.211

There is only one randomized controlled trial of differ-
ent starting doses of thyroxine in CH, the results of which 
support the practice of giving 50 mg/day of thyroxine to 
infants weighing 3 to 4 kg. Indeed, not only does this dose 
most rapidly normalize serum TSH,212 it is also 
associated with the best neurodevelopmental outcome at  
5 years.213 This starting dose leads to a mean serum fT4 
concentration of 56.3 pmol/L (4.37ng/dL) after 2 weeks of 
treatment; although this figure seems high, it should be 

pointed out that the mean serum fT4 in normal children 
at 1 to 4 days of age is 48.1 pmol/L (3.73 ng/dL).214 Later 
during infancy, there appears to be a resetting of the  
feedback threshold for T4 suppression of TSH release in 
CH. This resetting may occur in utero and its mechanisms 
remain obscure.215 Accordingly, serum fT4 is often high 
but T3 is generally normal and TSH remains measurable 
with no clinical evidence of hyperthyroidism.40 Unless 
serum TSH is persistently suppressed, the thyroxine dose 
does not need to be decreased: although there is evidence 
that overtreatment may be associated with greater distract-
ibility at school age,216 there is also evidence that under-
treatment is associated with school delay.217 The frequency 
at which infants are seen and thyroid function tests  
obtained varies greatly between jurisdictions but should be 
no less than 3 months in the first year and 6 months in 
older infants.

Growth in length and weight of infants with CH are 
normal if they are treated early and adequately. Head cir-
cumference is, on average, 0.8 SD above the mean218 and in 
some infants this relative macrocrania leads to unnecessary 
imaging: it is a reflection of an immaturity of the skeleton 
and not of the size of the brain or cerebral ventricles.219 
Bone maturation is normal at 3 years of age, showing 
complete catch-up and no undue advancement, again sug-
gesting that hyperthyroxinemia during treatment does 
not indicate iatrogenic hyperthyroidism.40

Although neurocognitive development and behavior 
is, on average, within normal limits in CH regardless  
of severity,40 a few children still have clinically signifi-
cant learning difficulties.202,203 Their exact number and 
whether their difficulties are due to disease- or treatment-
related factors remain controversial. Importantly, the 
known influence of the family’s socioeconomic status on 
child development interacts with the biologic effect of 
CH: there is a steeper IQ decline with decreasing social 
class in CH than in controls.203 Clinicians should there-
fore be particularly alert to developmental delay in 
children with severe CH from an economically disad-
vantaged family.

CONGENITAL HYPERTHYROIDISM

Graves Disease
Symptomatic Graves disease in a fetus or neonate is very 
uncommon: in the United States, a population-based 
study based on follow-up of newborns with a high total 
T4 on the neonatal screening specimen yielded an esti-
mate of at most 1 in 80,000 births.159 The incidence may 
be higher in Japan160 or if only premature neonates are con-
sidered.220 On the other hand, new-onset hyperthyroid-
ism is diagnosed in about 1 in 500 to 1 in 1000 women of 
childbearing age,221 to which women with established 
or even cured Graves disease (who may still produce 
thyroid-stimulating immunoglobulins [TSIs]) should be 
added. It must therefore be concluded that not all fetuses 
borne by women with positive TSIs develop overt hyper-
thyroidism. Although exceptional, fetal/neonatal hyper-
thyroidism is nevertheless a serious condition that should 
not be missed. However, earlier mortality estimates, as 
high as 25%, likely no longer apply to the present, when 

99mTc scintigraphy in newborns with a screening TSH �30 mU/L

Ectopy:
missed by ultrasound 

Athyreosis:
-true (Tg undetectable)
-apparent (Tg measurable)

Dyshormonogenesis:
Goiter (normal position/shape)
missed by clinical exam in �90%

View: Frontal Right lateral 

D
ys

ge
ne

si
s 

FIGURE 7-8 n  The three most commonly seen etiologies of 
congenital hypothyroidism as evidenced by nuclear medicine 
scintigraphy using sodium pertechnetate.
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awareness of the diagnosis is higher and supportive 
therapy more sophisticated. No death occurred in the 
seven infants reported by Smith and colleagues (and in 
our own unpublished experience), in spite of confound-
ing factors such as prematurity220 and of delayed diagno-
sis in some.222 On the other hand, in utero death from 
fetal hyperthyroidism still occurs, especially when refer-
ral to a highly specialized center is delayed.223

Ideally, all women with Graves disease should have 
serum TSIs measured in early pregnancy. This applies to 
those currently treated for hyperthyroidism as well as  
to those who are now euthyroid, spontaneously or on 
replacement after ablative therapy.3 Indeed, a high TSI 
titer in maternal serum makes hyperthyroidism more likely 
in the fetus or newborn. Unfortunately, this information is 
often not available at first evaluation and clinicians are con-
fronted at first with the classical signs heralding fetal hyper-
thyroidism, such as tachycardia and intrauterine growth 
retardation. In the hands of highly skilled radiologists, a 
fetal goiter may be the first sign but whether this will be 
generalizable remains unproven.223

Once fetal hyperthyroidism is suspected, it can gener-
ally be managed through the mother by initiating or in-
creasing antithyroid drug treatment. Occasionally, the 
hyper- or hypothyroid nature of a goiter in a fetus cannot 
be made on the basis of maternal TSI concentrations and 
antithyroid drug dose, in which case the ultrasound char-
acteristics of the goiter may be helpful,224 although this is 
highly operator dependent. In exceptional cases, cordo-
centesis is necessary to determine fetal thyroid function 
and to guide management, but it should be kept in mind 
that this procedure carries a 1% to 2% risk of fetal loss.225

Traditionally, the mainstay of treatment of hyperthy-
roidism during pregnancy has been the administration of 
propylthiouracil (PTU) because of the risk of methima-
zole (MMZ)-induced embryopathy.226 However, because 
of the greater liver toxicity of PTU,227 it has been sug-
gested that MMZ should be preferred after organogen-
esis is complete, but the practicality of switching from 
one drug to another has been questioned228 and data sug-
gest PTU may be teratogenic as well.229 Whatever drug 
is used, maternal antithyroid treatment should normalize 
fetal heart rate within 2 weeks. The antithyroid drug 
dose can usually be decreased progressively.

Graves disease in the newborn is manifested by irrita-
bility, flushing, tachycardia, hypertension, poor weight 
gain, thyroid enlargement, and exophthalmos. Throm-
bocytopenia, hepatosplenomegaly, jaundice, hypopro-
thrombinemia, and cardiac failure may occur. The diag-
nosis is confirmed by an undetectable serum TSH, high 
levels of serum T4, free T4, and T3. By contrast, on 
blood drawn on the second day of life in normal chil-
dren, free T4 is high but TSH is not suppressed. In 
some neonates, the onset of symptoms and signs may be 
delayed as long as 8 to 9 days, if they were born to a 
mother treated with antithyroid drugs, and also reflect-
ing the switch from an inactivating to an activating 
conversion of T4 to active T3 by liver and other tissues 
after birth. Neonatal Graves disease resolves spontane-
ously as maternal TSIs are cleared from the infant’s 
circulation. The usual clinical course of neonatal Graves 
disease extends from 3 to 12 weeks.

Newborns with symptomatic hyperthyroidism should 
be admitted and their heart rate monitored. Treatment 
includes propranolol (1 to 2 mg/kg/day divided into 
four doses) and methimazole in a dose of 0.5 to  
1 mg per kilogram daily in divided doses at 8-hour inter-
vals. Iodine is also often used, because it rapidly inhibits 
hormone release: Lugol solution (5% iodine and 10% 
potassium iodide, 126 mg of iodine per milliliter) is 
given in a dose of one drop (about 8 mg) three times 
daily. A therapeutic response should be observed within 
24 to 36 hours. If a satisfactory response is not observed, 
the dose of antithyroid drug and iodine can be increased 
by 50%. Glucocorticoids in high doses diminish T4 to 
T3 conversion and may therefore be helpful. Radio-
graphic contrast agents have also been used,230 and ex-
change transfusions will also be effective.231 In severe 
cases, sedatives and digitalization may be necessary.

Nonautoimmune Hyperthyroidism
Mutations that result in increased constitutive activity of 
the TSH receptor give rise to hyperthyroidism. Prema-
ture delivery and low birth weight are consistent features 
in these infants (as in unaffected children of mothers with 
thyroid hormone resistance29), suggesting that an increase 
in thyroid hormone levels in the fetus independently 
stunts growth and shortens gestation.232 Hyperthyroidism 
is generally associated with a goiter, although this is not 
always present at diagnosis. Acceleration of bone matura-
tion occurs very early and rapid linear growth, relative 
thinness, and microcephaly are observed.

Mutations activating the TSH receptor may occur de 
novo in the germline. The first cases described had very 
severe hyperthyroidism,233,234 but subsequent cases have 
not all been as severe.235,236 They can also be transmitted 
in an autosomal dominant pattern,237 in which case they 
tend to lead to a less severe phenotype with variable age 
of onset. Although generally detected at later ages, some 
cases are recognized in the neonatal period or during 
infancy.238 Lastly, mutations activating the TSHR may 
occur at the somatic level, leading to the development of 
a hyperfunctioning nodule and to hyperthyroidism. This 
is a common disease in adults, but can occur before 
birth239 or in infancy.240

In contrast to neonatal Graves disease, nonautoim-
mune hyperthyroidism is life-long and thyroidectomy is 
the only curative approach and should be preferred in 
infants with a hyperfunctioning nodule. In those with a 
germline mutation and, consequently, a diffuse goiter, 
surgery is also often required.

DISORDERS OF THYROID HORMONE 
TRANSPORT

Several genetic abnormalities of the iodothyronine-binding 
serum proteins have been described and all are manifest  
at birth. These include complete TBG deficiency, partial 
TBG deficiency, TBG excess, transthyretin (TTR) (pre-
albumin) variants, and familial dysalbuminemic hyper-
thyroxinemia (FDH). Total T4 is low or high, but free 
T4 is normal and the patients are therefore euthyroid. 
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Nowadays, these abnormalities are only picked up by 
screening programs that measure total T4, in which an 
elevated total T4 is at least 10-fold more likely due to 
TBG excess than to Graves disease.159 In institutions 
where total serum T4 is still measured at later ages, clini-
cians should be aware of abnormalities in TBG, which 
are common, and that total T4 should always be evalu-
ated together with the serum TSH. Free T4, instead of 
total T4, is measured by an ever-increasing number of 
clinical laboratories but, depending on the assay method, 
free T4 can also be spuriously elevated in familial dysal-
buminemic hyperthyroxinemia. Here again, considering 
the clinical context and the serum TSH will avoid an  
erroneous diagnosis of hyperthyroidism.241
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QUESTIONS

 1. A newborn screens positive for congenital hypothyroid-
ism with a TSH of 25 mU/L on whole blood. At 9 days 
of life, the diagnosis is confirmed with a serum TSH of 
45 mU/L, a free T4 of 12 pmol/L, and a Tg of 54 mg/L. 
Thyroid scintigraphy shows no uptake. What might 
explain these findings? (Choose all that apply.)
 a. TSH too low to induce isotope uptake
 b. Transplacental passage of maternal TSH receptor-

blocking antibodies
 c. Use of povidone-iodine disinfection during delivery
 d. Inactivating mutations of the TSH receptor
 e. True athyreosis

Answers: b, c, and d

 2. Among these statements regarding congenital hypo-
thyroidism, which are true? (Choose all that apply.)
 a. Thyroid dysgenesis is an autosomal recessive disease.
 b. TPO and Tg mutations are the most common 

causes of dyshormonogenesis.
 c. A delayed bone age is a good prognostic factor for 

cognitive development.
 d. A low T4 is a poor prognostic factor for cognitive 

development.
 e. The initial recommended dose of L-T4 is 5 mg/

kg/day.
 f. A child with congenital hypothyroidism from thy-

roid dysgenesis has a slightly increased risk of also 
having congenital heart disease.

Answers: b, d, and f

 3. A 6-month-old infant with athyreosis was previously well 
controlled with 50 mg of levothyroxine daily and comes 
to your clinic with the following serum values: TSH  
70 mU/L, free T4 5.6 pmol/L. Which of the following 
may explain this condition? (Choose all that apply.)
 a. The thyroxine was given in the morning, now it is 

given in the evening.
 b. There is noncompliance with the medication.
 c. The infant took cow’s milk the first 5 months and 

now takes soy milk.
 d. The infant has started taking elemental iron simul-

taneously with thyroxine.
 e. The infant now receives thyroxine in liquid form.

Answers: b, c, and d

 4. What is the likelihood that a mother with  
Hashimoto’s thyroiditis will have a hypothyroid  
newborn?
 a. 50%
 b. 10%
 c. 5%
 d. , 1%

Answer: d

 5. For the treatment of a newborn with symptomatic 
hyperthyroidism, which should not be used?
 a. Propranolol
 b. Propylthiouracil
 c. Methimazole
 d. Lugol solution
 e. Glucocorticoids

Answer: b
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C H A P T E R  8

Disorders of Calcium and 
Phosphorus Homeostasis in the 

Newborn and Infant
Allen W. Root, MD

Calcium (Ca), phosphorus (as phosphate [HPO4
22], as 

phosphorus does not exist in the free state in living tis-
sues), and magnesium (Mg) are essential nutrients that are 
indispensable for the structural integrity of the body and  
for the function of each of its cells.1,2 The genetic and 
physiologic mechanisms that regulate normal mineral 
homeostasis and bone development, composition, and 
strength from the prenatal period through adolescence 
are complex. Table 8-2 lists some of the many genes that 
direct these processes. Figures 8-1 and 8-2 schematically 
depict the factors that regulate serum concentrations of 
calcium and phosphate, respectively.

CALCIUM

Calcium is an irreplaceable component of the mineral 
portion of bone and is required for the function of each 
of the body’s cell. Together, calcium and phosphate form 
the hydroxyapatite crystal—Ca10(PO4)10(OH)2—of bone; 
hydroxyapatite accounts for 65% of bone weight and 
provides its mechanical and weight bearing strength and 
also serves as a reservoir for calcium that may be quickly 
mobilized for homeostatic and functional purposes.  

Although 99% of total body calcium is present in the 
slowly exchangeable, deeply deposited skeletal crystal, it 
is the rapidly exchangeable 1% of body calcium in  
recently accumulated surface bone and in the vascular, 
extracellular, and intracellular (soft tissues) spaces, with 
which it is in equilibrium, that modulates gene expres-
sion, intercellular communication and intracellular signal 
transduction, neural transmission, cell-to-cell adhesion, 
clotting, striated, smooth and cardiac muscular contrac-
tion, cardiac rhythmicity, enzyme action, synthesis and 
secretion of endocrine and exocrine factors, fertilization, 
and cellular proliferation and apoptosis.3,4 Approximately 
50% of total serum calcium is bound to albumin and 
globulin; 5% is complexed or chelated to citrate, phos-
phate, lactate, bicarbonate, and sulfate; and 45% is pres-
ent as biologically active and closely regulated ionized 
extracellular calcium (Ca21

e). Approximately 75% of 
the variability in total serum calcium concentrations is 
accounted for by genetic factors. Serum total and ionized 
calcium concentrations are related to levels of albumin, 
creatinine, parathyroid hormone (PTH), phosphate, and 
serum pH. For every 1 g/dL decline in the serum con-
centration of albumin below 4 g/dL, the total serum 
calcium level declines by 0.8 mg/dL. The measured 
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TABLE 8-1 Abbreviations

1,25(OH)2D3 1,25-Dihydroxyvitamin D3 (calcitriol)
24R,25(OH)2D3 24,25-Dihydroxyvitamin D3

25OHD3 25-Hydroxyvitamin D3 (calcidiol)
ADHR Autosomal dominant hypophosphatemic 

rickets
AF Activating function
AKT see PKB
AMP Adenosine monophosphate
APC Adenomatous polyposis coli
ARHR Autosomal recessive hypophosphatemic 

rickets
ASARM Acidic serine aspartate-rich MEPE-associated 

motif
ATP Adenosine triphosphate
ATPase Adenosine triphosphatase
BAP Bone alkaline phosphatase
BMAD Bone mineral apparent density (,volumetric 

BMD)
BMC Bone mineral content
BMD Bone mineral density
BMP Bone morphogenetic protein
BRU Bone remodeling unit
BTT Bone transmission time
Ca21

e Calcium—ionized, extracellular
Ca21

i Calcium—ionized, intracellular
CaMK Ca21/calmodulin dependent protein kinase
CART Cocaine amphetamine regulated  

transcript
CaSR Calcium sensing receptor
Cl2 Chloride
CNP Natriuretic hormone type C
COMP Cartilage oligomeric protein
CREB Cyclic AMP-responsive element binding  

protein
CTX Carboxyl-terminal cross-link telopeptide 

a1 chain of type I collagen (see ICTP)
DAG 1,2-Diacylglycerol
DBP Vitamin D binding protein
DEXA Dual energy x-ray absorptiometry
DMP Dentin matrix protein
DNA Deoxyribonucleic acid
DPD Deoxypyridinoline
DRIP Vitamin D interacting protein
ECF Extracellular fluid
EGF Epidermal growth factor
ER Estrogen receptor
ERK Extracellular signal-regulated kinase
FGF Fibroblast growth factor
FGFR Fibroblast growth factor receptor
FOS FBJ osteosarcoma oncogene
FRP4 Frizzled related protein-4
FRS FGF receptor substrate
GABA Gamma (g)-aminobutyric acid
GDNF Glial cell line-derived neurotrophic factor
Gia Alpha subunit of inhibitory GTP-binding  

protein
Gsa Alpha subunit of stimulatory GTP-binding 

protein
Gqa Alpha subunit of a stimulatory GTP-binding 

protein

GH Growth hormone
GMP Guanosine monophosphate
GPCR G protein–coupled receptor
GRB2 GRB2-associated binding protein 2
GRK G protein–coupled receptor kinase
GSK3 Glycogen synthase kinase 3
GTP Guanosine triphosphate
H1 Hydrogen ion (proton)
HNRPD Heterogeneous nuclear ribnucleoprotein D
HRpQCT High-resolution peripheral quantitative  

computed tomography
IGF Insulin-like growth factor
ICTP Carboxyl terminal cross-link telopeptide  

of collagen type I generated by matrix  
metalloproteinase (see CTX)

IGF Insulin-like growth factor (somatomedin)
Ihh Indian hedgehog
IL Interleukin
IP3 Inositol-1,4,5-trisphosphate
ITAM Immunoreceptor tyrosine-based motif
K1 Potassium
LRP Low-density lipoprotein receptor-related  

protein
mFE Microfinite element
MAPK Mitogen activated protein kinase
MARRS Membrane-associated rapid response  

steroid binding protein (see TBP-2)
M-CSF Macrophage colony stimulating factor
MEPE Matrix extracellular phosphoglycoprotein
Mg21 Magnesium
MITF Microphthalmia-associated transcription  

factor
MMP Matrix metalloproteinase
MRI Magnetic resonance imaging
Na1 Sodium
NADPH Nicotinamide adenine dinucleotide  

phosphate
NFkB Nuclear factor-kB
NFATC1 Nuclear factor of activated T cells,  

cytoplasmic, calcineurin-dependent 1
NHERF Sodium-hydrogen exchanger regulatory  

factor
NPT2 Sodium/phosphate transporter 2
NTX Amino terminal cross-link telopeptide of  

collagen type I
OMIM Online Mendelian Inheritance in Man
OPG Osteoprotegerin
OSCAR Osteoclast-associated receptor
OSTM1 Osteopetrosis-associated transmembrane 

protein 1
P3H1 Prolyl 3-hydroxylase-1
PHEX Phosphate-regulating gene with homologies 

to endopeptidases on the X chromosome
PICP Procollagen type I carboxyl-terminal  

propeptide
PINP Procollagen type I amino-terminal  

propeptide
PIIINP Procollagen type III amino-terminal  

propeptide
PI3K Phosphoinositide-3-kinase
PKA Protein kinase A
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TABLE 8-1 Abbreviations—cont’d

PKB Protein kinase B (AKT)
PLC Phospholipase C
PO4 Phosphate (HPO4

22)
PPARg Peroxisome proliferator activator receptor 

gamma
PTH Parathyroid hormone
PTHrP PTH-related protein
PTH1R PTH/PTHrP-1 receptor (PTH/PTHrP-1R)
PYD Pyridinoline

QCT Quantitative computed tomography
QUS Quantitative ultrasonography
RANK Receptor activator of NFkB
RANKL RANK-ligand
RDA Recommended dietary allowance
RNA Ribonucleic acid
RXR Retinoid X receptor
SIBLING Small integrin-binding ligand,  

N-glycosylated (proteins)
SOS Speed of sound
SOX SRY-Box
SPP1 Secreted phosphoprotein1 (osteopontin)
Src SRC oncogene
SRC Steroid receptor coactivator
STAT Signal transduction and transcription
SYK Spleen tyrosine kinase
TALH Thick ascending loop of Henle

TBP-2 Thioredoxin binding protein-2 (see 
MARRS)

TCF/LEF T cell factor/lymphoid enhancer binding 
factor

TGF Transforming growth factor
TALH Thick ascending loop of Henle
TIP Tuberoinfundibular protein (hypothalamic)
TNF Tumor necrosis factor
TNSALP Tissue nonspecific alkaline phosphatase
TR Thyroid (hormone) receptor
TRAF TNF receptor associated factor
TRANCE TNF-related activation induced cytokine
TRAP5b Tartrate resistant acid phosphatase type 

5b isoform
TREM2 Triggering receptor expressed on myeloid 

cells-2
TRP Transient receptor potential (channel)
VDIR Vitamin D–interacting repressor
VDR Vitamin D receptor
VDRE Vitamin D response element
VEGF Vascular endothelial growth factor
WIF WNT inhibitory factor
WINAC WSTF including nucleosome assembly 

complex
WSTF Williams syndrome transcription factor
XHR X-linked hypophosphatemic rickets

Protein Gene Chromosome OMIM*

Aggrecan 1 AGC1 15q26.1 155760
Alkaline phosphatase ALPL 1p36.2 171760
Arrestin, beta, 2 ARBB2 17p13.2 107941
ATPase, Ca(21)-transporting, plasma membrane, 1 ATP2B1 12q21.33 108731
ATPase, Ca(21)-transporting, slow twitch ATP2A2 12q24.11 108740
Axis inhibitor 1 AXIN1 16p13.3 603816
b1-Catenin CTNNB1 3p22-p21.3 116806
Bone morphogenetic protein-2 BMP2 20p12 112261
Bone morphogenetic protein-4 BMP4 14q22-q23 112262
Bone morphogenetic protein-7 BMP7 20 112267
BMP receptor 1A BMPR1A 10q22.3 601299
BMP receptor 2 BMPR2 2q33 600799
Bromodomain adjacent to zinc-finger domain, 1B (WSTF) BAZ1B 7q11.23 605681
BSND gene (Barttin) BSND 1p32.3 606412
C-type natriuretic protein NPPC 2q24-qter 600296
Calbindin 3 (D9k) CABP3 Xp22.2 302020
Calcitonin CALCA 11p15.2 114130
Calcitonin receptor CALCR 7q21.3 114131
Calcium release-activated calcium modulator 1 CRACM1 12q24 610277
Calcium sensing receptor CASR 3q13.3-q21 601199
Calcium channel, L-type, subunit a1 CACNA1C 12p13.3 114205
Calmodulin 1 CALM1 14q32.11 114180
Carbonic anhydrase II CA2 8q21.2 611492
Cartilage-associated protein CRTAP 3p22 605497
Cartilage oligomeric matrix protein COMP 19p13.11 600310
b-Catenin CTNNB1 3p22.1 116806

TABLE 8-2 Human Genes Involved in Mineral Homeostasis and Bone Metabolism

A5Adenine C5Cytidine G5Guanine T5Thymine

Continued
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Protein Gene Chromosome OMIM*

Cathepsin K CTSK 3q 603959
Chloride channel 5 CLCN5 Xp11.22 300008
Chloride channel 7 CLCN7 16p13.3 602727
Chloride channel, kidney, B CLCNKB 1p36.13 602023
Claudin 2 CLDN2 Xq22.3-23 300520
Claudin 16 (Paracellin-1) CLDN16 3q28 603959
Claudin 19 CLDN19 1p34.2 610036
Cocaine amphetamine regulated transcript CART 5q13.2 602606
Collagen type I(a1) COL1A1 17q21.31-q24 120150
Collagen type I(a2) COL1A2 7q22.1 120160
Collagen type II(a1) COL2A1 12q13.11-q13.2 120140
Collagen type III(a1) COL3A1 2q31 120180
Collagen type IV(a1) COL4A1 13q34 120130
Collagen type IX(a1) COL9A1 6q13 120210
Collagen type X(a1) COL10A1 6q21-q22.3 120110
Collagen type XI(a1) COL11A1 1p21 120280
Cartilage oligomeric matrix protein COMP 19p13.11 600310
Core binding factor, beta subunit CBFB 16q22.1 121360
Cyclophilin B PIPB 15 123841
Cytochrome P450, III A, 4 CYP3A4 7q22.1 124010
Cytochrome P450, subfamily IIR, polypeptide 1  

(25-hydroxylase)
CYP2R1 11p15.2 608713

Cytochrome P450, subfamily XXVIIB, polypeptide 1 
(25OHD-1a-hydroxylase)

CYP27B1 12q14.1 609506

Cytochrome P450, family 24, subfamily A, polypeptide 1 
(25OHD-24-hydroxylase)

CYP24A1 20q13.2 126065

Dextrin matrix acidic phosphoprotein 1 DMP1 4q22.1 600980
Dikkopf DKK1 10q11.2 605189
Disheveled 1 DVL1 1p36.33 601365
Distal-less 5 DLX5 7q22 600028
Ectonucleotide pyrophosphatase/phosphodiesterase 1 ENPP1 6p23.2 173335
Fibroblast growth factor-1 (acidic) FGF1 5q31 131220
Fibroblast growth factor-2 (basic) FGF2 4q25-q27 176943
Fibroblast growth factor-5 FGF5 4q21 165190
Fibroblast growth factor-7 FGF7 15q15-q21.1 148180
Fibroblast growth factor-18 FGF18 5q35.1 603726
Fibroblast growth factor-23 FGF23 12p13.3 605380
Fibroblast growth factor receptor-1 FGFR1 8p11.2-p11.1 136350
Fibroblast growth factor receptor-2 FGFR2 10q25.3-q26 176943
Fibroblast growth factor receptor 3 FGFR3 4p16.3 134934
Fibroblast growth factor receptor-4 FGFR4 5q356qter 134935
Frizzled receptor FZD1 7q21 603408
Frizzled related protein-4 FRP4 7p14-p13 606570
UDP-N-acetyl-alpha-D-galactosamine: Polypeptide  

N-acetylgalactosaminyl- transferase 3
GALNT3 2q24.3 601756

Gamma-carboxyglutamic acid protein, bone  
(osteocalcin)

BGLAP 1q22 112260

Glial cells missing, Drosophila, homologue of, 2 GCM2 6p24.2 603716
Group specific component (DBP) GC 4q12 139200
Guanine nucleotide binding protein, alpha stimulating GNAS1 20q13.2 139320
Hairless HR 8p21.1 602302
Heterogeneous nuclear ribonucleoprotein D HNRPD 4q21.1-q21.2 601324
Indian hedgehog IHH 2q35 600726
Inositol trisphosphate receptor ITPR1 3p26-p25 147265
Integrin av ITGAV 2q31 193210
Integrin b3 ITGB3 17q21.32 173470
Insulin-like growth factor I IGF1 12q22-q24.1 147440
IGF-I receptor IGF1R 15q25-q26 147370

TABLE 8-2 Human Genes Involved in Mineral Homeostasis and Bone Metabolism—cont’d
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Protein Gene Chromosome OMIM*

Klotho KL 13q13.1 604824
Leptin LEP 7q31.3 164160
Low-density lipoprotein receptor-related protein 2  

(megalin)
LRP2 2q31.1 600073

Low-density lipoprotein receptor-related protein 5 LRP5 11q13.4 603506
Low-density lipoprotein receptor-related protein 6 LRP6 12p13.3-p11.2 603507
Macrophage-colony stimulating factor CSF1 1p13.3 120420
M-CSF receptor (c-Fms) CFS1R 5q32 164770
Matrix extracellular phosphoglycoprotein MEPE 4q21.1 605912
Matrix GLA-protein MGP 12p13.1-p13.2 154870
Mediator complex subunit 4 (vitamin D interacting  

protein)
MED4 13q14.2 605718

Mitochondrial RNA-processing endoribonuclease RMRP 9p21-p12 157660
Natriuretic peptide precursor C NPPC 2q37.1 600296
Natriuretic peptide receptor B NPR2 9p13.3 108961
Nuclear factor-kB, subunit 1 NFkB1 4q23-q24 164011
Nuclear factor-kB, inhibitor (IKB) NFKB1A 14q13 164008
Nuclear factor of activated T cells, cytoplasmic,  

calcineurin-dependent 1
NFATC1 18q23 600489

Orai calcium release-activated calcium modulator 1 ORAI1 12q24.31 610277
Osteoclast-associated receptor OSCAR 19q13.42 606862
Osteopetrosis-associated transmembrane protein 1 OSTM1 6q21 607649
Parathyroid hormone PTH 11p15.2 168450
PTH related protein PTHLH 12p11.22 168470
PTH 1 receptor PTH1R 3p21.31 168468
PTH receptor 2 PTHR2 2q34 601469
Patched 1 PTCH1 9q22.3 601309
Peroxisome proliferator-activated receptor g PPARG 3p25 601487
Phosphate regulating gene with homologies to  

endopeptidases on the X chromosome
PHEX Xp22.1 307800

Potassium channel, inwardly rectifying, subfamily 1, 
member 1

KCNJ1 11q24.3 600359

Potassium channel, inwardly rectifying, subfamily J, 
member 10

KCNJ10 1q23.2 602208

Potassium channel, voltage-gated, Shaker-related  
subfamily, member 1

KCNA1 12p13.32 176260

Pregnane X receptor NR112 3q13-q21 603065
Prolyl 3-hydroxylase 1 LEPRE1 1p34 610339
Protein phosphatase 1, regulatory subunit 1B (Phospho1) PPP1R1B — 604399
Protein phosphatase 3, catalytic subunit, alpha  

isoform (calcineurin A)
PPP3CA 4q24 114105

Receptor activator of NF-kB (RANK) TNFRSF11A 18q22.1 603499
RANK-ligand TNFSF11 13q14 602642
Retinoid X receptor a RXRA 9q34.3 180245
Runt-related transcription factor 2 RUNX2 6p21.1 600211
Sclerostin SOST 17q21.31 605740
Secreted protein 1 (osteopontin) SPP1 4q22.1 166490
Secreted protein, acidic, cysteine-rich (osteonectin) SPARC 5q33.1 182120
Sirtuin 1 SIRT1 10 604479
Smoothened SMOH 7q31-q32 601500
Sodium phosphate cotransporter solute carrier family 34, 

member 1 (NPT2a)
SLC34A1 5q35 182309

Sodium phosphate cotransporter solute carrier family 34, 
member 2 (NPT2b)

SLC34A2 4p15.2 604217

Sodium phosphate cotransporter solute carrier family 34, 
member 3 (NPT2c)

SLC34A3 9q34 609826

Solute carrier family 8 (sodium-calcium exchanger), 
member 1

SLC8A1 2p22.1 182305

TABLE 8-2 Human Genes Involved in Mineral Homeostasis and Bone Metabolism—cont’d

Continued
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Protein Gene Chromosome OMIM*

Solute carrier family 8 (sodium-calcium exchanger), 
member 2

SLC8A2 19q13.32 601901

Solute carrier family 9, member 3, regulator 1 (NHERF1) SLC9A3R1 17q25.1 604990
Solute carrier family 12 (sodium/potassium/chloride 

transporter), member 1
SLC12A1 15q21.1 600839

Solute carrier family 12 (sodium/chloride transporter), 
member 3

SLC12A3 16q13 600968

SRY-box 9 SOX9 17q24.3 608160
Stromal interaction molecule 1 STIM1 11p15.4 605921
T-cell factor/ lymphoid enhancement factor LEF1 4q23-q25 153245
T-cell immune regulator 1 TCIRG1 11q13.2 604592
Thioredoxin-interacting protein TXNIP 1q21.1 606599
Transcription factor 3/VDR interacting repressor TCF3 19p13.3 147141
Transcription factor Sp7 (osterix) SP7 12q13.13 606633
Transmembrane protein 142A TMEM142A 610277
Transient receptor potential cation channel, subfamily M, 

member 6
TRPM6 9q21.13 607009

Transient receptor potential cation channel, subfamily V, 
member 4

TRPV4 12q24.1 605427

Transient receptor potential cation channel, subfamily V, 
member 5

TRPV5 7q34 606679

Transient receptor potential cation channel, subfamily V, 
member 6

TRPV6 7q34 606680

Triggering receptor expressed on myeloid cells 2 TREM2 6p21.1 605086
Tumor necrosis factor ligand superfamily, member 11 

(RANKL, OPGL)
TNFSF11 13q14.11 602642

Tumor necrosis factor receptor superfamily, member 11B 
(osteoprotegerin)

TNFRSF11B 8q24.12 602643

Tumor necrosis factor-associated factor 6 TRAF6 11p12 602355
Tuberoinfundular peptide 39 TIP39 19q13.33 608386
Vascular endothelial growth factor VEGF 6p12 192240
Vitamin D binding protein GC 4q13.3 139200
Vitamin D receptor VDR 12q12-q14 601769
Voltage-gated calcium channel a1 CACNA1C 12p13.3 114205
Wingless 1 WNT1 12q12-q13 164820
Wingless 9A WNT9A 1q42 602863
WNT inhibitory factor 1 WIF1 12q14.3 605186

TABLE 8-2 Human Genes Involved in Mineral Homeostasis and Bone Metabolism—cont’d

*Online Mendelian Inheritance in Man, www3.ncbi.nlm.nih.gov/htbin-post/Omim.

Ca21
e level is dependent on the serum pH (normal adult 

range 1.1 to 1.3 mmol/L at pH 7.4); increase in alkalinity 
(higher pH) raises calcium binding to albumin thus  
decreasing Ca21

e, whereas acidic changes (lower pH) 
decrease binding thereby increasing Ca21

e. The rela-
tionship between pH and Ca21

e is best described by an 
inversely S-shaped third-degree function.5

The serum concentration of Ca21
e is maintained within 

narrow limits by an integrated system involving the 
plasma membrane Ca21

e sensing receptor (CaSR), PTH 
and its receptor (PTH/PTH related protein [PTHrP]-
1R), the thyroidal parafollicular C cell product calcitonin 
and its receptor, and the vitamin D hormone system  
acting on the intestinal tract, bone, and kidney (see 
Figure 8-1). With increase in serum Ca21

e concentration, 
the CaSR on the chief cell of the parathyroid gland is 
activated; the intracellular signal transduction pathway 
stimulated by the CaSR depresses PTH secretion  

instantly and decreases expression of PTH. Activation of 
the CaSR in the distal renal tubule decreases reabsorption 
of calcium filtered through the glomerulus and increases 
urinary calcium excretion. When the serum Ca21

e con-
centration falls, signaling through the CaSR also declines, 
thereby increasing PTH secretion and renal tubular reab-
sorption of filtered calcium, activating osteoclastic bone 
reabsorption, and somewhat later increasing synthesis  
of 1,25-dihydroxyvitamin D3 (calcitriol) and intestinal 
absorption of ingested calcium.1

The intracellular concentration of cytosolic free cal-
cium (Ca21

i) (approximately 100 nM) is 10,000-fold less 
than that in serum and extracellular fluid, a gradient 
maintained by exchange of Ca21 across the cell’s plasma 
membrane and across the membranes of intracellular 
structures. Within the cell, Ca21

i is primarily (99%) 
stored within the endoplasmic reticulum (sarcoplasmic 
reticulum in muscle cells) and mitochondria as well as 

http://www3.ncbi.nlm.nih.gov/htbin-post/Omim
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FIGURE 8-2 n  Regulation of phosphate homeostasis. Serum concentrations of phosphate are depressed by parathyroid hormone (PTH) and 
fibroblast growth factor 23 (FGF23), both of which increase urinary excretion of this cation by decreasing renal tubular expression of phos-
phate cotransporter proteins. Synthesis of FGF23, a product of osteoblasts and osteocytes, is depressed by low serum phosphate levels and 
by PHEX (phosphate regulating gene with homologies to endopeptidases on the X chromosome), DMP1 (dentin matrix protein 1), and 
ENPP1 (ectonucleotide pyrophosphate-phosphodiesterase 1), all three of which proteins are also synthesized by bone cells. PTH increases 
and FGF23 depresses synthesis of calcitriol (1,25-dihydroxyvitamin D). (See text for details.) (Reproduced from Bergwitz, C., Collins, M. T., 
Kamath, R. S., & Rosenberg, A. E. (2011). Case 33-2011: a 56-year-old man with hypophosphatemia. N Engl J Med, 365, 1625–1635, with permission.)
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FIGURE 8-1 n  Regulation of calcium homeostasis. Calcium ( Ca21) is absorbed from the intestinal tract, kidney tubule, and bone in response 
to calcitriol [1,25(OH)2D3] and parathyroid hormone (PTH). Calcitonin inhibits resorption of calcium from bone. The Ca21-sensing receptor 
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enhance renal tubular generation of calcitriol and absorption of intestinal phosphate. PTH inhibits renal tubular reabsorption of phosphate. 
Fibroblast growth factor-23 (FGF23), a phosphatonin secreted by osteoblasts and osteocytes, inhibits renal tubular reabsorption of phos-
phate and synthesis of calcitriol. (Please see Figure 8-2 and the text for further details.) (Reproduced from Levine, M. A. (2010). Investigation 
& management of hypocalcemia. ENDO 2010: Meet the Professor, The Endocrine Society, Bethesda, MD, with permission.)
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within endosomes, lysosomes, the Golgi apparatus and 
secretory granules and bound to the inner plasma mem-
brane from which sites it can be released by chemical 
signals—that is, inositol-1,4,5-trisphosphate (IP3).6 IP3 
acts on IP3 receptors (encoded by ITPR1; see Table 8-2) 
located in the membrane of the endoplasmic reticulum to 
effect rapid egress of Ca21 from storage, thereby quickly 
increasing Ca21

i levels.7 Ca21
i serves as a second messen-

ger and signal transducer that controls many cellular ac-
tivities including gene transcription, cell division and 
growth, cell movement, and secretion of synthesized 
products. Ca21 enters the cell through transmembrane 
protein pores such as voltage-gated and store-operated 
calcium channels. Voltage-gated Ca21 channels are 
active in cells that are electrically excitable such as car-
diac, skeletal, and smooth muscle cells, neurons, gastric 
mucosa, and pancreatic b cells and that open in response 
to depolarization of the plasma membrane permitting 
rapid influx of Ca21

e into the cell cytoplasm leading to 
further depolarization of the membrane and activation  
of cell function.8 They may be activated by high or 
low electrical voltage. The skeletal muscle high-voltage-
activated calcium channel is composed of five subunits: 
a1, a2, b, g, and d. The voltage-sensing, pore-forming 
Ca21-binding a1 subunit has four repeated domains, each 
with 6-transmembrane spanning regions (or helices) and 
intracytoplasmic amino and carboxyl terminals; trans-
membrane helix 4 serves as the voltage sensor; the a1 
subunit also has a sequence of amino acids between trans-
membrane helices 5 and 6 that is partially inserted into  
the membrane to serve as a selectivity filter.8 The as-
sembly, intracellular movement, interaction with other 
proteins, activation, and kinetic properties of the a1 
subunit are modified by the extracellular, glycosylated a2 
subunit, the b subunit (a cytoplasmic globular protein), a 
small membrane spanning d subunit that is disulfide-
linked to form dimeric a2d, and a second transmembrane 
subunit g. The voltage-gated calcium channels are desig-
nated in accord with their cloned specific a1 subunits and 
have been termed Cav 1.1, Cav 1.2, Cav 1.3, . . . Cav 3.3; 
formerly, they were designated in accord with the high- 
or low-voltage strength required for activation and  
for their sensitivity to specific inhibitors (e.g., L, N, P, Q, 
R, T subtypes). The high-voltage–dependent L type  
calcium channels (Cav1.1 through Cav 1.4) are present  
in skeletal, cardiac, and vascular smooth muscle cells; 
endocrine cells; neurons; and fibroblasts. L-type calcium 
channels are activated by the guanine triphosphate 
(GTP)-binding aq subunit of Gq-proteins through stim-
ulation of phospholipase C (PLC) leading to phosphory-
lation of the channel protein. L-type calcium channels 
modulate the growth and proliferation of fibroblasts  
and smooth muscle cells, the synthesis of extracellular 
matrix collagen proteins, and the activation of specific 
transcription factors.9

Ca21
e also enters the cytosol through the plasma mem-

brane store-operated Ca21 channel, ORAI1 (also termed 
CRACM1 or TMEM142A [transmembrane protein 
142A]).7,10 Store-operated Ca21 channels are active in cells 
that are electrically nonexcitable such as lymphocytes and 
other immune cells.4 Nevertheless, both voltage-gated 
and store-operated Ca21 channels often coexist in the 

same cell. Which type of Ca21 channel is utilized in a 
specific cell is determined by the expression of STIM1 
(see Table 8-2) encoding a protein that transverses the 
membrane of the endoplasmic reticulum. When the 
Ca21 content of the endoplasmic reticulum is depleted, 
STIM1 unfolds and bridges the cytosolic distance be-
tween the endoplasmic reticulum and the cell’s plasma 
membrane where it binds to and opens the ORAI1 pore, 
thereby permitting Ca21 influx into the cytoplasm and 
the restoration of Ca21 stores within cytoplasmic organ-
elles. At the same time that it activates the ORAI1 Ca21 
channel, STIM1 inhibits the voltage-gated Ca21 
channel.4,11,12 Loss-of-function mutations in ORAI1 have 
been identified in patients with severe combined immune 
deficiency and Kaposi sarcoma.13,14

In addition to traversing rapidly across the cell’s 
plasma membrane through voltage-gated and store- 
operated channels, Ca21 enters the cytosol, but at a 
markedly slower rate, through bifunctional membrane-
associated IP3 receptors that also serve as calcium chan-
nels.7,15 Encoded by ITPR1, the tetrameric IP3 
receptor has six transmembrane domains and a pore-
forming loop between the fifth and sixth transmem-
brane segments. Whereas many IP3 receptor/channels 
are expressed in the membranes of the endoplasmic re-
ticulum where IP3 activation leads to depletion of Ca21 
stored in the endoplasmic reticulum thereby triggering 
store-operated calcium channel activation, only one  
to two such channels are expressed in the plasma  
membrane of each cell. Ca21 is translocated not only 
through specific Ca21 channels but also through para-
cellular transport channels16. Ca21

i is extruded from 
cell cytoplasm by calcium and energy-dependent adenos-
ine triphosphate (ATP)-driven calcium pumps and in 
exchange for sodium (Na1) through H1/ATPase and 
Na1/Ca21 exchangers.3 The Ca21-ATPases are encoded 
by four genes; ATP2B1 encodes a 1220-amino-acid 
plasma membrane protein with a cyclic AMP-dependent 
protein kinase domain and a carboxyl domain to which 
calbindin binds, which links hydrolysis of ATP with 
transport of cations across membranes. The Ca21-
ATPases have the capacity to transport Ca21 against 
high concentration gradients. The Na1/Ca21 exchang-
ers are widely distributed plasma membrane Ca21 ex-
port proteins.1,3 A homologue of the human Na1/Ca21 
exchanger is composed of 10 transmembrane domains 
consisting of two sets of five transmembrane helices in 
inverted reverse order with the amino and carboxyl ter-
mini within the cytoplasm.17,18 Transmembrane helices 
2, 3, 7, and 8 form an ion-binding pocket with three 
low-affinity Na1 and one high-affinity Ca21 binding 
sites symmetrically arranged in a diamond formation. 
Through conformational changes of the structure of  
the Na1/Ca21 exchanger, the Na1 and Ca21 binding 
sites are alternately exposed to either the intracellular 
or extracellular surfaces of the cell’s plasma membrane. 
As Na1 from the extracellular space occupies its three 
binding sites, the binding affinity for Ca21 decreases, 
thereby releasing this cation into the cytosol and revers-
ing the orientation of the Na1/Ca21 channel; inasmuch 
as cytosolic levels of Na1 are low, these cations are then 
released into the cytosol restoring the affinity of the 
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exchanger for Ca21. The human cardiac Na1/Ca21 
exchanger NCX1 (encoded by SLC8A1) has Na1/Ca21 
binding configurations that are similar to those of the 
homologue.17 The human skeletal muscle Na1/Ca21 
exchanger NCX2 is encoded by SLC8A2. Within the 
cell, cytosolic Ca21 is transported across the membrane 
and into the endoplasmic reticula of muscle cells 
through Ca21-ATPase channels encoded by ATP2A2; 
linkage of small ubiquitin-like modifier type 1 (su-
moylation) to this Ca21-ATPase extends its half-life and 
increases its intrinsic activity.19

There are many intracellular calcium binding proteins 
(e.g., calcium binding proteins 1 and 4, calbindin, sorcin, 
calmodulin, and so forth). Calmodulin 1 (CALM1) is a 
widely distributed 149-amino-acid protein with an amino 
terminal lobe linked to a carboxyl terminal lobe that can 
assume more than 30 three-dimensional conformations.8 
Each lobe has two globular calcium binding domains 
consisting of two helix-loop-helix motifs connected by an 
a-helical linker; calcium binding exposes hydrophobic 
pockets that allow calmodulin to bind to and regulate the 
activity of target proteins.20 When bound to a target pro-
tein, calmodulin can assume any one of an exceedingly 
large number of conformations. This versatility enables 
calmodulin to act as a calcium sensor for many different 
proteins subserving distinct processes within a single cell 
including voltage-gated calcium channels and calcium/
calmodulin-dependent protein kinases.

In the gastrointestinal tract, calcium is absorbed by 
both active transcellular and passive paracellular pro-
cesses.21 During growth in younger subjects and when 
calcium intake and consequently intestinal calcium con-
centrations are low, active transcellular absorption of 
calcium predominates; when calcium intake is adequate 
or high, passive paracellular absorption of calcium is the 
major process by which calcium is absorbed.21,22 Trans-
cellular gastrointestinal absorption of calcium is an active 
and saturable process that is primarily stimulated by  
calcitriol by regulating the availability of transmembrane 
calcium “pumps” and channels on the luminal and baso-
lateral surface membranes of duodenal enterocytes.1 
Calcitriol acting through the vitamin D receptor (VDR) 
increases duodenal expression of calcium transport  
protein-1 (epithelial calcium channel-2 encoded by TRPV6, 
transient receptor potential-vanilloid 6), a luminal cal-
cium channel with six transmembrane domains and intra-
cytoplasmic amino and carboxyl terminals and a pore 
region between the fifth and sixth transmembrane do-
mains that forms a homotetramer or heterotetramer 
combined with TRPV5; TRPV5 and TRPV6 specifically 
permit Ca21 permeation at physiologically levels of this 
cation.22 Calcium is also actively absorbed in the intesti-
nal tract by mechanisms that are independent of the 
VDR.23 Thus, the expression of TRPV6 can be increased 
by both estrogen and prolactin; prolactin can increase the 
transcellular absorption of calcium independently of  
calcitriol and the VDR.24 After entering the enterocyte, 
Ca21 diffuses across its interior within the cytosol or 
within a lysosomal vesical bound to calbindin D9k 
(encoded by CALB3), a protein with two high-affinity 
calcium binding sites that transports calcium from the 
apical to the basolateral membrane of the enterocyte. 

After fusion of vesicle and basolateral plasma membrane, 
Ca21 is extruded into the extracellular space (and circula-
tion) through a basolateral Ca21-Mg21-dependent 
ATPase calcium channel (ATPB21), also termed plasma 
membrane Ca(21) ATPase, type 1 (PMCA1b). Experi-
mental data in mice suggest that neither TRPV6 nor 
calbindin D9k is essential for vitamin D–mediated intesti-
nal absorption of calcium.25,26 However, the applicability 
of these observations to human physiology is uncertain.21 
When calcium intake is adequate or high, the bulk of 
ingested calcium is passively absorbed through paracel-
lular channels between enterocytes in the jejunum and 
ileum. Although calcitriol regulates synthesis of several 
tight junction proteins that may comprise the paracellular 
channels, including claudins-2 and -12, and cadherin-17, 
there is no known direct regulation of paracellular intes-
tinal calcium absorption.21,27

Intestinal calcium absorption is influenced by vitamin D 
status, its food source (the bioavailability of calcium in 
cow milk formulas is 38%, that in human breast milk is 
58%; leafy green vegetables are also a good source of 
dietary calcium), the form of the calcium salt in dietary 
supplements, and the presence in food of inhibitors of 
calcium absorption such as phytates, oxalates, or phos-
phates (e.g., cola beverages).28 Intestinal calcium absorp-
tion is increased during adolescence, pregnancy, and 
lactation, and depressed in patients with nutritional or 
functional vitamin D deficiency, chronic renal disease, 
and hypoparathyroidism. The amount of calcium in-
gested influences the net amount of calcium absorbed; 
the lower the calcium intake, the greater is the efficiency 
of its absorption. In the adult when the dietary calcium 
intake is , 200 mg/day, fecal calcium excretion exceeds 
intake; thus, active absorption of calcium cannot com-
pensate for very low intake. As intake of dietary calcium 
increases from 200 to 1000 mg/day, active calcium  
absorption also increases but at a progressively decreas-
ing rate. When dietary calcium exceeds 1000 mg/day, 
active calcium absorption remains relatively constant at 
400 mg/day but passive absorption of calcium through 
paracellular channels continues to increase.1 Thus, 
hypercalcemia may result from dietary calcium excess 
as in the milk-alkali syndrome. PTH indirectly in-
creases intestinal calcium absorption by enhancing 
renal 25-hydroxyvitamin D-1a-hydroxylase activity 
and hence calcitriol synthesis. Growth hormone (GH) 
and estrogens also increase intestinal absorption of  
calcium; glucocorticoids and thyroid hormone inhibit 
this process. Calcium is excreted into the intestinal tract 
in the ileum and in pancreatic and biliary secretions.

Low calcium intake is associated with increased fracture 
rate in children and adolescents, and therefore, adequate 
dietary intake of calcium during infancy, childhood, and 
adolescence is necessary to attain a peak bone mass that 
may lessen the risk of fracture and the later development 
of osteopenia.29 In an effort to ensure optimal mineraliza-
tion of the developing skeleton, age-related dietary intakes 
of elemental calcium for infants, children, and adolescents 
have been recommended (Table 8-3).30 Because calcium is 
an essential nutrient for bone mineralization, intake of 
calcium is optimal when skeletal calcium content is maxi-
mal for the age and gender of the subject.2 In normally 
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weighted adolescents, a calcium intake above 1600 mg/day 
results in maximal calcium retention (approximately 
35%).31 (Thus, the recommended dietary allowance [RDA] 
of calcium for adolescents of 1300 mg/day [see Table 8-3] 
may be underestimated.) Calcium retention and bone mass 
increase as the body mass index rises when calcium intake 
is sufficient. The retention of oral calcium depends not 
only on the level of nutrient intake but also on gender  
and race: white adolescent males retain more calcium than 
do white girls (37% versus 30%); black adolescent girls 
retain more calcium than do white girls (38% versus 30%). 
Besides dietary intake of calcium and vitamin D status,  
the most significant modifiable determinant of bone  
mineralization is weight-bearing physical activity  
(discussed later).32

Calcium is excreted primarily by the kidney. Ultrafil-
trable serum calcium (representing both the ionized Ca21

e 
form and calcium that is complexed or chelated) crosses the 
renal glomerular membrane; 98% of filtered calcium is 
reabsorbed in the renal tubule. Paracellular reabsorption of 
most (93%) of filtered calcium occurs in the proximal renal 
tubule and thick ascending limb of Henle (TALH). The 
renal distal convoluted tubule, connecting tubule, and first 
part of the collecting duct actively reabsorb approximately 
5% of filtered calcium transcellularly through TRPV5 
calcium channels expressed on the apical membrane of re-
nal tubular epithelial cells.22 In the cytoplasm, calbindin 
D9k then shuttles Ca21

e across the cell for extrusion by 
ATPB1 channels and the Na1-Ca21 exchanger type 1 
(encoded by SLC8A1) on the basolateral membrane of the 
renal tubular cell. Calcitriol, PTH, low dietary calcium, 
estrogens and androgens, and acid/base balance increase 
expression of TRPV5. PTH also enhances posttranslational 
phosphorylation of TRPV5 and hence its movement to 
and insertion into the apical membrane of the renal tubular 
cell and inhibits its endocytosis, the paired effects thus re-
sulting in increased numbers of TRPV5 channels on the 
apical surface of the renal tubular cell.22 Klotho (encoded 
by KL), a cofactor/coreceptor essential for normal phos-
phate homeostasis (discussed later) that also has intrinsic 
beta glucuronidase activity, increases the retention and 

hence the activity of the TRPV5 calcium channel by re-
moving oligosaccharide chains during its posttranslational 
processing.33,34 Calmodulin, an intracellular Ca21-sensing 
protein that binds to and inhibits the action of TRPV5, 
modulates renal tubular reabsorption of Ca21, a process 
reversed by PTH-mediated phosphorylation of the TRPV5 
calbindin-binding site.35 Although calbindin D9k is not 
expressed in the proximal renal tubule, cells lining the lumen 
of this segment have deep invaginations shortening the 
distance that reabsorbed Ca21 must travel by diffusion be-
tween apical and basolateral membranes before extrusion.21 
In the TALH, calcium and magnesium are reabsorbed 
through voltage-driven paracellular channels (in part 
through paracellin-1, a tight junction protein channel that 
is instrumental in renal reabsorption of filtered calcium  
and magnesium [discussed later]). Cells of the TALH also 
express the CaSR on their basolateral membrane; when 
activated by peritubular Ca21, this G protein–coupled re-
ceptor (GPCR) decreases renal tubular reabsorption of 
calcium through the paracellular channels by inhibiting 
activity of the Na1-K1-2Cl- transporter and lowering 
lumen-positive voltage. Increased glomerular filtration  
or decreased renal tubular reabsorption increase renal  
excretion of calcium, phosphate, and magnesium. Urinary 
excretion of calcium is augmented by increased dietary in-
take, hypercalcemia of diverse pathophysiology (with the 
exception of that associated with familial hypocalcemic 
hypercalciuria [discussed later]), expansion of extracellular 
volume, metabolic acidosis, and loop diuretics (furosemide).1 
PTH and PTHrP increase renal tubular reabsorption of 
Ca21, whereas glucocorticoids, mineralocorticoids, and 
Ca21 itself suppress Ca21 reabsorption.

Calcium Sensing Receptor
Plasma Ca21

e concentrations are monitored by the CaSR, 
a 1078-amino-acid cell membrane GPCR encoded by 
CASR whose extracellular domain recognizes and binds 
Ca21, Mg21, gadolinium, aromatic amino acids, antibiotics, 
and other compounds.36,37 Functionally, the CaSR is a ho-
modimer linked by disulfide bonds between extracellular 

Age (in years)
Calcium  
(mg/day)

Calcium  
(upper limit)

Vitamin D  
(IU/day)

Vitamin D  
(upper limit)

Minimum  
[25OHD]  
(ng/mL)

, 0.5 400 400 1000 20
0.5-1 600 400 1500 20
1-3 700 2500 600 2500 20
4-8 1000 2500 600 3000 20
9-13 1300 3000 600 4000 20
14-18 1300 3000 600 4000 20
Pregnant or  

lactating (14-18)
1300 3000 600 4000 20

TABLE 8-3  Recommended Dietary Intakes of Calcium and Vitamin D in Infants, Children, and 
Adolescents

Adapted from Ross, A. C., Manson, J. E., Abrams, S. A., et al. (2011). The 2011 report on dietary reference intakes for calcium and vitamin D 
from the Institute of Medicine: what clinicians need to know. J Clin Endocrinol Metab, 96, 53–58; Holick, M. F. (2011). Vitamin D: evolution-
ary, physiological and health perspectives. Curr Drug Targets, 12, 4–18; Holick, M. F., Binkley, N. C., Bischoff-Ferrari, H. A., et al. (2011). 
Evaluation, treatment, and prevention of Vitamin D deficiency: an Endocrine Society Clinical Practice Guideline. J Clin Endocrinol Metab, 
96, 1911–1930.

Recommendations for calcium and vitamin D are the Recommended Dietary Allowance (RDA) intakes necessary for $97.5% of population.
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domain cysteine residues 129 and 131 of each CaSR.  
Homodimerization of the CaSR takes place in the endo-
plasmic reticulum after core N-linked glycosylation;  
homodimeric CaSR is then packaged within the Golgi  
apparatus where it is further glycosylated and transported 
to the cell membrane.38 The amino terminal extracellular 
domain of the CaSR is composed of 612 amino acids with 
five likely Ca21 binding sites constructed in a Venus flytrap 
configuration; there are 250 amino acids in the transmem-
brane domain composed of seven transmembrane helices 
and three alternating extracellular and intracellular loops, 
and 216 amino acids in the carboxyl terminal intracellular 
domain.37 Transmembrane helix 5 may also be necessary 
for receptor dimerization. The second extracellular loop 
contains sites (Asp758, Glu759, Glu767) that modulate the 
sensitivity of the CaSR to Ca21. Within the intracellular 
domain of the CaSR are three protein kinase C (PKC) 
phosphorylation sites; phosphorylation of Thr888 down-
regulates Ca21-mediated CASR intracellular signal trans-
duction.36 Because Ca21-CaSR interaction stimulates PKC 
signaling, function of the CaSR can thus be autoregu-
lated.37 Through its binding of Ca21

e, the CaSR finely 
regulates the extracellular concentration of this cation by 
modulating the secretion of PTH and the renal tubular 
reabsorption of filtered calcium. The CaSR is encoded by 
CASR and is a member of the C family of GPCRs with 
extremely long extracellular domains (500- to 600-amino-
acid residues) and homologies with receptors that bind 
glutamate, g-aminobutyric acid, and pheromones as well 
as with the taste receptors. The very long extracellular do-
main is heavily glycosylated, a posttranslational modifica-
tion essential for efficient movement of the receptor to the 
cell surface. The CaSR is expressed on the plasma mem-
brane of parathyroid chief cells, at the apical or basolateral 
membranes of most renal tubular cells—particularly the 
TALH and the collecting ducts, on the cell membranes of 
the parafollicular (C) cells of the thyroid, in cartilage and 
bone, lungs, adrenals, breast, intestines, skin, lens, placental 
cytotrophoblasts, and nervous tissue.39 Expression of CASR 
is regulated in part by GCM2, encoding a transcription fac-
tor essential for formation of the parathyroid glands, and 
enhanced by calcitriol, high Ca21

e levels, and interleukin 
(IL)-1b.40

The serum Ca21
e concentration is related to poly-

morphic variants of the CaSR; 70% of individuals are 
homozygous for alanine at amino acid position 986 
within the intracellular domain, 3% are homozygous 
for serine, and the remainder are heterozygous for the 
two amino acids. In heterozygous Arg986Ser and ho-
mozygous Ser986 subjects, Ca21

e levels are significantly 
higher than in those who are homozygous for Ala986.41 
Also, there are cellular Ca21 sensors that are unrelated 
structurally to the CaSR as well as subtypes of the CaSR 
itself.39 The CaSR also serves as a Mg21

e sensor and 
modulates renal tubular reabsorption of this cation de-
creasing its reabsorption when Mg21

e levels rise. By 
binding to the CaSR, aromatic L-amino acids appear  
to “sensitize” the receptor to a given level of Ca21

e 
(discussed later).36

Although in the kidney the CaSR is found in greatest 
abundance in the medullary and cortical TALH, it is also 
found in glomerular cells and other segments of the renal 

tubule. CASR is expressed on the apical brush-border 
membranes of cells in the proximal renal tubule, on ba-
solateral cell membranes in cells in the TALH, and on 
the apical (luminal) surface of cells in the distal renal  
collecting ducts where it is exposed to intratubular 
Ca21.37 Increasing peritubular concentrations of Ca21

e 
and Mg21

e inhibit renal tubular reabsorption of filtered 
Ca21 and Mg21. In the kidney, binding of Ca21

e to the 
CaSR decreases not only transcellular transport of fil-
tered Ca21 but also its paracellular transport in the 
TALH. Inactivating mutations in CASR result in familial 
hypocalciuric hypercalcemia, whereas gain-of-function 
mutations in this gene are associated with autosomal 
dominant hypoparathyroidism (familial hypercalciuric 
hypocalcemia).37 Stimulation of the CaSR suppresses 
PTH-mediated renal tubular Ca21 and phosphate reab-
sorption.37,42 In addition to effects on renal tubular cation 
transport, the Ca21/CaSR complex inhibits antidiuretic 
hormone–induced renal tubular permeability to water by 
decreasing the number of apical aquaporin-2 water chan-
nels in the inner medullary collecting ducts, thus leading 
to polyuria. Stimulation of the CaSR expressed in cells  
of the renal distal collecting ducts also increases local 
H1-ATPase activity resulting in urine acidification.42

Acting through the CaSR, rising serum Ca21
e concen-

trations stimulate release of calcitonin from thyroid  
C cells. The CaSR is expressed throughout the intestinal 
tract, where it may modulate the changes in intestinal 
motility that accompany low (increased) and high (de-
pressed) serum Ca21

e values.36 Additionally, in gastric 
cells stimulation of CaSR activity results in release of 
gastrin into the circulation and increased intragastric 
acidity.37 Expression of the CaSR in the brain suggests a 
mechanism whereby Ca21 may influence neural function 
locally by modulating neurotransmitter and neurorecep-
tor function (such as the metabotropic glutamate recep-
tor which also recognizes Ca21). Cell membrane CaSRs 
are present in (mouse, rat, bovine) articular and hyper-
trophic chondrocytes of the epiphyseal growth plate and 
to a lesser extent in proliferating and maturing chondro-
cytes.43 Osteoblasts, osteocytes, and osteoclasts also 
express the CaSR, and agonist (Ca21, neomycin, gado-
linium) activation of the CaSR stimulates intracellular 
signal transduction in these cells. Increase in CaSR activ-
ity in osteoblasts enhances their proliferation.37 The 
CaSR may mediate recruitment of osteoblast precursor 
cells to sites of high Ca21 levels, the residue of local 
osteoclast activity, one of the factors linking the bone 
remodeling processes of resorption and formation  
(discussed later).39 In mice in which expression of bone-
specific Casr has been eliminated, skeletal development is 
impaired with diffuse decrease in bone mineralization.37 
In vitro, Ca21 inhibits bone reabsorptive activity of 
(rabbit) osteoclasts by causing the osteoclast to decrease 
secretion of acid and proteolytic enzymes and to withdraw 
from the site of bone resorption.44

Through its intracellular carboxyl terminal, the CaSR 
is linked to G proteins and their Ga subunits that couple 
the ligand-receptor message to several intracellular signal 
transduction pathways.36,37,39 After binding of Ca21 to the 
extracellular domain of the CaSR, Gaq/11 dissociates from 
its bg subunit complex and activates membrane bound 
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PLC-b1; in turn, this enzyme hydrolyzes membrane-
bound phosphatidylinositol 4,5-bisphosphate (PIP2) to 
diacylglycerol (DAG) and IP3, the latter leading to 
release of Ca21 from the endoplasmic reticulum and 
increased cytosolic concentrations of Ca21

i. Activation of 
the CaSR also stimulates activity of phospholipases A2 and 
D, mitogen-activated protein kinases (MAPK), and pro-
tein kinases B (Akt) and C but inhibits that of adenylyl 
cyclase, the latter through stimulation of adenylate cyclase-
inhibitory Gai activity.37 Increases in plasma Ca21

e and 
rising cytosolic levels of Ca21

i within the parathyroid 
gland chief cells suppress expression of PTH and increase 
degradation of PTH mRNA, thereby limiting synthesis 
and secretion of PTH; CaSR signaling also inhibits the 
proliferation of chief cells.37 A decline in Ca21

e leads to a 
decrease in CaSR activity, lower Ca21

i values, and thence 
to increased PTH secretion, thus enabling the CaSR to 
exercise minute-to-minute control over the release of 
PTH and hence of the concentration of Ca21

e.
Calcimimetics are agonist drugs that activate the 

CaSR; calcilytics are antagonists of the CaSR.45 As 
noted, the CaSR binds and responds to not only Ca21

e 
but also Mg21

e, selected L-amino acids, and some anti-
biotics; the latter are designated type I calcimimetics. 
Synthetic compounds (e.g., phenylalkylamines) that 
bind to the second and third extracellular loops of the 
transmembrane domain of the CaSR and allosterically 
modulate (increase or decrease) the sensitivity of the 
CaSR to ambient Ca21

e are designated type II calcimi-
metic agonists or calcilytic antagonists, respectively.36,37 
The most widely employed of the clinical calcimimetics 
is cinacalcet [N-[1-(R)-(-)-(1-naphthyl)ethyl] -3-[3- 
(trifluoromethyl)phenyl]-1-aminopropane hydrochloride]; 
this agent has been effective in decreasing secretion  
of PTH in patients with either primary or secondary 
hyperparathyroidism.46 Calcilytics decrease the sensi-
tivity of the CaSR to Ca21

e and thus increase the secre-
tion of PTH and depress renal tubular reabsorption  
of Ca21. Mutations in CASR may prevent its normal 
biosynthesis (class I), disturb movement of the CaSR 
protein to the plasma membrane (class II), interfere 
with binding of ligand to the CaSR (class III), impair 
activation of the CaSR (class IV), or disrupt receptor 
function by an unknown mechanism (class V).

PHOSPHATE

Eighty-five percent of body phosphate is deposited in 
bone as hydroxyapatite. Fourteen percent of phosphate is 
intracellular (in the cytosol or mitochondria in the form 
of inorganic phosphate esters or salts, cell and organelle 
membrane phospholipids, and phosphorylated metabolic 
intermediate compounds involved in energy metabolism 
and formation of ATP and signal transduction and in the 
cytosol and nucleus as an essential component of RNA 
and DNA) or in interstitial fluid or serum (approximately 
1%). There it circulates as free orthophosphate anions 
HPO4

22 and H2PO4
2 (55%), bound to proteins (10%), or 

complexed to calcium, magnesium or sodium (35%).1,47 
At pH 7.4, serum HPO4

22 and H2PO4
2 are present in a 

molar ratio of 4:1; in alkalotic states the ratio increases, 

with acidosis it declines. (At pH 7.4, 1 mmol/L of ortho-
phosphate 5 1.8 mEq/L 5 3.1 mg/dL.) The serum 
concentrations of calcium and phosphate are reciprocally 
related under normal circumstances, and the calcium 3 
phosphate product approximates 30. Intracellularly, cyto-
solic-free phosphate concentrations approximate those in 
serum—3 to 6 mg/dL.

The serum phosphate concentration is regulated by 
oral intake, intestinal absorption and excretion, renal 
tubular reabsorption and excretion of filtered phos-
phate, and release from bone by dissolution of hydroxy-
apatite by PTH and calcitriol, and it fluctuates with  
age, gender, growth rate, diet, and serum calcium levels 
(see Figure 8-2).1,48,49 Inasmuch as phosphate is found in 
all cells and foods, dietary deficiency is unusual. Dietary 
phosphate is absorbed across the intestinal brush border 
as HPO4

22 in direct proportion to its intake, principally 
in the duodenum and jejunum. Intestinal phosphate is 
absorbed by both passive paracellular diffusion related 
to the luminal concentration of this anion and by an  
active transcellular mechanism stimulated by calcitriol. 
The latter is an energy-requiring transport process  
with sodium through the type IIb Na1-HPO4

22 
cotransporter protein (NPT2b; encoded by SLC34A2) 
with low affinity for phosphate whose activities are 
maintained by calcitriol-dependent Na1,K1-ATPase. 
Decreased intestinal absorption of phosphate is com-
pensated by increased renal tubular reabsorption of  
this anion.47 Phosphate is also secreted into the intestinal 
tract. When dietary phosphate intake falls below  
310 mg/day in the adult, net phosphate absorption is 
negative. At low phosphate intakes, absorption is active 
in the duodenum, jejunum, and distal ileum, whereas  
at high intakes 60% to 80% of ingested phosphate is 
absorbed primarily by diffusion. Phosphate absorption 
can be impaired by its intraluminal precipitation as  
an aluminum or calcium salt and by intestinal malab-
sorption disorders.

The kidney regulates moment-to-moment phosphate 
homeostasis. Phosphate is filtered in the renal glomerulus 
and reabsorbed primarily in the proximal renal tubules. It 
is actively transported across the luminal membrane 
against an electrochemical gradient through renal specific 
type II Na1-HPO4

22 cotransporter proteins expressed on 
the apical (tubular) surface of cells in the proximal renal 
tubule—NPT2a encoded by SLC34A1 and NPT2c 
encoded by SLC34A3—with the aid of a Na1,K1-ATPase 
pump.1,47,50 Expression of SLC34A1 is regulated by serum 
phosphate levels (hypophosphatemia increases expres-
sion), PTH, PTHrP, and fibroblast growth factor  
(FGF)-23 (discussed later). NPT2a actively transports  
approximately 70% and NPT2c 30% of proximal renal 
tubular reabsorbed phosphate in the mouse; in the hu-
man, NPT2c may be the major renal tubular transporter 
of phosphate. The Na1-H1 exchanger regulatory factor 1 
(NHERF1; encoded by SLC9A3R1) is a scaffolding pro-
tein that is essential for trafficking of NPT2a and NPT2c 
to the luminal membrane of cells in the proximal renal 
tubule; NHERF1 also interacts with PTH1R.50 Another 
family of phosphate transporters (PiT2, encoded by 
SLC20A2, OMIM ID: 158378) has also been identified in 
the renal proximal tubule. Phosphate exits the proximal 

http://www.omim.org/entry/158378
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renal tubular cell with Na1 by cation exchange for K1 
through channels located on the cell’s basolateral mem-
brane. The maximal tubular reabsorption of phosphate 
approximates the filtered load. Tubular phosphate  
reabsorption is increased by low phosphate intake and 
hypophosphatemia (due to decrease in filtered load), 
hypercalcemia (by decrease in the glomerular filtration 
rate), depletion of extracellular fluid volume, and meta-
bolic alkalosis. Renal tubular reabsorption of phos-
phate is depressed by high phosphate intake, PTH (and 
PTHrP), and phosphatonins (discussed later) and is 
due to rapid internalization and subsequent destruction 
of NPT2a and NPT2c proteins.47 The PTH-dependent 
degradative processes are mediated through the type  
1 PTH/PTHrP receptor and transduced by PKA, 
PKC, and MAPK. Fibroblast growth factor-23 (FGF23) 
(a phosphatonin), calcitriol, glucocorticoids, and thia-
zide diuretics also decrease renal tubular reabsorption 
of phosphate. Phosphate is deposited in bone as  
hydroxyapatite dependent on local levels of calcium, 
phosphate, and alkaline phosphatase activity and reab-
sorbed by osteoclasts whose activity is stimulated by 
PTH, calcitriol, and other osteoclast activating factors 
(discussed later). Serum concentrations of phosphate 
are highest in infancy and early childhood (4 to 7 mg/dL) 
and then decline during mid-childhood and adolescence 
to adult values (2.5 to 4.5 mg/dL).

Phosphatonins
Phosphatonins are substances that regulate serum con-
centrations of phosphate by controlling its rate of renal 
tubular reabsorption and of calcitriol by regulating its 
rate of synthesis (see Figures 8-1 and 8-2). In addition 
to FGF23, other phosphatonins are matrix extracellular 
phosphoglycoprotein (encoded by MEPE), Frizzled re-
lated protein-4 (encoded by FRP4), and FGF7, all of 
which were first identified by analysis of tumors associ-
ated with hypophosphatemic osteomalacia.49,51 In addi-
tion to many patients with tumor-induced osteomalacia, 
increased serum concentrations of FGF23 are found in 
patients with X-linked hypophosphatemic rickets (XHR) 
due to loss-of-function mutations in the membrane-
bound, 749-amino-acid endopeptidase encoded by PHEX 
(phosphate-regulating gene with homologies to endo-
peptidases located on the X chromosome, OMIM ID: 
307800), autosomal dominant hypophosphatemic rickets 
(ADHR—OMIM ID: 193100) due to activating mutations 
in FGF23, and autosomal recessive hypophosphatemic 
rickets (ARHR—OMIM ID: 241520/613312) due to loss 
of function mutations in DMP1 (encoding dextrin matrix 
acidic phosphoprotein 1) or ENPP1(encoding endonu-
cleotide pyrophosphatase/phosphodiesterase 1).48,49 By 
inhibiting renal phosphate transport, phosphatonins lead 
to hyperphosphaturia and hypophosphatemia. They also 
decrease transcription of CYP27B1, thereby depressing 
activity of renal tubular 25-hydroxyvitamin D-1a-
hydroxylase resulting in decreased synthesis of cal-
citriol and thus inappropriately normal or low serum 
concentrations of calcitriol and in impaired intestinal 
absorption of phosphate and calcium.47,52-54 FGF23 is 
generated as a 251-amino-acid protein with a 24-amino- 

acid signal sequence; for optimal biologic function, 
FGF23 must be posttranslationally glycosylated by N-
acetylgalactosaminyl transferase 3 encoded by GALNT3. 
FGF23 is proteolytically degraded by intracellular  
subtilisin-like proprotein convertase acting between 
amino acids 179 and 180 (. . . Arg176-His177-Thr178-
Arg179-Ser180 . . .) that separates the amino terminal 
FGF-like domain from the carboxyl terminal tail. 
Spontaneously occurring (gain-of-function) mutations 
within this sequence of FGF23 slow the inactivation 
of FGF23, thus prolonging its biologic life resulting  
in ADHR. FGF23 is expressed primarily by osteopro-
genitor cells, osteoblasts, and osteocytes and to a lesser 
extent by the thymus, brain, thyroid, parathyroid glands, 
cardiac muscle, liver, and small intestines. In osteoblasts 
and osteocytes, expression of FGF23 is stimulated by 
high serum or dietary phosphate, PTH, calcitriol acting 
through the VDR, and in some patients parenteral infu-
sion of iron.47,55,56

FGF23 induces renal phosphate excretion by down-
regulating expression of SLC34A1 (encoding NPT2a) and 
SLC34A3 (encoding NPT2c), the Na1-HPO4

22 cotrans-
porters that are expressed in the apical (luminal) mem-
brane of cells of the proximal renal tubule (see Figure 8-2). 
FGF23 down-regulates expression of proximal renal tubu-
lar 25-hydroxyvitamin D-1a-hydroxylase encoded by 
CYP27B1 and thus limits synthesis of calcitriol; FGF23 
also increases the expression of 25-hydroxyvitamin D-24-
hydroxylase (encoded by CYP24A1), thereby enhancing 
the catabolism of calcitriol—the two processes summating 
to lower calcitriol synthesis.57 Inasmuch as calcitriol pro-
motes synthesis of FGF23, there is a reciprocal feedback 
relationship between calcitriol and FGF23. FGF23 acts 
through binding to the c isoform of tyrosine kinase FGF 
receptors (FGFR) 1, 2, and 3. The genes encoding the 
FGFRs consist of 19 exons that may be alternatively 
spliced to include or to exclude either exon 8 or 9 (encod-
ing the third extracellular immunoglobulin-like domain of 
the FGF receptor, which partially specifies the ligand 
bound by the receptor); when exon 8 is included in the 
mRNA transcript, the b isoform of the FGFR is formed; 
when exon 9 is included in the transcript, the c isoform is 
produced. Although it is likely that FGF23 binds to mul-
tiple FGFR c isoforms, it is the multifunctional protein 
a-klotho that serves as a coreceptor thereby converting 
FGFR into specific FGF23 receptors in the parathyroid 
glands and kidney.49,50,58 FGFR1 mediates the effects of 
FGF23 on renal phosphate transport, whereas FGFR3 
and FGFR4 translate the effects of FGF23 on renal  
calcitriol synthesis. There are several isoforms of a-klotho 
encoded by KL. As a coreceptor for FGF23, a-klotho is 
a 130-kDa transmembrane protein with a very short  
(10 amino acids) intracellular domain; without the trans-
membrane domain (encoded by exon 3), it is an 80 kDa 
secreted protein whose levels are measurable in serum; 
removal of the sequence of amino acids that tethers the 
extracellular domain to the cell membrane results in an-
other form of circulating a-klotho.47 Interestingly, KL is 
expressed in the renal distal convoluted tubule, not the 
proximal tubule, implying that it is circulating a-klotho 
that serves as the coreceptor for FGF23/FGFR1(IIIc) in 
the proximal renal tubule where phosphate is reabsorbed.47 
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KL is also expressed in the parathyroid gland; there, 
FGF23 interacting with a-klotho and FGFR1(IIIc) de-
creases transcription of PTH and thereby reduces PTH 
synthesis and secretion. Reciprocally, PTH increases  
synthesis of FGF23 by bone cells, establishing yet another 
feedback loop regulating FGF23 synthesis and secretion.54 
After binding of the FGF ligand to the FGFR, the recep-
tors dimerize, autophosphorylate, and then phosphorylate 
intracellular proteins involved in signal transduction such 
as phospholipase-Cg (PLCg), growth factor receptor 
bound (GRB)-14, son of sevenless (SOS), and FGF recep-
tor substrate (FRS)-2, a docking protein that links the  
activated FGFR to the phosphoinositide-3-kinase (PI3K), 
MAPK, and ERK1/2 signaling pathways.59 Immunoreac-
tive species of FGF23 are measurable in normal adult sera, 
but values vary depending on the epitopes recognized by 
the antibodies employed (i.e., whether they are specific for 
the full-length FGF23 protein or only for its carboxyl 
terminal fragment) and on the assay methodology (e.g., 
enzyme-linked immunosorbent assay or chemilumines-
cent immunoassay).60-62 In assays that recognize full-length 
FGF23 and carboxyl terminal fragments of FGF23, intact 
FGF23 values varied diurnally and there was marked in-
terindividual variability in FGF23 levels.61 The serum 
FGF23 concentration rises when dietary phosphate in-
creases (or during infusion of phosphate) and declines with 
phosphate restriction.49

Serum values of FGF23 are increased in patients with 
XHR, ADHR, ARHR, tumor-induced osteomalacia, and 
fibrous dysplasia associated with hypophosphatemia. In 
patients with ADHR, gain-of-function mutations (e.g., 
Arg179Trp) in FGF23 result in resistance to degradation of 
FGF23, a protein that is normally cleaved between Arg179 
and Ser180; in subjects with tumor-induced osteomalacia, 
the production of FGF23 is greatly increased. In familial 
tumoral calcinosis (OMIM ID: 211900), loss-of-function 
mutations in FGF23 lead to accelerated intracellular degra-
dation of FGF23 that prevents secretion of intact protein  
resulting in decreased renal excretion of phosphate, hyper-
phosphatemia, relatively increased calcitriol levels, and 
diffuse ectopic calcification.49,63

Tumors associated with hypophosphatemic osteomala-
cia also express the phosphatonins encoded by FRP4 
(Frizzled related protein-4), MEPE (matrix extracellular 
phosphoglycoprotein), and FGF7.49,51 FRP4 is a secreted 
346-amino-acid glycosylated protein that shares the struc-
ture of the extracellular domain of transmembrane Frizzled 
receptors. The natural ligands of Frizzled receptors are 
WNT proteins, and their coreceptors are cell surface  
low-density lipoprotein receptor-related protein (LRP) 
5/6; these heterotrimeric complexes stabilize intracellular 
b-catenin and the attendant signal transduction systems 
that are essential for bone formation (discussed later).  
Secreted FRP4 serves as a decoy receptor competing with 
the Frizzled receptor for binding to WNT, thus inhibiting 
the function of the Frizzled receptor. FRP4 is expressed in 
bone cells and in large amounts by tumors with associated 
osteomalacia. FRP4 inhibits sodium-dependent renal tu-
bular phosphate reabsorption by inhibition of WNT signal-
ing leading to hypophosphatemia; it also reduces expression 
of CYP27B1, the gene encoding 25-hydroxyvitamin 
D3-1a-hydroxylase.52 MEPE is primarily expressed by 

osteoblasts, osteocytes, and odontoblasts as well as by  
tumors associated with hypophosphatemic osteomalacia.  
It encodes a 525-amino-acid, 58-kDa protein, a matrix  
extracellular phosphoglycoprotein that is a member of the 
short-integrin-binding, ligand-interacting glycoprotein 
(SIBLING) family (discussed later). Expression of MEPE is 
inhibited by calcitriol. MEPE modulates osteoblast  
and osteoclast function and may both inhibit and support 
bone mineralization.49 Although MEPE is able to inhibit 
sodium-dependent renal tubular phosphate reabsorption, 
its role in phosphate metabolism may be more complex 
inasmuch as knockout of Mepe in mice results in increased 
bone mass without altering serum phosphate or calcitriol 
values.64 MEPE contains an acidic serine aspartate-rich 
MEPE-associated motif (ASARM) that binds to hydroxy-
apatite where it inhibits mineralization; ASARM is the 
physiologic substrate for PHEX, which degrades it, en-
abling further hydroxyapatite formation; loss-of-function 
mutations in PHEX lead to X-linked hypophosphatemic 
rickets (XHR).54,65

The short integrin-binding ligand-interacting glyco-
proteins (SIBLINGs) are related noncollagenous matrix 
proteins: MEPE, dentin-matrix acidic phosphoprotein 
1 (DMP1), dentin sialo-phosphoprotein (DSPP), osteo-
pontin (also termed secreted phosphoprotein 1 [SPP1]), 
and bone sialoprotein (BSP), whose encoding genes are 
clustered on chromosome 4q.54 These proteins share 
several common structures including an acidic serine 
aspartate-rich MEPE associated motif (ASARM) near 
their carboxyl terminals and an Arg-Gly-ASP (RGD) 
tripeptide motif that interacts with and binds to integ-
rins on the surface of interacting cells. The basic 
ASARM motif consists of 23 amino acids; several of the 
serine residues are specifically phosphorylated by casein 
serine kinase. ASARM is released from MEPE by  
cathepsins B and K; phosphorylated ASARM from 
MEPE binds avidly to hydroxyapatite and prevents  
further deposition of calcium and phosphate; it also  
inhibits phosphate uptake by both the intestinal tract 
and the renal tubule. (MEPE also is involved in the  
osteocytic response to a mechanical load [discussed 
later].) Phosphorylated and nonphosphorylated 
ASARMs released by MEPE, DMP1, DSPP, and SPP1 
are resistant to proteolysis except by the zinc metalloen-
dopeptidase PHEX (phosphate regulating gene with 
homologies to endopeptidases on the X chromosome). 
Thus, inactivating mutations of PHEX result in X-
linked hypophosphatemic rickets, in part, by inability to 
degrade the ASARM peptide coating of hydroxyapa-
tite.54 PHEX may also be involved in the expression of 
FGF23 and the stability of FGF23.54 Carboxyl to the 
ASARM motif of DMP1 is an additional sequence of  
35 amino acids that is termed the minfostin motif; a 
mutation in this region of DMP1 results in one form 
of ARHR. It has been suggested that in the normal os-
teocyte, the ASARM region of DMP1 binds to PHEX 
expressed on its plasma membrane, thereby suppressing 
expression of PHEX and that displacement of binding 
by excessive free ASARM peptides (as in patients with 
XHR, ARHR) increases FGF23 expression.54 PHEX, 
DMP1, and FGF23 may also be involved in the regula-
tion of energy metabolism (discussed later).
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MAGNESIUM

Magnesium (Mg21) is the fourth most abundant of the 
body cations. Approximately 1% of body Mg21 is pres-
ent in the ECF compartment, ,14% in muscle and soft 
tissue, and ,85% in bone where it is found on the 
surface of the hydroxyapatite crystal and of which 
,50% is freely exchangeable.1,3,66 In blood, magnesium 
(1.7 to 2.4 mg/dL 5 0.7 to 1 mmol/L) is partially bound 
to proteins (,30%), complexed to phosphate and other 
anions (,15%), and free Mg21

e (,55%). As with Ca21
e, 

Mg21
e levels rise as pH falls (increased acidity). Intra-

cellularly, magnesium (0.5 mmol/L) is bound to ATP 
and other molecules; ,10% is in the ionic form and 
,60% is within mitochondria. Mg21

e is a cofactor 
in many enzymatic reactions, including those that  
consume or produce ATP. Mg21

e alters free radicals 
and influences nitric oxide synthase, cyclic guanosine 
monophosphate generation, endothelin production, and 
immune function. Mg21

e decreases membrane excitabil-
ity in nerve and muscle cells and blocks the excitatory 
N-methyl D-aspartate receptor. It is a necessary cofac-
tor for the regulation of neuromuscular excitability, 
nerve conduction, oxidative metabolism by mitochon-
dria, glycolysis, phosphorylation, and transcription and 
translation of DNA. It is essential for the secretion  
(but not the synthesis) of PTH by the parathyroid chief 
cell. Net intestinal magnesium absorption is directly 
related to dietary intake and independent of calcitriol.1 
Magnesium is passively absorbed by diffusion through 
voltage-dependent paracellular channels in the small 
intestine and colon in proportion to the intestinal lumi-
nal concentration of this cation. In addition, a small 
component of active, transcellular magnesium absorp-
tion takes place in the colon through transient receptor 
potential melastatin (TRPM)-6 cation transport channels 
complexed with TRPM7 channels.22,67 Loss-of- function 
mutations in TRPM6 result in autosomal recessive hypo-
magnesemia with secondary hypocalcemia due to  
impairment of intestinal (and renal tubular) absorption 
of this cation. The intestinal absorption of magnesium 
may be impaired by high phosphate intake, intestinal 
dysfunction, or chronic laxative abuse. Magnesium is 
also excreted into the intestinal tract.

Seventy percent of serum Mg21
e is ultrafiltrable and 

passes through the renal glomerular membrane; ,95% 
of filtered Mg21 is reabsorbed—,15% in the proximal 
tubule and ,70% in the cortical TALH by passive 
paracellular means and ,10% in the distal convoluted 
tubule—in the latter site by an active transcellular reab-
sorption process.1,66 Approximately 3% to 5% of filtered 
Mg21 is excreted in the urine. In the proximal renal 
tubule, the reabsorption of water results in an increased 
intratubular Mg21 concentration that facilitates its 
paracellular reabsorption.66 In the TALH, Mg21 reab-
sorption occurs through a paracellular pathway that is 
impermeable to water and is propelled by a transepithe-
lial voltage gradient that is lumen positive and generated 
by a Na1-K1-ATPase.66 The voltage gradient requires 
the integrated action of a Na1-K1-Cl2-coupled cotrans-
porter (NKCC2 encoded by SLC12A1), a Cl2 channel 
(CLC-Kb encoded by CLCNKB), and a K1 channel 

(ROMK encoded by KCNJ1). Barttin encoded by BSND 
is an essential beta subunit of the ROMK Cl2 channel.

Mg21 is conducted from the lumen of the TALH to 
the interstitial space and into the vasculature by tight 
junction proteins encoded by the claudin gene family, 
specifically claudins 16 and 19. Tight junction proteins 
bridge intercellular gaps and regulate the movement of 
ions across an epithelial sheet. Paracellin-1 (encoded by 
CLDN16) is a 305-amino-acid, tight junction claudin 
protein whose gene is expressed primarily in the renal 
cortical TALH and distal convoluted tubule; paracellin-1 
has four transmembrane domains with intracellular car-
boxyl and amino terminals.16 Paracellin-1 is also utilized 
for paracellular reabsorption of Ca21 in the TALH. Ho-
mozygous or compound heterozygous loss-of-function 
mutations of CLDN16 lead to familial, autosomal reces-
sive renal hypomagnesemia (type 3) characterized by  
renal wastage of Mg21 in association with hypercalciuria 
and renal calcification (OMIM ID: 248250).68 Claudin 19 is 
a 224-amino-acid tight junction protein. Biallelic inacti-
vating mutations in CLDN19 result in renal wasting of 
Mg21, hypomagnesemia, hypercalciuria, and nephrocal-
cinosis leading to renal failure; additionally, because 
CLDN19 is expressed in the eye, affected subjects have 
decreased vision due to retinal malformation (hypomag-
nesemia type 5, OMIM ID: 248190).

It is primarily in the distal convoluted tubule—the last 
segment of the nephron in which Mg21 is reabsorbed—
that Mg21 is actively transported through apical (luminal) 
membrane TRPM6 channels.22,66,69 The renal tubular 
expression and intracellular movement of TRPM6 is regu-
lated by dietary magnesium, estrogens, acid-base balance, 
and pro-epidermal growth factor (pro-EGF). TRPM7 
(OMIM ID: 605692) is also expressed on the luminal sur-
face of renal cells in the distal convoluted tubule where it 
too facilitates reabsorption of Mg21.69 Other magnesiotro-
pic proteins expressed in the distal convoluted tubule are  
the thiazide sensitive Na1:Cl2 cotransporter, potassium 
channels Kv1.1 and Kir4.1, and hepatocyte nuclear factor 
1B (HNF1B). Biallelic inactivating mutations in TRPM6—
encoding an ion channel positioned on the luminal mem-
branes of colonic cells and cells in the renal distal convo-
luted tubule—result in hypomagnesemia type 1 with 
secondary hypocalcemia (OMIM ID: 602014); this disor-
der presents in early infancy with tetany and seizures and 
is due to both impaired absorption of intestinal Mg21 and 
reabsorption of renal tubular Mg21. Pro-EGF regulates 
the availability and activity of TRPM6 by enabling its 
movement from intracellular sites of storage to the  
luminal plasma membrane of renal distal convoluted  
tubular cells and colonic epithelial cells; biallelic loss of 
EGF leads to hypomagnesemia type 4 (OMIM ID: 
611718). Loss of SLC12A3 and its encoded product—the 
thiazide sensitive Na1:Cl2 cotransporter—leads to re-
duced TRPM6 activity or abundance and the Gitelman 
syndrome (OMIM ID: 263800) of hypomagnesemia, hy-
pocalciuria, and hypokalemic metabolic alkalosis. Loss of 
the voltage-gated K1 channel Kv1.1 (encoded by KCNA1) 
that colocalizes with TRPM6 alters the polarization of 
the renal epithelial cell of the distal convoluted tubule, a 
functional abnormality that impairs activity of TRPM6 
and hence of Mg21 transport resulting in autosomal 
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dominant hypomagnesemia with episodic ataxia, tetany, 
muscular cramping, and myokymia (involuntary, localized 
quivering of a few muscle fibers within a muscle) (OMIM 
ID: 160120). The pathogenesis of hypomagnesemia (OMIM 
ID: 612780) that results from the loss-of-function muta-
tions in KCNJ10 encoding the inwardly rectifying K1 
channel, Kir4.1, is similar to that described for loss of 
KCNA1. Inactivating mutations of KCNJ10 not only lead 
to hypomagnesemia but are also associated with the 
SESAME syndrome (seizures, sensory neural deafness, 
ataxia, mental retardation, electrolyte imbalance, OMIM 
ID: 612780). (In addition to the described Mg21 transport 
proteins, there are several other well-characterized Mg21 
membrane transporters and solute carriers.69)

PTH increases Mg21 reabsorption in the renal TALH 
and distal convoluted tubule; hypermagnesemia and  
hypercalcemia (acting through the CaSR) decrease renal 
tubular magnesium reabsorption, as do expansion of  
extracellular fluid volume, metabolic alkalosis, phosphate 
depletion, loop diuretics, aminoglycoside antibiotics, and 
impaired renal function.1

ALKALINE PHOSPHATASE

The gene (ALPL) encoding tissue-nonspecific alkaline 
phosphatase (TNSALP) is expressed in bone (synthe-
sized by the osteoblast), liver, kidney, and skin fibroblasts. 
Bone ALPL is a 507-amino-acid protein that is generated 
by alternative processing of ALPL utilizing one of 
two leading exons during transcription and translation, 
permitting the osteoblast to synthesize and release a spe-
cific bone isoform. Although TNSALP circulates as a 
homodimer, in tissue it is a homotetrameric ectoenzyme 
(ectophosphatase) located on the osteoblast’s cell surface 
anchored through its carboxyl terminal to cell membrane 
phosphatidylinositol-glycan. In bone, alkaline phospha-
tase (1) binds to collagen type I and prepares skeletal 
matrix for mineralization; (2) hydrolyzes organic phos-
phates, principally pyrophosphate and other polyphos-
phates (discussed later) as well as phosphoethanolamine 
and pyridoxyl-5’-phosphate, the major circulating form 
of vitamin B6, thereby increasing the local concentration 
of phosphate to values that exceed the calcium 3 phos-
phate product encouraging deposition of calcium phos-
phate as hydroxyapatite on collagen type I fibers;  
(3) transports inorganic phosphate and Ca21 into the cell; 
and (4) inactivates pyrophosphate and other inhibitors  
of mineralization (e.g., phosphorylated ASARM derived 
from MEPE) by removing their phosphate moieties.  
The hepatic form of TNSALP is formed by alternative 
splicing of dual exons 1 of ALPL. Hepatic alkaline phos-
phatase converts pyridoxal-5’-phosphate to pyridoxal, 
a compound essential for normal synthesis of neural  
g-aminobutyric acid (GABA), an inhibitory neurotrans-
mitter; without pyridoxal-5’ phosphate central nervous 
system levels of GABA are low and seizures may occur. 
Loss-of-function mutations in ALPL lead to infantile, 
childhood, and adult forms of hypophosphatasia. Three 
genes encoding tissue-specific intestinal, placental, and 
germ cell alkaline phosphatase isoenzymes are clustered 
at chromosome 2q34-q37.

PARATHYROID HORMONE; PARATHYROID 
HORMONE–RELATED PROTEIN; PTH/PTHRP 
RECEPTORS
Parathyroid Hormone
Parathyroid hormone increases concentrations of plasma 
Ca21

e, lowers serum phosphate values, stimulates synthe-
sis of calcitriol, and exerts both anabolic and catabolic 
effects on bone. PTH is synthesized and secreted by the 
chief cells of four paired parathyroid glands that are de-
rived from the endoderm of the dorsal segments of the 
third (paired inferior glands) and fourth (paired superior 
glands) pharyngeal pouches; occasionally, there may be a 
fifth parathyroid gland embedded within the substance of 
the thyroid gland or in the mediastinum.70 The thymus is 
formed by the endoderm of the third pharyngeal pouch 
and calcitonin-synthesizing parafollicular (C) cells of the 
thyroid by that of the fourth pharyngeal pouch. A critical 
transcription factor for the development of the parathy-
roid glands is the nuclear DNA binding transcription 
factor encoded by GCM2 (OMIM ID: 603716). Although 
essential for neural glial cell development in insects, Gcm 
is not expressed in mammalian brain but is expressed pri-
marily in the rodent placenta and thymus (Gcm1) 
and in the parathyroid gland (Gcm2); the pharyngeal 
pouch expression of Gcm2 is maintained by a number 
of homeobox and transcription factors including those 
encoded by Hoxa3, Pax1, Pax9, and Eya1. The human 
homologue of Gcm2 (GCM2 or GCMB) is expressed 
in the parathyroid glands and in intrathymic PTH- 
secreting adenomas but not by normal human thymus.71 
Intragenic deletion or missense mutations of GCM2 
have been identified in subjects with familial, autosomal 
recessive hypoparathyroidism.

PTH is synthesized as a 115-amino-acid preprohor-
mone that is translated into a full-length peptide of 84 
amino acids (PTH1-84). Its synthesis and secretion by chief 
cells of the parathyroid glands is regulated by Ca21

e con-
centrations acting through the CaSR (discussed earlier) 
that either enhance (when Ca21

e concentrations are low) 
or repress (when they are high) transcription of PTH 
and secretion of PTH; Ca21

e values also modulate the rate 
of chief cell proliferation, a response mediated by the 
CaSR. Calcimimetic drugs have inhibitory effects on 
PTH secretion, a property that has made these agents 
useful in the management of patients with excess secre-
tion of PTH such as mild hyperparathyroidism and auto-
somal dominant familial hypocalciuric hypercalcemia. 
Higher serum phosphate values enhance production of 
PTH not only indirectly by lowering of Ca21

e values but 
also by stabilizing PTH mRNA permitting greater trans-
lation of PTH and by stimulation of chief cell replication. 
1a,25-Dihydroxyvitamin D3 (calcitriol) and its synthetic 
analog inhibit transcription of PTH, secretion of PTH, 
and proliferation of chief cells; FGF23 also decreases 
PTH release.70 In response to acute hypocalcemia, PTH 
stored in secretory vesicles is rapidly released; when hypo-
calcemia is prolonged, the secretion of PTH1-84 is 
augmented by a decrease in its rate of intracellular degra-
dation and an increase in the rate of transcription of  
PTH; when hypocalcemia is extended, PTH synthesis and 
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secretion are amplified by increase in chief cell number. 
When Ca21

e values rise, the secretion of PTH is 
decreased acutely by degradation of stored PTH1-84 by 
calcium-responsive proteases within the parathyroid 
glands; if prolonged, hypercalcemia leads to a decrease in 
the expression of PTH, possibly by destabilization of PTH 
mRNA, and to a decline in the number of chief cells.70 
PTH is composed of three exons; exon 1 is transcribed but 
not translated; the second and third exons of PTH encode 
the prepro-PTH sequence of 115 amino acids.

The stability, translation, and intracellular transloca-
tion of PTH mRNA are regulated by binding of cytosolic 
proteins to the 3’-untranslated region of PTH mRNA; 
these proteins include a member of the dynein complex 
that also binds to microtubules within the parathyroid 
chief cell and heterogeneous nuclear ribonucleoprotein 
D (HNRPD or AUF1) that directs mRNA into the pro-
teasomal pathway of degradation.72 The amino terminal 
25-amino-acid signal sequence (encoded by exon 2) of  
115-amino-acid prepro-PTH is removed by furin, a pro-
hormone convertase, as the polypeptide leaves the endo-
plasmic reticulum forming the 90-amino-acid pro-PTH 
(encoded by exon 3) that is then further processed in the 
Golgi apparatus by furin to mature human 84-amino-acid 
PTH. PTH1-84 is stored in secretory vesicles and gran-
ules from which it is either secreted by an exocytic 
mechanism or degraded by calcium-sensitive proteases 
(cathepsins B and H co-localized within the vesicles) to 
smaller amino and carboxyl terminal fragments of PTH. 
PTH degradation represents an important mechanism 
that regulates the release of intact bioactive PTH1-84 and 
is accelerated when the plasma Ca21

e concentration is 
elevated. The full biologic activity of PTH1-84 is found in 
its first 34-amino-acid sequence and all of its skeletal and 
renal affects (discussed later) are localized within the  
segment PTH1-31. Amino acids numbers 1 and 2 (ser-val) 
comprise an activation sequence that is essential for bio-
activity of the amino terminal portion of PTH1-84. Amino 
acids 20 through 26 constitute a core sequence necessary 
for binding to the amino-terminal ectodomain of the 
PTH receptor (discussed later); within this 7-amino-acid 
sequence, Arg20 and Trp23 are critically important for 
binding of the PTH ligand to its receptor.73 In addition 
to intact PTH1-84, the parathyroid glands secrete a phos-
phorylated form of PTH1-84 and carboxyl terminal PTH 
fragments of varying length, but they do not  
secrete amino terminal fragments of PTH1-84.74,75 The 
half-life of circulating PTH1-84 is approximately 2 minutes; 
it is rapidly metabolized by the liver and excreted by  
the kidney. In the hepatic Kupffer cells, PTH1-84 is 
cleaved usually either between amino acids 33 and 34 or 
between amino acids 36 and 37 to carboxyl terminal 
PTH peptides with half-lives of approximately 15 to  
20 minutes. In the kidney, intact and carboxyl terminal 
fragments of PTH are filtered by the glomerulus, reab-
sorbed across the apical membrane of proximal renal tu-
bular cells, and then degraded to smaller fragments. 
Megalin, a multifunctional low-density lipoprotein-related 
receptor (encoded by LRP2) expressed in coated pits on 
the luminal/apical surface (as well as endocytic vacuoles 
and lysosomes) of proximal renal tubular cells specifically 
recognizes intact PTH1-84 and amino terminal fragments 

of PTH and mediates the renal tubular endocytosis  
of intact PTH1-84 that has been filtered through the 
glomerulus.

The classical functions of PTH1-84 as well as its shorter 
amino peptide derivatives PTH1-34 and PTH1-31 upon 
regulation of calcium and phosphate homeostasis are car-
ried out through the seven-transmembrane, G-protein 
coupled type 1 PTH/PTHrP receptor (discussed later) 
expressed in the renal tubule and osteoblast. Thus,  
with equal potency PTH1-84, PTH1-34, and PTH1-31 
(1) inhibit renal tubular reabsorption of phosphate thereby 
increasing its urinary excretion; (2) increase renal tubular 
reabsorption of Ca21; (3) augment renal synthesis of 
calcitriol by enhancing expression of CYP27B1 (encod-
ing 25-hydroxyvitamin D3-1a-hydroxylase) thereby 
amplifying intestinal absorption of calcium; (4) stimulate 
osteoblast production of receptor activator of nuclear  
factor kB-ligand (RANKL), thus enhancing osteoclasto-
genesis and osteoclastic reabsorption of calcium; and  
(5) mediate the anabolic effects of PTH on the volume and 
microarchitecture of bone.76 PTH1-84, PTH1-34, and PTH1-31 
stimulate intracellular signal transduction through several 
G protein–coupled pathways including the Gsa subunit-
adenylyl cyclase-cyclic adenosine monophosphate 
(AMP)-PKA and the Gq11-phospholipase C (PLC)-IP3/
diacylglycerol (DAG)-Ca21-PKC-MAPK signal transduc-
tion pathways. Furthermore, PTH1-84 and PTH1-34 
can induce cell function through b-arrestin that does not 
involve a G protein (discussed later) that in turn activates 
intracellular signaling pathways mediated by MAPK,  
protein kinase B (PKB), and PI3K.75,77

As noted, multiple carboxyl-terminal peptides derived 
from PTH1-84 circulate; they are either secreted directly 
by the parathyroid chief cells or return to the circulation 
after metabolism of intact PTH1-84 by hepatic Kupffer 
cells.75 Indeed, carboxyl terminal fragments of PTH1-84 
are secreted in greater abundance from the parathyroid 
glands than is intact PTH1-84, and the proportion of 
carboxyl terminal fragments secreted increases as the 
ambient Ca21 concentration rises. Amino terminal frag-
ments generated by hepatic degradation of PTH1-84 are 
degraded further within the liver and do not recirculate. 
PTH1-84 and the carboxyl terminal fragments of PTH are 
filtered by the kidneys; the carboxyl terminal fragments 
are reabsorbed by the renal tubules and further degraded 
intracellularly. The kidneys are not a major source of 
circulating carboxyl terminal fragments of PTH. Among 
the carboxyl terminal fragments of PTH found in circu-
lation are PTH7-84,24-84,34-84,37-84,41-84,43-84. They are also 
extracted from serum by the kidneys, muscle, and bone.

In addition to their classical effects on mineral homeo-
stasis, several nonclassical actions of PTH1-84 have been 
identified, including (1) rapid and direct stimulation of 
intestinal calcium absorption independent of its effects 
on vitamin D metabolism, (2) stimulation of hepatic  
gluconeogenesis, (3) acute natriuresis and calciuresis, and 
(4) enhancement of neutrophil movement in vitro.75 
Inasmuch as many of these nonclassical biologic effects of 
intact PTH are not replicated by the amino terminal 
fragment PTH1-34, it has been suggested that they may 
be related to the carboxyl terminal portion of the protein. 
Indeed, the carboxyl terminal fragments of PTH may 
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have biologic functions that oppose those of the amino 
terminal portion of PTH—namely, hypocalcemic prop-
erties that are perhaps mediated by pro-apoptotic effects 
on both osteoclasts and osteocytes.78 Thus, PTH7-84 low-
ers serum calcium levels in parathyroidectomized rats 
maintained eucalcemic by diet and antagonizes PTH1-84-
stimulated increase in calcium concentrations, urinary 
phosphate excretion, and bone turnover.55 PTH7-84 
directly lowers the rate of bone resorption and suppresses 
the bone resorbing effects of PTH1-34, calcitriol, prosta-
glandin E2, and interleukin (IL)-11. However, PTH39-84 
and PTH53-84 augment the biologic effects of PTH1-34. 
PTH7-84 does not bind to the PTH/PTHrP receptor 
nor does it inhibit PTH1-84–mediated increase in cyclic 
AMP generation implying that PTH7-84 likely acts 
through a receptor other than PTH1R (discussed later).

Because there are multiple circulating forms of PTH, 
its immunologic measurement is dependent on the spec-
ificity of the antibody(ies) employed in the assay. When a 
first-generation polyclonal PTH radioimmunoassay is 
utilized, both intact and carboxyl terminal fragments of 
PTH are usually measured. Use of second-generation 
immunoradiometric and immunochemiluminometric  
assays employing dual monoclonal antibodies, the first 
directed toward an epitope within the amino terminal of 
PTH (amino acids 20 to 25) and the second specific for 
an epitope in the carboxyl terminal of PTH (e.g., amino 
acids 59 to 78), improves the specificity of immunologic 
assays for intact PTH1-84. Nevertheless, most of these 
assays detect both intact and selected carboxyl-terminal 
fragments of PTH and consequently measured PTH 
values may be inappropriately high, particularly in  
patients with chronic renal insufficiency in whom circu-
lating levels of carboxyl terminal fragments of PTH  
are high.79,80,81 Furthermore, the comparability of PTH 
assays from different commercial sources is often lim-
ited.82,83 Employing a two site immunochemiluminescent 
assay, serum PTH concentrations average approximately 
11 to 13 pg/mL and range between 2.3 and 24.5 pg/mL 
in children and adolescents 2 to 16 years of age; values do 
not vary with age but are a bit higher in girls than boys.84 
Development of “third-generation” of PTH assays that 
employ antibodies that are directed to an epitope of the 
first four amino acids of PTH has improved the specific-
ity and stability of assays for PTH1-84, but their clinical 
advantage is uncertain.85,86 A “fourth generation” of 
PTH assays is under development that employs immu-
noaffinity, in situ digestion, liquid chromatography, and 
tandem mass spectrometry to separate PTH1-84 from 
smaller PTH fragments.81

The synthesis and secretion of PTH1-84 and its various 
fragments are modulated for the most part by the serum 
Ca21

e concentration acting through the CaSR expressed 
on the plasma membrane of the parathyroid chief cell. 
Because a change in serum Ca21

e concentration sensed 
by the parathyroid chief cell CaSR is quickly reflected in 
changes in cytosolic Ca21

i levels, the release of PTH 
can be regulated on a minute-to-minute basis. Rapidly 
declining as well as steady-state low serum concentra-
tions of Ca21

e increase PTH secretion by accelerating 
its release from storage sites in secretory vesicles; hypo-
calcemia also raises intracellular levels of PTH mRNA by 

increasing the transcription rate of PTH and enhancing 
the stability of PTH mRNA by its posttranscriptional 
binding to cytosolic proteins.3,70 Hypercalcemia decreases 
PTH transcription and destabilizes and thence lowers 
cellular levels of PTH mRNA. The serum Ca21

e concen-
tration also determines the form of PTH released by  
the parathyroid gland; during hypocalcemia, PTH1-84 is 
the predominant form secreted; in hypercalcemic states, 
carboxyl terminal fragments of PTH are released in 
abundance.

Low serum phosphate concentrations exert an inde-
pendent and direct inhibitory effect on the transcription 
of PTH, posttranscriptional PTH mRNA stability, PTH 
secretion, and proliferation of parathyroid chief cells; 
hyperphosphatemia increases PTH secretion by lower-
ing plasma concentrations of Ca21 and by enhancing 
the stability of PTH mRNA.70 Prolonged hyperphospha-
temia contributes to hyperplasia of the parathyroid glands 
frequently encountered in patients with chronic renal 
disease. Calcitriol directly inhibits PTH transcription 
acting through the VDR and the vitamin D response  
element (VDRE) in the 5’-untranslated region of PTH 
that associates with a transcriptional repressor factor 
(discussed later). Calcitriol also controls expression of 
CASR and of VDR and decreases proliferation of para-
thyroid cells. However, chronic hypocalcemia overcomes 
the suppressive effects of calcitriol on PTH transcription 
by decreasing the VDR number in the parathyroid chief 
cell. FGF23 released by osteocytes and osteoblasts  
directly impedes synthesis and secretion of PTH. Both 
hypomagnesemia and hypermagnesemia inhibit release 
but not synthesis of PTH. Other agents that increase 
PTH release include b-adrenergic agonists, dopamine, 
prostaglandin E, potassium (by decreasing cytosolic Ca21

i 
levels within the parathyroid chief cell), prolactin, lith-
ium (by resetting the set-point for PTH release),  
glucocorticoids, estrogens, and progestins. Prostaglandin 
F2a, a-adrenergic agonists, and fluoride suppress PTH 
release by increasing Ca21

i values.
PTH regulates the serum concentration of Ca21

e di-
rectly by stimulating its reabsorption in the distal renal 
tubule and from the skeleton and indirectly by augment-
ing the intestinal absorption of calcium by increasing the 
synthesis of calcitriol. In bone, PTH enhances osteoclast 
differentiation and maturation indirectly by acting on 
and through stromal cells and osteoblasts to increase 
synthesis of RANKL, an activator of osteoclastogenesis, 
and to suppress that of osteoprotegerin, a decoy receptor 
for RANKL (discussed later). When administered inter-
mittently, PTH1-84 and PTH1-34 exert anabolic effects on 
skeletal mass by increasing osteoblast number by acceler-
ating their differentiation from progenitor cells and from 
inactive bone-lining cells. They do so in part by decreas-
ing the stimulatory effects of the peroxisome proliferator 
activator receptor gamma (PPARg) on mesenchymal 
stem cell differentiation into adipocytes permitting their 
differentiation into osteoblasts, by augmenting the rate 
of osteoblast proliferation, and by reducing the rate of 
apoptosis of osteoblasts.76,87 The anabolic effects of PTH 
on bone formation are further mediated by enhancing 
synthesis and release of matrix-embedded growth factors 
such as locally generated insulin-like growth factor-I 
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(IGF-I), which has positive effects on differentiation  
and survival of osteoblasts, by stimulating the WNT-
Frizzled-b-catenin pathway of osteoblastogenesis, and by 
inhibiting antagonists to bone formation such as sclerostin. 
Additionally, through promotion of b-arrestin–mediated 
intracellular signal transduction, PTH increases trabecular 
number and volume.76,77 Thus, PTH stimulates anabolism 
of bone mineralization, whereas bisphosphonates exert an 
antiresorptive effect.88 PTH stimulates calcitriol synthesis 
by increasing renal tubular expression of CYP27B1, the 
gene encoding 25-hydroxyvitamin D3-1a-hydroxylase, the 
enzyme that catalyzes the synthesis of calcitriol from cal-
cidiol (discussed later). PTH depresses the proximal and 
distal renal tubular reabsorption of phosphate by decreas-
ing the expression of SLC34A1, encoding a Na1-HPO4 
cotransporter, thus increasing the urinary excretion of this 
anion (discussed previously). In addition, PTH directly 
stimulates secretion of bone-derived FGF23, thereby  
further increasing urinary phosphate excretion; PTH  
also indirectly stimulates FGF23 release by lowering  
serum phosphate concentrations and increasing those of 
calcitriol.89

Parathyroid Hormone–Related Protein
Parathyroid hormone–related protein (PTHrP) was  
initially identified as a major cause of humoral hypercal-
cemia of malignancy. PTH and PTHrP have evolved 
from a common ancestral gene through gene duplica-
tion. They share 8 of their first 13 amino acids (the site 
of the activating domain for the common PTH/PTHrP 
receptor); although their amino acid sequences diverge 
thereafter, the predicted three-dimensional structures of 
the next 21 amino acids are similar.90,91 Both peptides 
bind to the PTH/PTHrP receptor (PTH1R), although 
their receptor binding domains are distinct; PTH binds 
more avidly to PTH1R and elicits a greater hypercalce-
mic response than does PTHrP.91 PTHrP is synthesized 
by many fetal and adult tissues (cartilage, bone, smooth, 
cardiac and skeletal muscle, skin, breast, intestines, para-
thyroid glands, pancreatic islets, pituitary, placenta,  
and central nervous system) and plays a crucial role in 
chondrocyte differentiation and maturation, formation 
of the mammary gland and eruption of teeth, epidermal 
and hair follicle growth, and other developmental 
events.90,91 Whereas PTH acts as an endocrine hormone 
on tissues distant from its source—the parathyroid 
glands, except in patients with humoral hypercalcemia  
of malignancy when PTHrP or segments thereof are 
secreted into the circulation and during lactation—
PTHrP is synthesized locally and acts primarily as a 
paracrine, autocrine, or intracrine messenger. Although 
the secretion of PTH is regulated by Ca21

e levels and 
fluctuates rapidly, the production of PTHrP is constitu-
tive and is controlled at the point of expression of its 
encoding gene (PTHLH). PTHLH is transcribed and 
translated into 139-, 141-, and 173-amino-acid isoforms.3,87 
In addition, amino (PTHrP1-36) and midregion and 
carboxyl terminal (PTHrP38-94,38-95,38-101,107-138,109-138) 
products of PTHLH are formed by the actions of 
prohormone convertases during posttranslational  
processing in specific tissues.90,91 The smaller peptides 

(PTHrP1-36,38-95,38-101,108-138,109-138) may act as paracrine 
factors or be secreted into the circulation. PTHrP se-
creted by fetal parathyroid glands and the PTHrP37-94 
midregion fragment synthesized by the placenta increase  
placental calcium transport. Intact PTHrP binds only to 
PTH1R, through which receptor it exerts its biologic 
effects on mineral homeostasis. Carboxyl terminal frag-
ments of PTHrP may act through as yet unidentified 
receptors. Because transcription of PTHLH can begin 
in an exon downstream of the exon that encodes the 
signal peptide of this protein, after synthesis PTHrP can 
remain in the cytoplasm and be directly imported into 
the nucleus.91 (A nuclear localization sequence is present 
between amino acids 84 and 93 in the PTHrP molecule.) 
PTHrP is shuttled into the nucleus bound to importin 
b1 where it binds to and perhaps regulates RNA traffick-
ing, protein translation, and ribosomal dynamics, thereby 
influencing cell proliferation and survival.90,91 Acting 
through the vitamin D nuclear receptor, calcitriol im-
pairs the synthesis of PTHrP by down-regulating tran-
scription of PTHLH and decreasing stability of PTHrP 
mRNA, thereby increasing the rate of intracellular  
degradation of the PTHrP protein.

Although the effects of PTHrP1-36,1-141 on calcium, 
phosphate, and vitamin D metabolism are similar to 
those of PTH, the major roles of this and other segments 
of PTHrP in many developmental processes, including 
those of breast, teeth, cartilage, and endochondral bone, 
distinguish PTHrP from PTH (Table 8-4). In the fetus, 
periarticular chondrocytes located at the ends of long 
bones synthesize PTHrP in response to Indian hedgehog 
(IHH), a protein secreted by late proliferative–early  
prehypertrophic chondrocytes that functions through its 
receptor, Patched 1 (please refer to Figure 8-9, presented 
later in the chapter). PTHrP enters into and diffuses 
through the growth plate and signals prehypertrophic 
chondrocytes through PTH1R to slow their rate of  
differentiation to hypertrophic chondrocytes—thus pro-
longing the stage of proliferation and delaying ossifica-
tion, thereby increasing the length of the cartilaginous 
growth plate and the long bone.90,91 In addition to stimu-
lating the secretion of PTHrP, IHH increases the rate  
of growth plate chondrocyte proliferation, which also 
directs differentiation of perichondrial cells to osteo-
blasts. In the postnatal mouse, PTHrP is produced by the 
proximal resting/undifferentiated and early proliferating 
chondrocytes in response to IHH.92 Biallelic loss of 
PTHrP in knockout mice is lethal due to bony malforma-
tions. In Pthlh2/2 mice, there is decrease in the number 
of resting and proliferating chondrocytes; the columnar 
organization of the growth plate is disrupted, there is 
premature acceleration of chondrocyte maturation and 
apoptosis, and inappropriate ossification resulting in  
a dwarfing phenotype (a domed and foreshortened  
cranium, short limbs, small thorax) that is similar to  
that of Blomstrand chondrodysplasia (OMIM ID: 215045), 
a disorder associated with loss-of-function mutations of 
PTH1R.93 Mice in which expression of Pthlh has been 
maintained only in chondrocytes survive but display 
small stature, cranial chondrodystrophy, and failure of 
tooth eruption. In the heterozygous state (Pthlh1/2), 
mouse fetal development is normal but by 3 months of 

http://www.omim.org/entry/215045
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age the trabeculae of the long bones are osteopenic; a 
similar bone phenotype is noted when loss of Pthlh 
expression is confined to osteoblasts.94 For comparison, 
in mice in which Pth has been knocked out, there is 
decreased mineralization of cartilage matrix, expression 
of vascular endothelial growth factor (VEGF) and neo-
vascularization, osteoblast number, and trabecular bone 
volume.95 Thus, both PTH and PTHrP are necessary for 
normal fetal endochondral bone development. Cortical 
thickness of long bones is increased in both Pth- and 
Pthlh-null mouse models, indicating that the regulation 
of endochondral and periosteal osteoblast function  
differs. The production of PTHrP by mice osteoblasts  
in vitro can be increased by mechanical deformation, 
suggesting that PTHrP may play a role in the response 
to skeletal loading.90

The placental transport of calcium is dependent on 
PTHrP produced by the placenta itself, as the maternal-
fetal calcium gradient is lost in its absence and may be 
restored by administration of a midmolecular frag-
ment.90,91,94 Both PTH and PTHrP are required for 
normal mineral homeostasis in utero. In mice that lack 
parathyroid glands, fetal serum calcium and magnesium 
concentrations are low and phosphate levels are elevated; 
to a lesser extent similar changes occur with loss of  
expression of Pthlh.96 PTH does not regulate placental 
calcium transfer, whereas PTHrP is critically important 
for this process.91 PTHrP is essential for normal nipple 
and mammary gland development in utero; this protein 
promotes differentiation of mesenchymal tissue sur-
rounding the budding epithelial mammary ducts; PTHrP 

is also important for terminal differentiation of the mam-
mary system during puberty.90,91 During lactation, mam-
mary expression of PTHLH and secretion of PTHrP 
increases whereas production of estrogens declines,  
permitting unopposed PTHrP-induced mobilization of 
maternal skeletal calcium necessary for the breastfed  
infant but substantially decreasing maternal bone mineral 
content, a process that is reversed when lactation ceases.97 
PTHrP also is expressed and presumably functional in 
smooth muscle (stomach, urinary bladder, vasculature), 
cardiac muscle, pancreatic islet cells, and central and pe-
ripheral nervous systems; it is essential for the eruption 
of developing teeth.90 Serum concentrations of PTHrP 
are low except when it is secreted by tumors leading to 
humoral hypercalcemia of cancer. There are high levels 
of PTHrP in breast milk and low concentrations of 
PTHrP may be measurable in the serum of lactating 
women.

Parathyroid Hormone and Parathyroid 
Hormone–Related Protein Receptors
PTH and PTHrP bind with equal affinity to a common 
receptor (PTH1R) through which most of the classical 
mineral homeostatic physiologic functions of these  
peptides are exerted. PTH1R is a 585-amino-acid protein 
that is a member of the class B family of GPCRs (whose 
ligands are calcitonin, growth hormone releasing  
hormone, secretin, glucagon, glucagon-like peptide 1, 
gastric inhibiting polypeptide, vasoactive intestinal poly-
peptide, corticotropin-releasing hormone, and pituitary 

Site Action

Mesenchyma 
Subarticular cells/ 

prechondrocytes
PTHrP depresses the rate of differentiation of late proliferating chondrocytes to hypertrophic  

chondrocytes and delays ossification, thus permitting increased longitudinal growth of the  
cartilaginous growth plate

Bone Enhances or depresses bone resorption
Smooth muscle Relaxation
Vascular system 

Myometrium 
Urinary bladder 
Cardiac muscle Positive chronotropic and inotropic effects
Skeletal muscle
Epithelia
Skin Regulates proliferation of keratinocytes
Breast Induces ductal branching and formation of breast epithelium, secreted into milk, drives mobilization of 

calcium from maternal bone for transfer to nursing infant
Teeth Stimulates resorption of overlying bone enabling eruption
Endocrine system
Parathyroid glands Stimulates transport of calcium
Pancreatic islets Stored and cosecreted with insulin
Placenta Enhances calcium transport from mother to fetus
Central nervous 

system
Neuroprotective by antagonizing excessive calcium-related excitotoxicity

TABLE 8-4  Parathyroid Hormone–Related Protein: Sites of Expression and Action

Compiled and adapted from Wysolmerski, J. J. (2008). Parathyroid hormone-related protein. In C. J. Rosen (Ed.), Primer on the metabolic 
bone diseases and disorders of mineral metabolism (pp. 127–133) (7th ed.). Washington DC: The American Society of Bone and Mineral 
Metabolism.; Wysolmerski, J. J. (2012). Parathyroid hormone-related protein: an update. J Clin Endocrinol Metab, 97, 2947–2956.
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adenylate cyclase activating protein 1) that are characterized 
by long extracellular amino terminal domains (,160-amino-
acidd residues) with multiple cysteine residues forming 
disulfide bridges. PTH1R has an extracellular domain,  
7 transmembrane spanning segments connected by three 
extracellular and three intracellular loops, and an intra-
cellular domain with which the signaling G-protein inter-
acts. PTH1R is composed of 15 exons; there are three 
promoters that regulate expression of PTH1R. As 
a result of alternative mRNA splicing, there are several 
isoforms of the PTH/PTHrP receptor. The amino  
terminal sequences of PTH and PTHrP are essential for 
activation of PTH1R and for binding to the extracellular 
domain of PTH1R.3,75,98 The amino terminal extracel-
lular domain of PTH1R contains six conserved cysteine 
residues that form three disulfide bonds; clustered near 
the first transmembrane domain are four glycosylated 
asparagine residues. Prior to association with its ligands, 
PTH1R is present as a homodimer—the carboxyl por-
tion of the amino terminal extracellular domain (amino 
acids 29-187, the core domain linking the extracellular 
domain to the first transmembrane helix) of one PTH1R 
molecule forms an a helix that mimics the receptor bind-
ing structure(s) involving amino acids 20-26 of PTH/
PTHrP that is recognized by and binds to the ligand 
binding groove of the extracellular domain of its  
companion PTH1R, thus forming a homodimer of  
two PTH1Rs.98 Of critical importance to PTH1R di-
merization are amino acid residues Arg179 and Val183, 
as their experimental loss renders PTH1R incapable of 
dimerization but still able to bind PTH and signal 
through Gsa. Interaction with ligand disrupts the ho-
modimeric structure of PTH1R that then acts as a mono-
mer to activate intracellular signal transduction.

The most important core region for binding of PTH 
to the ectodomain of PTH1R lies between PTH:Arg20-
Lys26 and requires both Arg20 and Trp23.73 Trp23 
interacts with Ile38, Leu41, and Ile135 within the extra-
cellular domain of PTH1R. The first 10 amino acids of 
PTH within which is the PTH1R activating region do 
not interact with the ectodomain of PTH1R but rather 
with its extracellular loops (also termed the “J” or juxta-
membrane domains). Interaction of PTH with PTH1R 
activates both Gas and Gaq11 proteins and their respective 
signal transduction pathways.3 After inducing intracel-
lular signaling, PTH1R is phosphorylated by GPCR 
kinases (GRKs), thereby facilitating binding of b-arrestin 
(encoded by ARBB2, OMIM ID: 197841) leading to in-
activation of PTH1R, its internalization, and subsequent 
destruction or reutilization.77 The latter processes 
require ubiquitination of PTH1R and b-arrestin and 
proteasomal processing. By an alternate pathway,  
carboxyl terminal PTH peptides may also promote en-
docytosis of PTH1R.75 Once internalized, PTH1R may 
be degraded, recycled to the cell membrane, or directed 
to the nucleus by importins-a1 and -b where it is found 
in the nucleoplasm.99 The role of nuclear PTH1R in 
relaying the biologic effects of PTH and PTHrP is  
unknown.

Interaction of PTH with PTH1R activates Gsa, 
resulting in adenylate cyclase–mediated cyclic AMP  
production leading to intracellular signal transduction 

through PKA. Binding of PTH to PTH1R also activates 
Gq/11 signal transduction through PLC, leading to the 
formation of IP3 and DAG from cell membrane-bound 
phosphoinositide, mobilization of Ca21 from the endo-
plasmic reticulum, and activation of PKC.77 (In the 
kidney, PTH1R is expressed on the apical and basolateral 
surfaces of cell in the proximal renal tubule; binding of 
PTH to apical PTH1R preferentially signals through 
cyclic AMP-PKA, whereas interaction of PTH with  
basolateral PTH1R activates the PLC-PKC signal trans-
duction pathway.) Through both PKA and PKC, PTH/
PTH1R activates the MAPK signal transduction system 
of extracellular signal-regulated kinases (ERK)-1,2  
allowing regulation of cell differentiation, division, 
growth, and apoptosis. In addition to participating in the 
internalization of the PTH-PTH1R complex, b-arrestin 
enables it to stimulate intracellular signaling in a manner 
that is independent of G-proteins; the GRK-mediated pat-
terns of proline phosphorylation of PTH1R and b-arrestin 
likely determine their conformations and functional  
activities.100 Thus, interaction of PTH-PTH1R with 
b-arrestin may also activate the MAPK signaling system 
and facilitate PI3K and PKB (AKT) intracellular signal 
transduction pathways.77 PTH-PTH1R activation of the 
MAPK pathway through the G-protein pathway is rapid 
and brief, lasting only a few minutes, whereas activation 
through the b-arrestin pathway is slow and sustained 
over hours. Another mechanism through which PTH/
PTH1R interaction affects cellular function is by the 
binding of PTH1R to the Na1-H1 exchanger regulatory 
factor 2 (NHERF2, encoded by SLC9A3R2) with conse-
quent stimulation of PLC activity and inhibition of ade-
nylyl cyclase activity.101 In the kidney, PTH1R binds to 
NHERF1 (encoded by SLC9A3R1), an essential factor 
for trafficking of the phosphate channel NPT2a to the 
luminal membrane of cells in the proximal renal tubule.50 
In the proximal renal tubule, linking of PTH to PTH1R 
increases cyclic AMP production leading to a decrease in 
the internalization and expression of the sodium- 
phosphate cotransporters and an increase in urinary 
phosphate excretion; association of PTH1R with 
NHERF1 blunts the phosphaturic effect of PTH.50 
Therefore, disruption of PTH1R-NHERF1 interaction 
leads to renal wasting of phosphate. Agonists of PTH 
have been synthesized that can bias the selection of the 
signal transduction pathway utilized; a biased agonist 
might stabilize a receptor conformation that stimulates a 
specific signal transduction sequence or activate one 
pathway while simultaneously inhibiting another.77,100 
Thus, PTH1-34 stimulates Gsa, Gaq11, and b-arrestin in-
tracellular signaling systems, whereas PTH1-31 preferen-
tially enhances signaling through Gsa and PTH3-34 
through Gq/11. D-Trp12, Tyr34 -PTH7-34 is a PTH1R 
agonist that acts through the b-arrestin pathway.

PTH1R is expressed in renal tubular cells and osteoblasts, 
skin, breast, heart, and pancreas, among other tissues—
the latter sites reflecting the paracrine targets of PTHrP. 
PTH, PTHrP, and calcitriol decrease expression of 
PTH1R. Targeted loss of PTH1R is accompanied by 
impaired proliferation of chondrocytes and acceleration 
of chondrocyte maturation and calcification, an outcome 
mimicked by targeted loss of Gsa in chondrocytes.75,94 

http://www.omim.org/entry/197841
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Clinically, inactivating mutations in PTH1R result in 
hypocalcemia and Blomstrand chondrodysplasia (OMIM 
ID: 215045), whereas constitutively activating mutations 
of PTH1R lead to hypercalcemia and Jansen metaphyseal 
chondrodysplasia (OMIM ID: 156400). The abnormalities 
of chondrocyte maturation seen experimentally with in-
activating mutations of Pth1r are mimicked to an extent 
by loss-of-function mutations of Pthlh as well. The loss of 
PTH results in an aberrant formation of primary spon-
giosa of long bone and defective mineralization.95

A second PTH receptor (PTHR2) is selectively acti-
vated by PTH but does not recognize PTHrP; PTH 
specificity is determined by Ile5 and Trp23 in native PTH, 
sites that affect activation and binding, respectively.75 
PTHR2 encodes a 539-amino-acid GPCR with 50% ho-
mology to PTH1R that activates adenylyl cyclase; it is  
expressed predominantly in brain, testis, placenta, and pan-
creas, but not in bone or kidney; its physiologic role is un-
certain. In response to PTH1-84, PTHR2 enhances both 
cyclic AMP generation and Ca21 mobilization. However, 
the naturally occurring endogenous ligand for PTHR2 is 
not PTH but the 39-amino-acid PTH-related hypotha-
lamic tuberoinfundibular peptide (TIP39); this protein is 
also expressed in the testis and various central nervous sys-
tem regions.91 A third PTH receptor that recognizes amino 
terminal sequences of PTH has been identified in zebra 
fish and termed type-3 PTH receptor (zPTHR3); rat PTH 
binds to this receptor and activates adenylyl cyclase75. Spe-
cific receptors recognizing the amino terminal sequences of 
PTHrP have been found in brain and skin; PTHrP stimu-
lates the release of arginine vasopressin from the supraoptic 
nucleus in vitro.75

Although as yet not molecularly characterized, receptors 
for carboxyl terminal fragments of PTH1-84 have been 
identified as renal and bone cell binding sites for PTH1-84 
from which intact hormone can be only partially displaced 
by PTH1-34 but can be further displaced by PTH53-84 and 
PTH69-84.75 In addition, in osteocytes, osteoblasts, and 
chondrocytes from which the PTH/PTHrP receptor has 
been “knocked out” and to which intact PTH1-84 but not 
PTH1-34 binds, labeled PTH1-84 can be displaced by car-
boxyl terminal PTH19-84,28-84,39-84 fragments. Important de-
terminants for binding of PTH to the carboxyl terminal 
selective receptor(s) appear to be amino acids 24-27 (Leu-
Arg-Lys-Lys) and 53-54 (Lys-Lys). Furthermore, carboxyl 
terminal fragments of PTH exert biologic effects in intact 
and PTH1R-null cells such as regulation of alkaline phos-
phatase activity in osteosarcoma cells and osteoblasts  
(but not generation of collagen type I), stimulation of Ca21 
uptake by osteosarcoma cells and chondrocytes, and cell 
survival in vitro. Thus, the physiologic actions of PTH 
likely reflect the integrated sum of the individual func-
tions of the intact hormone and its carboxyl terminal frag-
ments. The membrane sites that bind carboxyl terminal 
fragments of PTH do not recognize carboxyl terminal 
fragments of PTHrP.

CALCITONIN

Calcitonin is a 32-amino-acid peptide that in mammals is 
secreted by the neural crest-derived parafollicular (C) 

cells of the thyroid gland in response to rising concentra-
tions of Ca21

e.3 Calcitonin lowers concentrations of 
Ca21

e by inhibiting osteoclastic bone resorption. After 
binding of calcitonin to its GPCR expressed on the os-
teoclast cell membrane, the morphology of the ruffled 
membrane of the functioning osteoclast flattens causing 
it to withdraw from the bone reabsorption site, thereby 
lowering Ca21

e concentrations.102 Calcitonin also de-
creases renal tubular reabsorption of filtered calcium. 
Calcitonin is encoded by a six-exon gene (CALCA) 
that by alternative transcription and translation forms a 
141-amino-acid protein from which calcitonin (exon 4) 
and katacalcin, a 21-amino-acid hypocalcemic peptide 
adjacent to the carboxyl terminus of calcitonin, are de-
rived, and a 128-amino-acid protein from which is 
gleaned the 37-amino-acid calcitonin gene–related  
peptide-a (exon 5), a vasodilator and neurotransmitter 
that also interacts with the calcitonin receptor. Calcito-
nin is also expressed by cells in the adenohypophysis  
and brain and by neuroendocrine cells in the lung and 
elsewhere. Calcitonin is produced in excess by medullary 
carcinoma of the thyroid and, at times, by other neuro-
endocrine tumors. The calcitonins of multiple species 
share similar structures including five of the first seven 
amino terminal amino acids, a disulfide bridge between 
amino acids 1 and 7, glycine at amino acid residue 28, and 
a proline amide residue at carboxyl terminal amino acid 
32. In the interior of the peptide, species other than  
human have several basic amino acids that make them 
more stable and easily recognized by the human calcito-
nin receptor and thus more biologically potent (e.g., 
therapeutically useful salmon calcitonin).

Calcitonin secretion is stimulated primarily by in-
creasing concentrations of Ca21

e transduced by the CaSR 
expressed on the plasma membrane of the C cell.3 Mem-
bers of the gastrin-cholecystokinin intestinal peptide 
hormone family (gastrin, glucagon, pancreozymin), glu-
cocorticoids, and b-adrenergic agonists are also potent 
calcitonin secretagogues3,102. Calcium, pentagastrin, and 
glucagon are effective stimuli employed to assess calcito-
nin secretion clinically. Somatostatin, calcitriol, and 
chromogranin A1-40 inhibit and chromogranin A403-428 
stimulates calcitonin secretion. Calcitonin secretion falls 
as the Ca21

e concentration declines. The half-life of cal-
citonin is brief; it is metabolized primarily by the kidney 
and also by liver, bone, and thyroid gland. Serum levels 
of calcitonin are high in the fetus (when serum total cal-
cium concentrations are normally 12 to 13 mg/dL) and 
newborn, fall rapidly after birth as Ca21

e values decline 
and then fall more slowly until 3 years of age, remaining 
relatively constant thereafter (, 12 pg/mL). After 10 years 
of age, serum concentrations of calcitonin are higher in 
males than in females. The physiologic role of calcitonin is 
unclear as serum calcium concentrations are normal  
in patients with both decreased (primary congenital or 
acquired hypothyroidism) and increased (medullary carci-
noma of the thyroid) secretion of this peptide. However, 
disposal of a calcium load is slower in the calcitonin- 
deficient subject. Immunoassayable concentrations of  
calcitonin are increased in patients with medullary carci-
noma of the thyroid, chronic renal insufficiency, and pyc-
nodysostosis.102 Individual commercial immunoassays for 
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calcitonin may detect differing epitopes, have altered 
intra-assay dynamics, and provide inconsistent mea-
surements.103

The biologic effects of calcitonin are mediated through 
its 490-amino-acid class B GPCR encoded by CALCR. 
Intracellular signaling of the CALCR is transduced 
through the Gsa adenylyl cyclase-cyclic AMP-PKA and 
Gqa-PLC-IP3 signal transduction pathways. Alternative 
splicing of CALCR results in two isoforms of the calcito-
nin receptor, one of which has an additional 16 amino 
acids inserted into its first intracellular loop between 
transdomains I and II. Accessory proteins that modulate 
function of the calcitonin receptor have also been de-
scribed. The calcitonin receptor is expressed in osteo-
clasts; when exposed to calcitonin the osteoclast shrinks 
and bone-resorbing activity declines quickly. Thus, calci-
tonin lowers serum calcium and phosphate levels particu-
larly in patients with hypercalcemia. In lactating women, 
serum levels of calcitonin rise and calcitonin is excreted 
in breast milk. Women who are breastfeeding their in-
fants lose 5% to 10% of their trabecular bone mineral 
during 6 months of lactation; it is recouped rapidly when 
lactation ceases, much more quickly than when bone 
mass is lost because of other problems (e.g., glucocorti-
coid excess, bed rest). Experimentally, in the female 
mouse in which the gene encoding calcitonin has been 
eliminated, loss of calcitonin has no effect on maternal 
bone mineralization during pregnancy or on the rate of 
skeletal remineralization after weaning of the pups. How-
ever, 21 days of lactation are associated with much more 
marked demineralization of the spine of the nursing 
mother without calcitonin, a response that is reversible 
by the administration of exogenous calcitonin during the 
interval of lactation.104 Thus, in mammals calcitonin may 
be essential for protection of maternal skeletal mass dur-
ing lactation

VITAMIN D
Synthesis and Biologic Activity 
of Vitamin D
Cholecalciferol (vitamin D3) is synthesized in skin from 
cholesterol: 7-dehydrocholesterol is converted to previ-
tamin D3 by ultraviolet B radiation at 290 to 315 nm and 
heat (37o C) from sunlight and thence to cholecalciferol 
(Figure 8-3).105,106 Previtamin D3 is also metabolized 
into products such as lumisterol3 and tachysterol3 and 
to inactive photoproducts when exposure to sunlight is 
excessive, thereby preventing vitamin D intoxication by 
exposure to sunlight alone. Cutaneously synthesized  
vitamin D3 enters the circulation directly. Vitamin D3 is 
present in oily fish such as wild salmon, herring, cod, 
and mackerel and in shiitake mushrooms. Ergocalciferol 
(vitamin D2) is derived from the plant and yeast sterol—
ergosterol. Vitamin D2 differs structurally from vitamin 
D3 by the presence of a double bond between carbons 
22 and 23 and a methyl group on carbon 24. Vitamins D3 
and D2 exert similar biologic effects when ingested in 
equivalent physiologic doses; however, the increase  
in the serum concentration of 25-hydroxyvitamin D 
(calcidiol) is less after ingestion of vitamin D2 than 

vitamin D3 when quantitatively similar amounts of 
both vitamins are consumed.105,107 The latitude, season 
of the year, and time of day influence the rate of cutane-
ous synthesis of vitamin D3 in response to exposure 
to sunlight; in higher latitudes the path through which 
ultraviolet B radiation from the sun travels is longer and 
more of the ultraviolet radiation is absorbed by the 
ozone layer; thus, less reaches the surface of the earth. 
Exposure of the back of a white adult to intense summer 
sun (mid-July) for 10 to 12 minutes in the northeastern 
United States generates ,10,000 to 20,000 IU of 
vitamin D3 over the next 24-hour interval.108 (For per-
sons of color, 30 to 120 minutes of exposure to sunlight 
may be required for comparable effects.) Sun blocking 
topical creams and aging also decrease the cutaneous 
formation of cholecalciferol in response to sunlight. 
Both forms of vitamin D undergo similar chemical 
modifications to bioactive metabolites. Orally ingested 
vitamin D is packaged into chylomicrons and absorbed 
into the intestinal lymphatic system and then the circu-
lation. Both vitamins D3 and D2 are transported to 
the liver linked to vitamin D–binding protein (DBP), a 
polymorphic variant of the serum a2-globulin synthe-
sized by the liver termed Gc (group-specific component) 
encoded by GC (see Table 8-3). DBP binds vitamin D 
and its hydroxylated metabolites with high affinity and 
capacity.109 In the liver, vitamin D is hydroxylated to 
25-hydroxyvitamin D (25OHD; calcidiol is 25OHD3) 
primarily by the vitamin D-25-hydroxylase encoded by 
CYP2R1, a 501-amino-acid microsomal cytochrome 
P450 enzyme.106 A homozygous missense mutation in 
CYP2R1 has been identified in a patient with vitamin 
D–dependent rickets due to a defect in vitamin D-25 
hydroxylation.110 Additionally, there are three other 
widely expressed vitamin D 25-hydroxylases encoded by 
CYP2J2, CYP3A4, and CYP27A1 whose activities affect 
bile acid and drug metabolism.106,111 Calcidiol exerts 
only a minimal inhibitory effect on its production; thus, 
serum concentrations of 25OHD reflect available body 
stores of vitamin D.

Because of decreased exposure to sunlight and marginal 
dietary intake of vitamin D, body stores of this vitamin 
have been considered to be deficient or insufficient in 
many North American subjects.108 Thus, in populations 
living in sun-rich environments, the lower normal concen-
tration of serum 25OHD has been reported to be 32 ng/mL 
with an upper limit of 100 ng/mL. However, there is  
substantial controversy concerning this stated normal 
range of 25OHD values (discussed later). Physiologic data 
pertaining to calcium homeostasis and skeletal health such 
as the relationship between serum concentrations of 
25OHD and a plateau value for PTH values, intestinal 
absorption of calcium, and optimal bone mineralization 
have been utilized to advocate the position that a serum 
25OHD level of approximately 30 ng/mL is the minimum 
normal value in adult men and that 25OHD concentra-
tions between 10 and 30 are insufficient.112,113 If a serum 
25OHD value of 30 ng/mL were the actual lower normal 
limit, then approximately 50% of white, Hispanic, and 
African-American youth and 31% of white, 63% of  
Hispanic, and 82% of African-American adults would be 
vitamin D deficient.113,114
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However, further data in adults, children, and adoles-
cents indicate that the relationship between serum concen-
trations of 25OHD and PTH is linear and that there is  
no one clearly identifiable inflection point for suppression 
of PTH values relative to levels of 25OHD.115,116 Addition-
ally, there are substantial differences (often . 5 ng/mL) 
in 25OHD values measured by different commercially 
available calcidiol assays.117 Critical analysis of these data 

has led the American Academy of Pediatrics and the  
Institute of Medicine to define the lower limit of normal  
of the serum 25OHD concentration as 20 ng/mL  
(50 mmol/L).30,118 Utilizing the 25OHD level of 20 ng/mL 
as the lower limit of normal, investigators have concluded 
that the reported prevalence of vitamin D deficiency has 
been vastly overestimated. Some authors have concluded 
that vitamin D deficiency should be defined as a 25OHD 
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concentration below 12 ng/mL (, 30 mmol/L) and that 
25OHD values above 16 ng/mL (40 mmol/L) are adequate 
to maintain calcium homeostasis and bone health.119 
Guidelines for calcium and vitamin D intakes in children 
and adolescents as recommended by the Institute of 
Medicine and the Endocrine Society are presented in 
Table 8-3. Clinically, oral intake of 400 U/day of vitamin 
D per day in healthy infants is sufficient to prevent  
vitamin D deficiency if administered conscientiously.120 
The recommended upper limit of vitamin D intake is 
4000 IU/day for all age groups above 8 years. Serum  
values of 25OHD above 50 ng/mL (125 mmol/L) are 
presently considered excessive.119

Bound to DBP, 25OHD is filtered through the glo-
merular membrane and reabsorbed by cells in the proxi-
mal renal tubule by the multifunctional receptor, megalin 
(LRP2), expressed in coated pits on the luminal/apical 
surface, endocytic vacuoles, and lysosomes of proximal 
tubular cells.121 After uptake by the lysosomes, the megalin-
calcidiol complex is disrupted and calcidiol is released 
into the cytosol. It then enters mitochondria where it is 
further hydroxylated to the biologically active metabolite 
1,25-dihydroxyvitamin D3—1,25(OH)2D3 is calcitriol—
by the cytochrome P450 mono-oxygenase 25-hydroxyvi-
tamin D-1a-hydroxylase encoded by CYP27B1.106 
CYP27B1 has nine exons that encode a 507-amino-acid 
protein with a mitochondrial signal sequence at its amino 
terminal and ferredoxin and heme-binding sites within 
its structure. As a class I mitochondrial cytochrome P450 
enzyme, 25OHD-1a-hydroxylase requires for its catalytic 
activity electrons from reduced nicotinamide adenine 
dinucleotide phosphate (NADPH) that are ferried to the 
enzyme protein by the electron transport proteins—
NADPH-ferredoxin and ferredoxin reductase.111 Al-
though CYP27B1 is expressed primarily in renal proximal 
convoluted and straight tubular cells, it is also expressed 
by keratinocytes and hair follicles, osteoblasts, placental 
decidual and trophoblastic cells, the gastrointestinal and 
central nervous systems, lung, testes, breast, and pancre-
atic islets as well as monocytes and macrophages. In 
proximal convoluted renal tubular cells, expression of 
CYP27B1 is stimulated by PTH and PTHrP acting 
through PTH1R-adenylyl cyclase-cyclic AMP-PKC. 
Phosphorylation of methyl-CpG-binding domain pro-
tein 4 (MBD4, OMIM ID: 603574) by PKC enables this 
demethylase to remove transcription-repressing methyl 
groups from the CpG island in the 5’ promoter region 
of CYP27B1, thus enabling gene expression.122 The 
1a-hydroxyl group of calcitriol is essential for its binding 
to the vitamin D receptor (VDR).123

In the straight renal tubules, CYP27B1 expression is 
increased by calcitonin by a pathway independent of cy-
clic AMP—one that involves the C/EBPb transcription 
factor and the SWI/SWF helicase chromatin remodeling 
complex.111 Expression of CYP27BI and hence activity of 
25OHD-1a-hydroxylase are also increased by hypocalce-
mia and hypophosphatemia, 24R,25-dihydroxyvitamin D, 
growth hormone, IGF-I, and prolactin. In monocytes and 
macrophages, expression of CYP27B1 may be induced by 
inflammatory cytokines such as interferon-g but is not 
regulated by concentrations of Ca21

e or phosphate or by 
PTH or calcitriol.106,124 Increased serum and tissue levels 

of Ca21 and phosphate directly suppress expression of 
CYP27B1 and thus depress 25OHD-1a-hydroxylase 
activity. Calcitriol exerts a direct autoinhibitory effect  
on renal CYP27B1 expression acting through the VDR 
and thus on its own synthesis (discussed later); it also  
exerts an indirect inhibitory effect on CYP27B1 expres-
sion by impairing PTH synthesis in the parathyroid 
gland.105,125 (In activated monocytes, calcitriol actually 
enhances transcription of CYP27B1.124) The osteocyte 
product FGF23 depresses 25OHD-1a-hydroxylase ac-
tivity, whereas calcitriol up-regulates FGF23 expression, 
effectively establishing a reciprocal control system for 
these com pounds.54,55,126 Biallelic inactivating mutations 
of CYP27B1 result in vitamin D–dependent rickets type I 
(OMIM ID: 264700), a disorder associated with hypocal-
cemia, hypophosphatemia, secondary hyperparathyroid-
ism, severe rickets, and often also alopecia.127

Calcitriol is inactivated in bone, intestine, liver,  
and kidney by glucuronidation, sulfation, multisite  
(carbons-23, -24, -26) hydroxylation, and lactone forma-
tion to water-soluble compounds (such as calcitroic acid) 
that are excreted in urine and bile.105,106,125 In the kidney, 
25OHD and 1,25(OH)2D are converted to 24R,25(OH)2D 
and 1,24R,25(OH)3D, respectively, by mitochondrial 
25OHD-24-hydroxylase encoded by CYP24A1, the first 
in a series of hydroxylations that increase the water solu-
bility of the products enabling their biliary and renal  
excretion (see Figure 8-3). The expression of CYP24A1 
is increased by hypercalcemia, hyperphosphatemia, 
FGF23, and calcitriol as well as retinoic and lithocholic 
acids, rifampicin, carbamazepine, and phenobarbital and 
suppressed by hypocalcemia and PTH.111 CYP24A1 is 
also expressed by fibroblasts, lung, intestine, oocytes, 
brain, thyroid, and other tissues.106 Cleavage of the side 
chain between carbons 23 and 24 that have been hydrox-
ylated by hepatic cytochrome P450-3A (CYP3A4)–
dependent enzymes generates water-soluble calcitroic 
acid that is excreted in bile.105,106 Phenobarbital, pheny-
toin, carbamazepine, and rifampicin impair bone miner-
alization by inactivating calcitriol and do so by increasing 
its state of hydroxylation by binding to and activating  
the nuclear pregnane X receptor (NR112) that in turn 
increases expression of CYP3A4.128 Calcitriol may also 
induce expression of hydroxylases that utilize cytochrome 
P450-3A, thereby enhancing its own hydroxylation and 
degradation. Inactivating mutations of CYP24A1 result 
in some forms of idiopathic hypercalcemia of infancy by 
reducing the rate of degradation and thereby prolonging 
the biologic life of calcitriol.129

Although emphasis has been placed on the vitamin D 
endocrine system in the regulation of mineral homeosta-
sis and bone health, its role as a paracrine factor may also 
be considered. For example, epidermal keratinocytes 
within the basal layer of skin express all of the enzymes 
necessary for genesis of calcitriol (discussed earlier), and 
this locally synthesized compound is critical for regula-
tion of the proliferation and terminal differentiation of 
keratinocytes and hair follicles.106 Adipocytes not only 
store excessive vitamin D, but these cells also express  
vitamin D-25-hydroxylase and 1a-hydroxylase activities, 
suggesting that fat may be a site of calcidiol and calcitriol 
synthesis.106 The bulk of circulating calcitriol is bound to 
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DBP, but it is its free fraction that is biologically active. 
Indeed, the serum level of DBP does not affect the  
calcitriol pool that enters the cell and regulates gene 
transcription.111 Approximately 0.04% of calcidiol and 
0.4% of calcitriol are present in free form in serum.  
Normal ranges of calcitriol concentrations are neonates, 
8 to 72 pg/mL; infants and children, 15 to 90 pg/mL; and 
adults, 21 to 65 pg/mL.

Calcitriol exerts its biologic effects by binding to the 
VDR, a nuclear transcription factor, after which it regu-
lates gene expression (discussed later). Through binding 
to the nuclear VDR, calcitriol regulates the expression of 
more than 900 target genes involved in mineral and bone 
metabolism and processes that likely influence cell 
growth, musculoskeletal, cardiovascular, immune, skin, 
and pancreatic islet cell functions and energy metabo-
lism.113,123,125,130 The nuclear effects of calcitriol take 
place over hours to days as the processes of transcription, 
translation, posttranslational modifications to the en-
coded protein(s), storage, and secretion occur in multiple 
cytosolic compartments (discussed later). The VDR also 
associates with caveolae of the cell plasma membrane, 
flask-shaped invaginations of the membrane composed  
of sphingolipids and cholesterol where, after binding to 
ligand, the VDR is able to interact with intracellular sig-
nal transduction systems to exert rapid functional cell 
responses.131,132 The rapid cell responses to calcitriol 
generated by association with the caveolar VDR are evi-
dent within seconds to minutes after contact and include 
immediate intestinal absorption of calcium (transcalta-
chia), opening of voltage-gated calcium and chloride 
channels in osteoblasts, endothelial cell migration, and 
pancreatic b cell secretion of insulin. It is the flexible 
three-dimensional configuration of calcitriol that enables 
this ligand to exert both genomic and nongenomic (rapid 
response) actions.123,131 The protean three-dimensional 
structure of calcitriol is the result of (1) rotation of  
side chain carbon pairs 17-20, 20-22, 22-23, 23-24, and 
24-25; (2) rotation of the carbon 6-7 bond around the  

B ring; or (3) chair-chair interconversion with formation 
of either an a- or a b- configuration of the cyclohexane-
like A ring (Figure 8-4). Rotation about the carbon 
6-7 bond of the B ring allows calcitriol to assume either 
an extended 6-s-trans configuration or a 6-s-cis confor-
mation. It is the trans form of calcitriol with the b-chair 
configuration of the A ring that is recognized and bound 
by the hydrophobic pocket of the nuclear VDR. Ligand-
bound VDR then interacts with the retinoid X receptor 
(RXR), forming a heterodimer that is recognized by spe-
cific hexameric sequences of DNA bases (the vitamin D 
response element [VDRE]) in the regulatory 5’ region of 
target genes (discussed later).106 The calcitriol/VDR-
RXR heterodimer recruits transcription-activating or 
transcription-repressing coregulatory proteins enabling 
its genomic transcriptional effects. The cis form of 
calcitriol permits its rapid cell membrane–related actions. 
For binding to DBP, calcitriol assumes yet another 
shape.131

Calcitriol primarily controls intestinal, skeletal, and 
renal function by regulating expression of genes encod-
ing calcium transporters (calbindin-D28K, calbindin-D9K), 
calcium channels (TRPV5, expressed primarily in the 
kidney; TRPV6, expressed predominantly in the intesti-
nal tract), bone matrix proteins (osteocalcin, osteopontin, 
type I collagen, alkaline phosphatase), and osteoclast  
activators (RANKL). Calcitriol promotes endochondral 
bone formation; it increases length of the long bones by 
amplifying volume, proliferation, and differentiation of 
epiphyseal chondrocytes and promotes mineralization of 
cartilage matrix.133 Calcitriol increases trabecular and 
cortical bone formation by augmenting osteoblast num-
ber and function; it increases alkaline phosphatase activ-
ity, osteocalcin synthesis, and type I collagen formation 
and represses bone resorption by osteoclasts. It does so 
by a direct cellular effect independent of endogenous 
PTH as it is active in the mouse in which both Cyp27b1 
and Pth have been “knocked out.”133 Calcitriol directly 
suppresses transcription of PTH in the parathyroid gland 
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acting through the VDR. Vitamin D is also important for 
normal muscle development and strength.

Mediated by the nuclear VDR, calcitriol stimulates 
the absorption or reabsorption of calcium in the intes-
tines, bone, and kidney. In the duodenum and proximal 
small intestine, calcitriol increases the efficiency of cal-
cium uptake from the intestinal lumen by increasing the 
number of epithelial calcium transport channels (TRPV6) 
in enterocytes, its movement through the cytoplasm, and 
its transfer across the basal lateral membrane into the 
circulation—in part by the induction of calbindin9k 
(a calcium binding protein), alkaline phosphatase, Ca-
ATPase, calmodulin, and other proteins.134 Calcitriol 
also increases jejunal and ileal absorption of phosphate 
through a transcellular mechanism utilizing the type II 
Na1-HPO4

22 cotransporter protein (NPT2) (encoded 
by SLC34A1) expressed on the luminal surface of the 
enterocyte. When vitamin D stores are replete, 40% of 
dietary calcium and 80% of dietary phosphate may be 
absorbed. Even greater efficiency of mineral absorption 
is realized during periods of rapid growth, pregnancy, and 
lactation. A major task of calcitriol is to maintain calcium 
and phosphate concentrations in blood at levels sufficient 
to sustain mineralization of osteoid (collagen) containing 
bone matrix synthesized by osteoblasts. Paradoxically, in 
states of calcium deficiency, calcitriol acts indirectly within 
bone to induce monocytic stem cell differentiation into 
osteoclasts by stimulating osteoblast/stromal cell synthesis 
of osteoclast activating factors such as RANKL (discussed 
later). During periods of calcium deficiency, calcitriol is 
able to promote bone resorption through increased osteo-
blast production of osteopontin, a bone matrix noncollag-
enous protein to which osteoclast cell surface integrin  
receptors bind that leads to bone destruction. Calcitriol 
also stimulates osteoblasts to produce osteocalcin, bone 
specific alkaline phosphatase, osteoprotegerin, and various 
cytokines.

A number of synthetic vitamin D3 analogs have been 
synthesized, including alfacalcidol [1a-(OH)D3], calci-
potriol [1a,25-(OH)2-24-cyclopropyl-D3], maxacalcitol 
[1a,25-(OH)2-22-oxa-D3], and tacalcitol [1a,24R-
(OH)2D3]. These vitamin D analogs have been engi-
neered to retain the noncalcemic actions of the parent 
compound while reducing their calcemic properties. 
Calcitriol and vitamin D3 analogs exert many immuno-
modulatory effects.135 In animal models of autoimmune 
diseases such as experimental autoimmune encephalitis, 
systemic lupus erythematosus, autoimmune thyroiditis, 
autoimmune diabetes mellitus, and inflammatory bowel 
disease, calcitriol exerts a protective effect. Calcitriol 
and its analogs inhibit T-lymphocyte differentiation 
into Th1 cells that secrete IL-2, tumor necrosis factor 
(TNF)-a, and interferon-g, thereby experimentally 
modifying disease induction, course, and severity. Cal-
citriol and analogs also exert differentiating and antip-
roliferative effects on a variety of cells; thus, calcitriol 
induces differentiation of promyelocytes into mono-
cytes and macrophages. These agents enhance differ-
entiation of keratinocytes and when administered orally 
or topically to patients with psoriasis vulgaris effectively 
ameliorate the disease; they are particularly effective 
when coadministered with a topical glucocorticoid.  

In vitro, calcitriol and its analogs inhibit growth  
of prostate, breast, and colon cancer cell lines; in vivo, 
experimentally calcitriol and its analogs prevent or  
reduce mammary tumor formation, whereas in the  
absence of the VDR mammary tumor growth is  
enhanced.135 Calcitriol prevents hypertension and car-
diac hypertrophy in mice in whom VDR or CYP27B1 
have been knocked out. In humans, inferential but not 
clinically proven data suggest that vitamin D plays  
a role in the pathophysiology of several nonskeletal dis-
orders including hypertension and cardiovascular  
disease, autoimmune disorders, multiple sclerosis, and 
infectious illnesses such as tuberculosis, leprosy, and 
influenza.113,130,136

Vitamin D Receptor
The vitamin D receptor is a 427-amino-acid nuclear tran-
scription factor that is encoded by the 11 exon gene, 
VDR. Because there are two potential start site codons 
for transcription of VDR in exon 2, there is a second iso-
form of VDR with 423 amino acids. At its 5’ terminus, 
VDR has three noncoding exons (1A, 1B, 1C) followed by 
exons 2 through 9 that encode the active protein enabling 
transcription of three unique mRNA isoforms depending 
on the splicing pattern of exons 1B and 1C. As a member 
of the steroid-thyroid–vitamin D receptor gene super-
family of nuclear transcription activating factors, the 
VDR has multiple domains: a short amino-terminal  
segment of 24 amino acids (domains A and B) that houses 
a ligand-independent transcription activating function 
termed activation function-1 (AF-1) that interacts with 
the general transcription factor IIB, a DNA binding do-
main (C) with two zinc fingers (exons 2, 3), a “hinge” 
region (D), and a long carboxyl terminal domain (E) with 
ligand and retinoid X receptor a (RXRa) binding sites 
and a second transcription activating sequence (AF-2) 
(exons 7, 8, 9). Two nuclear localization signals are found 
within and immediately distal to the zinc finger DNA 
binding domain, the first of which specifically recognizes 
the vitamin D response element (VDRE), whereas the 
second zinc finger permits heterodimerization with 
RXRa (discussed later).130 Structurally, the E domain is 
composed of 12 a-helices (H1-H12) and has two ligand-
dependent transactivating regions—E1 between amino 
acids 232-272 and AF2 between amino acids 416-424—
that recruit transcriptional coactivating factors when the 
VDR is activated by binding to calcitriol; it also contains 
sequences that enable heterodimerization with RXRa.130

Among the factors that enhance transcription of VDR 
are calcitonin, retinoic acid, estrogen, and transcription 
factor SP1. b-catenin potentiates the transcriptional 
activity of VDR by binding to its carboxyl terminal AF2 
segment. In part, estrogens increase expression of VDR 
through binding to estrogen receptors present in the  
caveolae of the cell membrane that then activate the 
MAPK signal transduction pathway.137 PTH down-
regulates expression of VDR. The VDR is widely expressed 
in the intestinal tract, distal renal tubule, osteoblast, ke-
ratinocyte, hair follicle, fibroblast, smooth and cardiac 
muscle, lung, bladder, thyroid, parathyroid, pancreas, 
adrenal cortex and medulla, pituitary, placenta, uterus, 
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ovary, testis, prostate, activated T and B lymphocytes, mac-
rophages, monocytes, spleen, thymus and tonsil, brain, 
spinal cord, and sensory ganglia. Inactivating mutations  
of VDR result in vitamin D–resistant rickets (vitamin D–
dependent rickets, type 2A, OMIM ID: 277440).

Whereas most members of the superfamily of nuclear 
receptor transactivating factors pair as homodimers to bind 
to their specific hormone response elements in the 5’-
untranslated region of the target gene, the calcitriol-VDR 
complex teams through its E (ligand binding) domain with 
its obligate partner, unliganded RXRa (encoded by RXRA), 
to form a heterodimer that then binds to a VDRE. The en-
dogenous ligand for RXRa is 9-cis-retinoic acid. RXRb and 
RXRg also bind to the VDR. When unliganded, the bulk of 
the VDR is cytoplasmic; binding of calcitriol to the VDR 
leads to heterodimerization with RXRa and translocation of 
the tripartite complex to the nucleus. Unliganded VDR can 
also be guided to the VDRE in the 5’ region of its target 
gene by interaction with the Williams syndrome transcrip-
tion factor (WSTF, encoded by BAZ1B), a component of a 
multiprotein, chromatin-remodeling complex termed WI-
NAC (WSTF including nucleosome assembly complex); 
there the VDR remains inactive until bound to calcitriol 
(discussed later).138,139 There are three classes of VDREs 
located in the 5’ upstream promoter region of target genes: 
designated generic positive, conventional negative, and  
E-box–like negative.122 The generic positive or transcription 
activating VDRE is composed of two repeated hexanucleo-
tide sequences linked by three nonspecific nucleotide  
bases: 5’ . . . (A/G)GGTCA-nnn-AGGACA . . . 3’.109,122 
RXRa binds to the 5’ half of the VDRE and VDR to its 
3’ segment. The conventional negative or transcription re-
pressing VDRE is composed of a single copy of the generic 
positive VDRE with the nucleotide sequence, 5’ . . . (A/G)
G(G/T)TCA . . . 3’; it is through the conventional negative 
VDRE that calcitriol inhibits expression of PTH and 
PTHLH. The nucleotide sequence of the E-box–like nega-
tive VDRE is 5’ . . . CANNTG . . . 3’. After binding to the 
designated VDRE, the calcitriol-VDR-RXRa-WINAC 
complex recruits coactivating or corepressing modulating 
proteins (e.g., steroid receptor coactivators [SRC]-1, -2, -3/
p160 family with histone acetyl transferase activity, the chro-
matin remodeling complex—SWI/SNF, and other comodu-
lators of transcription such as C/EBPb, TRIP/SUG1, CPB/
p300, TIF1) into the promoter site as well as the general 
transcription activating apparatus of the target gene (TF-
IIA, -B, TAF family).109,122,140 Histones are lysine-containing 
protein components of chromatin, a complex of protein and 
DNA of which a chromosome is composed; 147 base pairs 
of DNA wrap around a histone octamer comprised of two 
copies each of histones H2A, H2B, H3, and H4 forming a 
nucleosome, a structure that regulates replication, repair, 
and expression of genes.139 Epigenetic regulation of gene 
expression is achieved, in part, by histone modifying enzyme 
complexes that remodel chromatin by altering the state of 
histone methylation, acetylation, phosphorylation, ubiqui-
tination, sumoylation, and proline isomerization.141 WSTF 
is a component of three ATP-dependent chromatin remod-
eling complexes that alter nucleosome position and thus  
affect gene exposure to the primary transcription apparatus 
and accordingly gene expression or silencing; they are di-
rected to sites of action by specific histone modifications.139 
Within the WSTF protein are a chromatin-binding domain 

(PHD), a tyrosine kinase domain that enables it to phos-
phorylate histone tyrosine residues, and a binding site for the 
VDR. In addition to WSTF, the WINAC ATP-dependent  
chromatin remodeling complex is composed of 12 other 
subunits; it plays a role in chromatin assembly and cell cycle 
progression and facilitates activation of CYP24A1 encoding 
25-hydroxyvitamin D-24-hydroxylase while repressing 
CYP27B1 encoding 25-hydroxyvitamin D-1a-hydroxylase 
(Figure 8-5).

Gene activation by the calcitriol-VDR-RXR-WINAC 
complex is initiated by recruitment of a histone acetyl  
transferase–helicase complex (e.g., SRC/SWI/SNF) to the  
promoter segment of the target gene; acetylation of a lysine 
residue within a histone protein destabilizes the region  
enabling DNA to unwind, thereby granting basal transcrip-
tion factors and RNA polymerase II access to the transcrip-
tion start site, thus bringing about RNA modeling of  
the target gene. Another VDR coactivator is the vitamin D 
interacting protein (DRIP, encoded by MED4) that links 
the VDRE and the initiation start site of the target gene to 
RNA polymerase II and its cofactors.130 Corepressors cause 
chromatin to compact by removal of acetyl or addition of 
methyl groups to lysine residues within a histone protein, 
thereby silencing gene expression. Inasmuch as the E- 
box–negative VDRE lacks the common hexameric VDRE, 
this VDRE binds to and gene transcription is inhibited  
(e.g., CYP24A1 encoding vitamin D–24-hydroxylase) by the 
interaction of unliganded VDR with the VDR-interacting 
repressor (VDIR encoded by TCF3), a process that involves 
recruitment of a histone deacetylase. Calcitriol inhibits  
activation of CYP27B1 encoding 25-hydroxyvitamin D-1a-
hydroxylase by binding to VDR that links to the VDIR-
WINAC complex and replacing histone acetyltransferase 
with a histone deacetylase, thus halting transcription activa-
tion (see Figure 8-5).122,139 In addition to regulatory effects 
on gene expression by alterations of histone lysine residues, 
calcitriol-VDR-RXR–induced methylation of DNA cytosine 
residues at CpG sites in the promoter region 5’ to CYP27B1 
(another epigenetic modification) also represses expression 
of this gene.122 Positive and negative regulation of target 
gene expression by the VDR may also be achieved by inter-
action of the VDR complex with other transcription fac-
tors.140 As illustrated in Figure 8-5, WINAC is involved in 
both calcitriol-VDR-VDIR mediated gene transcription 
and repression.122 Deletion or inactivating mutations of 
BAXBI (encoding WSTF) impair the linkage between 
calcitriol, VDR, and WINAC and thus impede the inhibi-
tory effects of calcitriol on transcription of CYP27B1, likely 
resulting in increased synthesis of 25-hydroxyvitamin  
D-1a-hydroxylase and excessive synthesis of calcitriol, 
perhaps the pathophysiologic process that leads to hypercal-
cemia in patients with Williams syndrome.

Some of the more than 900 genes whose expression is 
regulated by the VDR are listed in Figure 8-6.106,140 That 
there may be approximately 2000 VDREs (vitamin D 
response elements) within the human genome indi-
cates the potentially widespread effects exerted by the 
vitamin D system.142 Calcitriol acting through the VDR 
stimulates transcription of genes encoding calcium 
transport proteins (TRPV5/6), bone matrix proteins 
(osteopontin, osteocalcin), bone resorption factors 
(RANKL), and 25OHD-24-hydroxylase and represses 
those that encode PTH, PTHrP, and 25-hydroxyvitamin 

http://www.omim.org/entry/277440
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D-1a-hydroxylase. The calcitriol-VDR complex also sup-
presses expression of multiple cytokines (IL-2, interferon-g, 
granulocyte macrophage-colony stimulating factor) by  
negatively interacting with transcription factors that  
enhance their transcription (e.g., NF-kB).

Although the VDR is necessary for the actions of cal-
citriol in the intestines, kidney, bone, skin, and elsewhere, 
its loss does not interfere with embryogenesis and fetal 
development in humans with loss-of function mutations 
in VDR and vitamin D resistance or in mice in which Vdr 
has been knocked out. Newborn mice homozygous for 
targeted deletions that result in truncation of the VDR 
survive fetal life, appear normal at birth, and grow well 
for the first 24 days of life.143 However, after weaning 
their rates of weight gain and linear growth and serum 
Ca21

e and phosphate levels decline and serum PTH con-
centrations and parathyroid gland weights increase. In 
Vdr2/2 mice as young as 15 days of age osteoid 
surface is increased, bone mineralization decreased, and 
epiphyseal plate cartilage formation disorganized with 
irregular columns of chondrocytes, increased matrix, and 
excessive vascularity relative to wild-type or heterozy-
gous (Vdr1/2) mice.143 In addition, hair loss begins at 
4 weeks of age and is complete by 4 months of age in 
homozygous Vdr2/2 animals and is due to a defect in the 
growth cycle of hair follicles, a phenocopy of the general-
ized alopecia associated with loss of hairless (HR), a tran-
scriptional corepressor that interacts with the VDR.140 
Maintenance of normal serum concentrations of calcium 
and phosphate by the feeding of high calcium-phosphate 
diets to Vdr2/2 pups beginning at 16 days of age prevents 
the development of all of the skeletal abnormalities, indi-
cating that the main physiologic effects of calcitriol and 

the VDR are on the intestinal absorption of calcium  
and phosphate and the maintenance of normal serum 
concentrations of these ions.143

As discussed, calcitriol also has rapid, nongenomic  
effects mediated through plasma membrane caveolae- 
associated VDRs (Figure 8-7).132 A membrane protein 
that binds calcitriol—1,25-dihydroxyvitamin D mem-
brane associated rapid response steroid-binding protein 
(1,25-dihydroxyvitamin D-MARRSBP encoded by 
TXNIP)—has been identified that may interact with the 
classic VDR to bring about the rapid responses to  
calcitriol.130 After binding of calcitriol to the plasma 
membrane-associated VDR, its signal is transmitted by 
several classical intracellular signal transduction systems 
including (1) adenylyl cyclase induction of cyclic AMP 
and PKA; (2) PLC- and PLD-mediated increase in phos-
phoinositide turnover, resulting in generation of DAG 
and IP3 that increases the permeability of Ca21 channels 
and releases Ca21 from storage sites in the endoplasmic 
reticulum; (3) Gq-protein through PLC-b1 activation 
and intracellular redistribution of PKC isoforms (a, b, d); 
and (4) Jun-activated kinase and the MAPK pathway.144 
Within minutes after exposure of a vitamin D responsive 
tissue (e.g., intestine, chondrocyte, osteoblast) to calcitriol, 
there is increase in the intracellular concentration of 
Ca21

i (transcaltachia) and activation of PLC, PKC, and 
MAPK.131 In osteoblasts from VDR2/2 mice and in fibro-
blasts from patients with inactivating mutations of VDR, 
the rapid actions of calcitriol are lost as is the association 
of the VDR with caveolae, evidence of the importance of 
the VDR for membrane-initiated responses to calcitriol. 
In chondrocytes, there is MARRS-dependent enhance-
ment of calcium flux, PKC activity, and matrix vesicle 
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mineralization.145 The plasma membrane caveolae-
associated VDR may link to Gsa and thence to a calcium 
channel or adenylyl cyclase or PLC or with caveolin, a 
protein that interacts with the nonreceptor tyrosine ki-
nase (Src) and in turn with PLC or the kinase h-Ras.144,146 
The rapid effects of vitamin D may optimize its genomic 
effects by phosphorylation of proteins required by the 
VDR transcriptional complex.

SKELETON: CARTILAGE AND BONE
Cartilage and Bone Differentiation 
and Formation
The skeleton is the framework of the body. It is com-
posed of cartilage and bone, specialized cells and forms  
of connective tissue that provide (1) mechanical support 
for muscle/tendon insertion that enables movement;  
(2) protective shield for soft tissue organs; (3) repository for 
bone marrow; (4) reserve source of calcium, phosphate, 
magnesium, and other metabolically important ions;  
and it serves as (5) an endocrine organ as the secreted 
products of bone cells regulate the function of distant 
organs—for example, the osteocyte secretes sclerostin, an 
inhibitor of bone formation, and FGF23, a factor that 
depresses renal tubular reabsorption of phosphate and 
the synthesis of calcitriol.147,148 Bone differentiation be-
gins in utero when transformation of mesenchymal cells 
into chondrocytes that secrete collagen type II form the 
skeletal anlagen; the shape of the skeleton is complete  
by the ninth week of gestation following which there  
are many fold increases in skeletal dimensions, volume, 
and mass.148-151 In the normal full-term neonate, skele-
tal weight approximates 200 to 300 g, 30 g of which is  
calcium. There are two primary bone shapes: flat bones 
(e.g., cranium, scapula, pelvis) and long bones (e.g.,  
humerus, radius, ulna, metacarpal, femur, tibia, fibula, 
metatarsal).152 Flat bones develop by membranous bone 
formation in which embryonic mesenchymal cells  
differentiate directly into osteoblasts, which then form 
bone; long bones are derived by both endochondral  
and membranous bone formation. Endochondral bone 
formation is the process by which the cartilaginous  
pattern of a bone is replaced by bone tissue.149 The external 
surface of bone is enveloped by periosteum (containing 
blood vessels, nerve terminals, osteoblasts, and osteoclasts), 
whereas the interior of bone next to marrow is lined  
by endosteum. Long bones consist of a central hollow 
shaft (diaphysis) distal to which are the metaphyses,  
cartilaginous growth plates, and epiphyses. The diaphysis is 
composed of cortical bone, and the metaphysis/epiphysis 
consists of trabecular bone enveloped by cortical bone. 
Eighty percent of the adult skeleton is dense cortical 
bone; 20% is cancellous and composed of a network of 
trabeculae.

In addition to its cellular constituents (osteoblasts, 
osteocytes, osteoclasts, stromal and hematopoietic cells), 
bone is composed of solid mineral—hydroxyapatite 5 
Ca10(PO4)6(0H)2—that has been deposited on collagen 
fibrils within extracellular matrix.153 Bone extracellular 
matrix is comprised primarily of the secreted products of 
the osteoblasts and is composed of collagenous fibrils 

(collagen types I, III, V) on which the mineral phase of 
bone is deposited. Also within the extracellular matrix 
are noncollagenous, multifunctional proteins that orga-
nize, regulate, and coordinate mineralization, serum 
proteins (e.g., albumin, a2HS-glycoprotein, growth 
factors; e.g., IGF-I), proteoglycans (proteins with acidic 
polysaccharide side chains; e.g., chondroitin sulfates 
such as aggrecan, perlecan, glypican), glycosylated  
proteins with cell attachments (e.g., alkaline phospha-
tase, osteonectin), SIBLING proteins (e.g., osteopontin, 
BSP, DMP1, MEPE) (discussed earlier), fibronectin,  
fibrillins 1 and 2, and g-carboxylated (gla) proteins 
(e.g., osteocalcin, matrix gla protein, protein S). Type I 
collagen and alkaline phosphatase promote bone miner-
alization, a process modulated by osteocalcin and matrix 
gla protein.153

Modeling of bone is the process that takes place 
during growth in which the shape and size of a bone 
are determined. Remodeling of bone is a continual pro-
cess in which portions of formed bone are periodically 
reabsorbed and replaced by new bone; remodeling  
occurs in both the growing child and the adult. During 
early embryogenesis, bone is formed by condensation 
of mesenchymal cells in genetically determined pat-
terns of position, arrangement, size, and shape.154,155 
Individual mesenchymal cells then differentiate either 
into chondrocytes that secrete a matrix of collagen 
type II in the anlagen of endochondral bones or  
directly into osteoblasts in precursor regions of intra-
membranous bone where they secrete a matrix rich in 
collagen type I. Osteoprogenitor pluripotent stromal 
mesenchymal stem cells provide a continuous supply 
of bone-forming osteoblasts, the network of osteocytes 
embedded throughout bone that monitors bone integ-
rity and strength, and bone surface lining cells. Osteo-
clasts derived from hematopoietic precursor cells  
mediate bone resorption. Chondroblasts, osteoblasts, 
adipocytes, myoblasts, and fibroblasts are derived from 
a common mesenchymal cell (Figure 8-8).156 Bone 
morphogenetic proteins (BMP) are members of the 
transforming growth factor-b (TGFb) superfamily 
that direct the transformation of a pluripotent mesen-
chymal cell into the pathway leading to formation of 
chondrocytes and osteoblasts. BMP-2, -4, and -7 are 
important factors that direct the process of osteoblast 
differentiation, although there is substantial redun-
dancy in the system and other BMPs also participate. 
The BMPs act through designated cell membrane 
threonine/serine kinase receptors (e.g., BMPRIA; 
BMPR2); depending on the interaction of the BMP 
receptors involved, intracellular signaling is trans-
duced by the SMAD (mothers against decapentaplegic 
homolog) or MAPK pathways and induces synthesis  
of specific transcription factors that further the differ-
entiation process.157

Chondrogenesis
In cartilaginous bones, longitudinal growth occurs by 
differentiation, proliferation, and hypertrophy of chon-
drocytes and by formation of extracellular matrix. 
Chondrocytes secrete an extracellular matrix that in  
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addition to collagen type II is composed of large  
aggregates of aggrecan and the glycosaminoglycan  
hyaluronan, the latter two products enabling cartilage 
to compress and expand.149 Other components of the 
extracellular matrix of cartilage include collagens types 
VI, IX, X, XI, and XIV; the large proteoglycan per-
lecan; cartilage oligomeric protein (COMP; also termed 
thrombospondin-5); and matrilins-1 and -3. COMP, 
matrilin-3, and collagen type IX are essential for nor-
mal growth plate structure as mutations in the genes 
encoding each of these proteins lead to pseudohypo-
chondroplasia (COMP) or forms of multiple epiphyseal 
dysplasia. Expression of many of the genes encoding 
components of cartilage extracellular matrix (including 
those encoding collage type II and aggrecan) is depen-
dent on the transcription factor SOX9.

The expression of SOX9 is stimulated by FGF signaling 
through the MAPK pathway. SOX9 is a 509-amino-  
acid protein with an SRY homology domain that is also 
expressed in the testis where it is responsible for differen-
tiation of Sertoli cells. Inactivating mutations of SOX9 
lead to camptomelic dysplasia and sex reversal in males 
(OMIM ID: 114290). Target genes of SOX9 include 
those that encode collagen type II(a1) and aggrecan, a 
chondroitin sulfate proteoglycan core protein; a muta-
tion in the gene-encoding aggrecan leads to an autosomal 
dominant form of spondyloepiphyseal dysplasia associ-
ated with premature degenerative arthropathy (OMIM 
ID: 608361). SOX9 is expressed not only in chondrocytes 
in the resting phase but also those in the proliferative 
phase but not in chondrocytes in the hypertrophic phase 
of maturation.155

The pattern of endochondral bone development is di-
rected by factors that are independent of bone formation 
(e.g., in transgenic mice in which Runx2 is inactivated, the 
cartilage skeleton forms normally but is not ossified).158 (In 
humans, heterozygous inactivating mutations in RUNX2 
result in cleidocranial dysplasia [OMIM ID: 119600], 

manifested by growth retardation, hypoplasia of the 
clavicle and pelvis, delayed closure of cranial sutures, and 
defective tooth eruption.) Vertebrae evolve from the con-
densation and segmentation of paraxial mesoderm into 
somites under the direction and control of multiple genes 
including NOTCH1, SHH, and PAX1 and Notch ligands 
encoded by DLL3 and JAG1.158 The appearance of 
limb buds, proliferating mesenchymal cells that grow out 
from the lateral body wall and are capped by an apical 
ectodermal ridge, heralds development of the cartilage 
anlagen of the long bones, a process of segmentation  
directed experimentally by homeobox genes (Hoxa13, 
H0xd13), Shh, Wnt7a, GlI3, Tgfb, Fgf4, Fgfr1, Fgfr2, 
Bmp2, Bmp4, Bmp6, Bmp7, Lmx1b, Pitx1, Tbx4, Tbx5, 
Twist, and other signaling, receptor, and transcription 
regulating factors involved in differentiation, paracellular 
communication, and cell-to-cell interaction.158,159 Mito-
chondrial RNA-processing endoribonuclease encoded  
by RMRP is a ribonucleoprotein that is essential for 
assembly of ribosomes and cyclin-dependent cell cycle 
activity as well as chondrocyte proliferation and differen-
tiation. Inactivating mutations of RMRP result in anaux-
etic dysplasia (OMIM ID: 607095), a spondylometa-
epiphyseal dysplasia characterized by intrauterine and 
postnatal growth retardation with adult stature , 85 cm.160 
Histologically, the growth plates of these patients are 
depleted of chondrocytes. Different mutations of RMRP 
result in varying clinical manifestations (e.g., cartilage 
hair hypoplasia [OMIM ID: 250250] and metaphyseal 
dysplasia without hypotrichosis [OMIM ID: 250460]).

Chondrocyte differentiation within the resting zone of 
the cartilaginous growth plate is stimulated by growth 
hormone that also prompts local synthesis of IGF-I that 
then mediates chondrocyte proliferation and hypertrophy 
acting through the IGF type 1 receptor (encoded by 
IGF1R). Chondrocyte differentiation and proliferation is 
also enhanced by IHH, a 336-amino-acid product of  
prehypertrophic and early hypertrophic chondrocytes that 
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acts through its cell membrane receptor Patched 1 (en-
coded by PTCH1) and coreceptor Smoothened (SMOH) 
to stimulate the synthesis of PTHrP. Differentiation of 
proliferating chondrocytes into prehypertrophic chondro-
cytes and of the latter into hypertrophic chondrocytes is 
inhibited in paracrine fashion by PTHrP functioning 
through PTH1R; PTHrP is secreted in utero by cells in 
the proximal periarticular perichondrium and postnatally 
by chondrocytes in the resting zone of the cartilaginous 
growth plate and diffuses into the zone of proliferating 
chondrocytes where it delays further differentiation, thus 
maintaining their replicative capacity (Figure 8-9).92,161,162 
Ultimately, the more distal proliferating chondrocytes  
escape from the inhibitory effects of PTHrP, undergo 
hypertrophy, and then die. In humans, inactivating muta-
tions of PTH1R result in rapid chondrocyte maturation and 
Blomstrand chondrodystrophy (OMIM ID: 215045), 
whereas activating mutations in PTH1R lead to impaired 
chondrocyte maturation and Jansen metaphyseal chondro-
dysplasia (OMIM ID: 156400). Thus, the rate of prehyper-
trophic and terminal hypertrophic differentiation of  
chondrocytes is regulated locally by both PTHrP and IHH, 
the latter by encouraging chondrocyte hypertrophy.161 IHH 

is also able to stimulate the conversion of perichondrial cells 
into osteoblasts.162 The synthesis of IHH is increased by 
several BMPs. During the process of chondrocyte hypertro-
phy, individual cell length increases 6- to 10-fold; as the 
chondrocyte dies collagenous fibers are enzymatically di-
gested, the extracellular matrix calcifies, and vascular endo-
thelial growth factor (VEGF) is produced.163 Surrounding 
the cartilage anlagen is a periosteal collar of bone deposited 
by recently differentiated osteoblasts; in response to VEGF 
blood vessels, chondroclasts, osteoclasts, osteoblasts, stromal, 
marrow, and other cells then invade the underlying cartilage 
and establish a primary center of ossification. A secondary 
ossification center forms at the distal ends of long bones 
(defining the epiphyses) with intervening areas of cartilagi-
nous growth plates that permit bone lengthening by contin-
ued proliferation and hypertrophy of chondrocytes and 
formation of extracellular matrix.

As the chondrocyte progresses through its matura-
tional stages of differentiation, proliferation, hypertrophy, 
and death, the patterns of expression of hundreds of genes 
change as do the components of secreted extracellular 
matrix.149,164,165 For example, experimentally the mesen-
chymal stem cell expresses, among many other genes, 
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Sox9 and Col2a1; the resting chondrocyte expresses Srfp5, 
Sox9, Col2a1, Agc1, and Pthlh; the proliferating chondro-
cyte expresses Sox9, Col2a1, Agc1, Fgfr3, and Runx2; the 
prehypertrophic chondrocyte expresses Bmp, Col2a1, 
Col10a1, Agc1, Pth1r, Runx2, and Vegf; the hypertrophic 
chondrocyte expresses Col10a1, Alpl, Ihh, Runx2, and Vegf; 
and the terminal hypertrophic chondrocyte expresses 
Col10a1, Vegf, and Mmp13. During the transition from 
the resting to the proliferating chondrocyte, functional 
gene pathways that are involved include the VDR/RXR 
and BMP signaling systems: in the transition from the 
proliferative to the hypertrophic chondrocyte prominent 
functional gene systems include BMP signaling and com-
ponents of cellular growth and the cell cycle such as p53; 
during the senescent phase of chondrocyte maturation the 
most prominently expressed signaling pathways are those 
involving VDR/RXR, MAPK, and WNT/b-catenin.164 
When the postproliferative chondrocyte begins to hyper-
trophy, the production of collagen type II declines and 
that of collagen type IX increases, whereas late hypertro-
phic and dying chondrocytes synthesize the collagenase, 
matrix metalloproteinase 13. In addition to IHH, transi-
tion from a proliferative to a hypertrophic chondrocyte  
is stimulated by triiodothyronine working in concert  
with IGF-I and FGFR3. Triiodothyronine acts through 
nuclear thyroid hormone receptor a to increase intracel-
lular signaling through the WNT4/b-catenin pathway. 
Triiodothyronine also inhibits expression of Pthlh, thus 
shortening the proliferative phase of chondrogenesis. In-
crease in activity of FGFR3 accelerates the hypertrophic 
process. As discussed, IHH inhibits chondrocyte hyper-
trophy acting through PTHrP that in turn down-regulates 
expression of RUNX2 and impedes its regulation of 
hypertrophy associated genes.149

FGF-1, -2, -6, -7, -9, and -18 acting through one of four 
FGF receptors are also important for normal chondrocyte 
differentiation and development.163 Normal chondrogene-
sis is dependent on the balance between the positive regula-
tion of chondrogenesis exerted through FGFR2 and 
FGFR4 and the negative regulation transmitted through 
FGFR1 and FGFR3. Mutations in FGFR1 and FGFR2 
have been associated with syndromes of premature cranio-
synostosis (Jackson-Weiss, Pfeiffer, Crouzon, and Apert 
syndromes), whereas alterations in FGFR1 have also been 
identified in patients with hypogonadotropic hypogonad-
ism. Gain-of-function mutations in FGFR3, expressed 
in chondrocytes in utero and postnatally, are associated 
with achondroplasia, hypochondroplasia, and related 
chondrodystrophies. Interestingly, mutations in FGFR4 
have not been identified in patients with osteochondrodys-
trophies to date. BMPs affect chondrogenesis by increas-
ing production of IHH, thus increasing chondrocyte  
proliferation, but also advance chondrocyte maturation.162

Chondrocytes within the late hypertrophic zone of the 
cartilage growth plate disintegrate and discharge their 
contents as they die. Blood vessels with their cellular cargo 
invade the extracellular matrix; chondroclasts and osteo-
clasts digest the extracellular matrix that has been de-
graded by proteolysis by matrix metalloproteinases, and 
crystals of calcium phosphate are deposited in the debris. 
These are later reabsorbed by osteoclasts after which os-
teoblasts secrete a matrix of collagen type I into which 

hydroxyapatite crystals are deposited to form bone. Ulti-
mately, growth plate cartilage disappears as primary and 
secondary centers of ossification meet and fuse, a process 
regulated by estrogen, which appears to accelerate the  
senescent process in late hypertrophic chondrocytes.149

Although Runt-related transcription factor 2 (encoded 
by RUNX2) inhibits the initial differentiation of the mul-
tipotential mesenchymal stem cell into the chondrocyte 
pathway, it is essential for progression of the chondrocyte 
through its later stages of differentiation as well as for the 
early stages of osteoblastogenesis.166 RUNX2 is the alpha 
subunit of a transcription factor complex that binds to 
the promoter region of target genes such as COLA1 
and MMP13.

Osteoblastogenesis
During osteoblastogenesis, RUNX2 guides pluripotent 
mesenchymal stem cells into the osteoblast lineage and 
up-regulates the expression of genes encoding collagen 
1A1, osteocalcin, and several other osteoblast products 
(see Figure 8-8). After initial osteoblast differentiation, the 
expression of RUNX2 declines as the mature osteoblast 
evolves. Stromal mesenchymal stem cells differentiate not 
only into chondroblasts (under the direction of SOX9) and 
osteoblasts (through WNT-induced signaling of RUNX2, 
DLX5, and SP7 [osterix]), but also into adipocytes 
(through PPARg2), myoblasts, and fibroblasts. Commit-
ted osteoblasts and adipocytes are capable of redifferenti-
ating into the other cell type depending on whether  
the expression of RUNX2 or PPARG is paramount; this 
process is directed by WNT10b, which enhances expres-
sion of RUNX2, DLX5, and SP7 while suppressing that of 
PPARG.156,167 The nuclear NAD-dependent protein 
deacetylase encoded by SIRT1 also inhibits the adipocyte 
differentiating effects of PPARg2 by docking corepressors 
to this transcription factor, thereby diverting mesenchy-
mal stem cells into the osteoblastogenic pathway.168 
BMP -2, -4, and -7 induce osteoblastogenesis acting through 
their heterodimeric cell surface receptors and transduce 
their intracellular signals through receptor-regulated 
Smads 1, 5, and 8 that heterodimerize with DNA-binding 
SMAD 4 to induce expression of RUNX2, DLX5, and 
SP7; TGFb signals through Smads 2 and 3 to promote 
RUNX2 expression; platelet-derived growth factor, FGFs, 
and IGF-I also enhance the proliferation and further  
differentiation of committed osteoblast precursors.156

Differentiation of the pluripotent mesenchymal stem 
cell into the osteoblast lineage is also under the guidance 
of WNT-stimulated intracellular signaling transduction 
pathways (Figure 8-10).158,169,170 (WNT is a term derived 
by combining the names of the Drosophila gene Wingless 
with the corresponding mouse gene Int.) Secreted WNT 
cytokines, a 19-member family of lipid-modified signaling 
glycoproteins with 350 to 400 amino acids and a con-
served sequence of 22 cysteine residues (e.g., WNT1, 
WNT3a, WNT5a, WNT7b, WNT9a, WNT10b), bind 
to the GPCR Frizzled receptors (encoded by FZD1) and 
to low-density lipoprotein receptor-related proteins 
(LRP) 5/6 coreceptors (encoded by LRP5, LRP6), both of 
which are long chain proteins with a single transmem-
brane domain situated on the mesenchymal stem cell’s 
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plasma membrane. WNT binding to Frizzled and  
LRP 5/6 leads to intracellular signaling through canonical  
(b-catenin) and noncanonical (the Gaq-protein and PLC) 
signal transduction pathways. The canonical signal trans-
duction pathway is mediated by increasing cytosolic  
concentrations of b-catenin (encoded by CTNNB1) 
(see Figure 8-10).149,169,171 b-Catenin is a transcription 
enhancing factor that in its free state enters the nucleus 
and associates with the T cell factor/lymphoid enhancer 
binding factor (TCF/LEF) transcription activating com-
plex. In the inactive state in cytosol, b-catenin is bound to 
a multiprotein complex of adenomatous polyposis coli 
(APC), axin, and glycogen synthase kinase 3 (GSK3). 
Phosphorylation of b-catenin by GSK3 directs it into the 
degradative ubiquitin/proteasomal pathway. Binding of a 
WNT ligand to its Frizzled receptor and to its LRP 5/6 
coreceptors leads to linking of the intracellular protein 
Disheveled-1 (encoded by DVL1) to the Frizzled receptor 
and to inhibition of GSK3-mediated phosphorylation of 
b-catenin, which slows its rate of degradation and releases 
it from binding to axin (encoded by AXIN1) increasing 
cytoplasmic levels of b-catenin and accelerating its trans-
port into the nucleus.169,172 In the nuclei of mesenchymal 
stem cells, b-catenin serves as a nuclear transcriptional 
cofactor by binding to TCF/LEF (thus displacing tran-
scriptional corepressors and recruiting coactivating fac-
tors) and thereby stimulating expression of RUNX2 (also 
termed core-binding factor alpha subunit 1 or CBFA1) 
and other target genes. RUNX2 activity may also be en-
hanced by WNT acting through a signaling pathway that 
is independent of b-catenin—that is, prostaglandin E2 
(PGE2) is also able to activate RUNX2 transcription.170 In 
turn, RUNX2 serves as a transcription factor that stimu-
lates the expression of SP7 (encoding osterix). RUNX2 
and SP7/osterix, a 431-amino-acid nuclear transcription 
factor, are essential for further differentiation of mesen-
chymal stem cells into osteoblasts and for their synthesis 
of osteocalcin (BGLAP) and collagen type I(a1) 
(COL1A1).158,166 Osteocalcin plays an important role in 
normal mineralization of bone matrix. Other gene targets 
of RUNX2 include those encoding BMP4, FGFR1, Dick-
kopf, WNT10a, WNT10b, FGF18, and TGFbR1.173 
RUNX2 is not only central to initiation of osteoblasto-
genesis but also to its maintenance. WNT signaling  
increases the production of osteoprotegerin (OPG) by  
the stromal cell/osteoblast, a protein that inhibits osteo-
clastogenesis, thereby further increasing bone mass  
(discussed later).

Also essential for osteoblast differentiation and pro-
liferation and, hence, normal bone development is 
FGF18. Expression of FGF18 is directly stimulated by 
the WNT-Frizzled-LRP 5/6-b-catenin pathway 
through TCF/LEF.174 Interestingly, the 5’ promoter 
site for TCF/LEF of FGF18 also harbors a RUNX2 
binding site. Thus, the WNT-Frizzled-LRP 5/6-b-catenin 
signal transduction system and RUNX2 coordinately 
enhance FGF18 expression. FGF18 affects chondrogen-
esis, osteogenesis, and osteoclastogenesis. FGF18 in-
hibits chondrocyte proliferation and antagonizes the 
effects of BMPs acting through its cell surface tyrosine 
kinase receptor (FGFR3).155,158 RUNX2 increases ex-
pression of the gene encoding TGFb type 1 receptor 

through which TGFb enhances the transcriptional 
activity of TCF/LEF.170

The WNT signaling pathway is opposed by several  
factors: secreted Frizzled-related proteins and WNT in-
hibitory factor 1 (encoded by WIF1) bind to WNT, thus 
interfering with ligand binding to its Frizzled receptor and 
to LRP 5/6; also, the complex of Dickkopf (encoded by 
DKK)/Kremen and sclerostin (encoded by SOST) binds to 
LRP 5/6, increasing their internalization and degradation 
and thus decreasing the number of LRP 5/6 coreceptors 
available for linkage to WNT and to its Frizzled receptor. 
Additionally, the axin-binding function of LRP5 is inhibited 
by binding of its extracellular domain to Dickkopf. WNT 
signaling results in an increase in the rates of osteoblast 
differentiation and proliferation, a decrease in the rate  
of osteoblast apoptosis, repression of mesenchymal stem 
cell differentiation into chondrocytes or adipocytes, and a 
decrease in osteoclastogenesis—the various processes 
summing to increase osteoblast number and hence the 
tempo of bone formation and remodeling.

Activating mutations of LRP5 are associated with an 
autosomal dominant form of relatively benign high bone 
mass (OMIM ID: 601884) or, in some patients, autosomal 
dominant osteopetrosis type 1 (OMIM ID: 607634), whereas 
inactivating mutations of LRP5 result in the autosomal re-
cessive osteoporosis-pseudoglioma syndrome (OMIM ID: 
259770) in which, in addition to decreased bone formation 
due to subnormal rate of osteoblast proliferation, the hya-
loid vessels of the embryonic eye fail to regress.175 (Some 
experimental data have suggested that it is expression of 
LRP5 in the enterochromaffin cells of the intestinal tract 
[rather than in bone itself] that modulates bone mass 
through regulation of serotonin production by these 
cells.176,177 In this proposed pathway, intestinal LRP5 nega-
tively controls the production of tryptophan hydroxylase 
and consequently the synthesis of serotonin; thus, a loss of 
LRP5 results in increased serotonin synthesis and secretion 
by the enterochromaffin cells that is transported through 
the circulation to the bone osteoblasts where it inhibits 
osteoblast proliferation. However, these observations have 
not been supported by the studies of other investigators; 
currently, it has been concluded that LRP5 primarily acts 
locally in bone to regulate bone differentiation and miner-
alization.178) Experimentally, a loss of Lrp6 also results in 
low bone mass; however, it but does not do so by impairing 
osteoblast function but rather by increasing osteoclasto-
genesis. LRP4, a third member of the LRP family, exercises 
an inhibitory influence on skeletal mineralization by 
enabling Dickkopf and sclerostin to interact with LRP 5/6.

Osteoblasts have a life span of 3 months. They are het-
erogeneous and express diverse genes that may be depen-
dent or independent of the stage of the cell cycle and extent 
of differentiation.167 The heterogeneity of osteoblasts may 
relate to the many different bone architectures and micro-
environments in which they reside. Actively bone-forming 
osteoblasts have a large nucleus, plentiful Golgi apparatus, 
and abundant endoplasmic reticulum. When the rate of 
bone formation is low, osteoblasts are small and quiescent 
and incorporated into the endosteum separating bone  
mineral from marrow or into the undersurface of the  
periosteum. Differentiated, mature osteoblasts secrete  
collagenous and noncollagenous proteins including  
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collagen type I, bone-specific alkaline phosphatase, and the 
calcium and phosphate binding proteins—osteocalcin,  
osteopontin, and osteonectin—thus making bone matrix 
competent for mineralization.179 Osteoblasts control 
mineralization of matrix by regulating local concentrations 
of phosphate through synthesis of cell membrane-bound 
alkaline phosphatase, which frees organically bound phos-
phate, and by reducing levels of inhibitors of bone forma-
tion such as pyrophosphates and the acidic serine aspartate-
rich MEPE-associated motif (ASARM) peptide (discussed 
later). Calcium and phosphate can then precipitate in bone 
matrix as hydroxyapatite crystals.

When an osteoblast is surrounded by bone matrix, it is 
transformed into an osteocyte embedded in a bony lacuna, 
a process influenced by matrix metalloproteinases, dentin-
matrix protein 1 (DMP-1), and other factors.180 Within 
mature bone, osteocytes form a network of interconnected 
long cytoplasmic processes that lie within canaliculi that link 
with one another across gap junctions and connect deep 
osteocytes with newly formed osteocytes and with surface 
lining cells.172 Osteocytes do not divide but have a half-life 
of approximately 25 years. They are capable of synthesizing 
a number of proteins including TGFb, PHEX, DMP-1, 
matrix extracellular phosphoglycoprotein (MEPE), FGF23, 
and sclerostin. Although possibly capable of transiently de-
stroying bone locally by osteocytic osteolysis, the primary 
roles of the osteocyte is to sense the mechanical load placed 
on the skeleton and the resultant deformation and strain 
(discussed later).181 The osteocyte does so by monitoring 
movement of fluid and pressure within canaliculi within a 
basic multicellular unit (BMU) of osteoblasts and osteo-
clasts. In response to a strain, osteocytes synthesize a num-
ber of substances, some of which bring about the movement 
of osteoclasts and osteoblasts to the site of bone stress (e.g., 
microfracture) allowing the removal of injured bone and  
its replacement by new bone (bone remodeling), whereas 
others play an anabolic or catabolic role in the bone’s  
response to mechanical loading and stress.175

Sclerostin (encoded by SOST) is a 213-amino-acid pro-
tein that binds LRP 5/6 and BMPs, thereby inhibiting 
WNT-LRP5/6-b-catenin–mediated osteoblast differenti-
ation (see Figure 8-10) and suppressing bone formation; 
secondarily, sclerostin increases expression RANKL, 
thereby promoting osteoclastogenesis.182 Sclerostin is 
primarily expressed and secreted by cortical and trabecular 
osteocytes in response to a decrease in mechanical forces 
(“unloading”) exerted on the skeleton; as a consequence, 
the rate of bone formation decreases and that of bone  
resorption increases.183 In response to mechanical loading, 
osteocyte expression of SOST decreases and the rate 
of bone formation increases. The inhibitory effect of me-
chanical loading on osteocyte production of sclerostin may 
be mediated by paracrine factors such as prostaglandins, 
nitric oxide, or oncostatin M (OMIM ID: 165095). In addi-
tion to mechanical forces, the expression of SOST or synthe-
sis of sclerostin is suppressed by PTH functioning through 
PTH1R. (There is a high density of binding sites for  
carboxyl fragments of PTH on osteocyte membranes sug-
gesting that these sequences may play a role in the mecha-
nosensory activity of the osteocyte network.75) Estrogens, 
cytokines produced by osteoblasts and osteoclasts  
(oncostatin M, leukemia inhibitory factor, cardiotrophin-1, 

IL-33), prostaglandin E2, and hypoxia also suppress  
expression of SOST. Calcitonin, osterix, and TNFa exert 
a direct stimulatory effect on osteocyte expression of 
SOST and synthesis of sclerostin.

The “mechanostat” function of the osteocyte is indis-
pensable for maintenance of optimal bone strength, mass, 
size, and shape. The stimulus for the functional adaptation 
of bone is mechanical strain (“the deformation of bone 
tissues that occurs with loading”).184,185 The magnitude of 
a strain is determined by its force, frequency, and distribu-
tion and is also dependent on the site on which the strain 
is exerted and by genetic characteristics of the individual 
on whom the mechanical load is placed. In response to 
mechanical deformation, fluid shifts in the lacunae and 
canaliculi provoke the osteocyte to release nitric acid  
and PGE2 that recruit osteoblasts to the strain site where 
new bone is formed beneath the periosteum of long bones 
and on existing trabeculae (formation modeling). When 
mechanical force on bone is reduced (e.g., immobilization, 
bed rest, space flight), the rate of osteocyte apoptosis in-
creases by uncertain mechanisms. The dying osteocyte 
releases both macrophage colony-stimulating factor  
(M-CSF) and soluble receptor activator of nuclear factor 
kB-ligand (sRANKL) leading to an increase in osteoclas-
togenesis and bone resorption (discussed later) primarily 
on the endosteal surface of long bones without a compa-
rable increase in osteoblast-directed bone formation  
resulting in diminished cortical thickness and bone 
strength (resorption modeling). In sites of microfractures, 
signals (M-CSF, sRANKL) from dying osteocytes recruit 
osteoclasts that, in turn, attract osteoblasts for removal and 
reformation of bone, respectively (targeted remodeling).185 
Interestingly, bisphosphonates, sex steroids, and PTH 
prevent osteocytic apoptosis, a property that partially  
underlies the positive physiologic effects of these com-
pounds on bone mass. The strain placed on long bones by 
muscular exertion and other forces (e.g., jumping) exerts a 
positive anabolic effect through stimulation of osteocyte 
function. The functional muscle-bone unit confers the 
ability of bone to modify its strength, mass, and shape in 
response to muscular force.186

PTH1-84 functioning through PTH1R stimulates 
growth of osteoblast progenitor cells and inhibits apoptosis 
of osteoblasts and osteocytes, thereby enhancing bone for-
mation and accounting for its therapeutic usefulness in 
treatment of osteopenic states; however, PTH1-84 also pro-
motes bone resorption by stimulating osteoblast produc-
tion of RANKL, an osteoclast activating factor (discussed 
later). In osteoblasts, carboxyl terminal fragments of PTH 
affect the generation of alkaline phosphatase, procollagen I, 
and apoptosis, some of which effects may be opposite  
to those of PTH1-84. Calcitriol, functioning through the 
nuclear VDR, increases osteoblast synthesis of several  
noncollagenous matrix proteins including osteocalcin. 
Glucocorticoids decrease bone mineralization by depress-
ing osteoblast differentiation, function, and life span and  
by promoting osteocyte apoptosis. Glucocorticoids also 
enhance osteoclastogenesis and prolong their bone resorb-
ing activity.187 Estrogens stimulate osteoblast proliferation 
and synthesis of collagen type I and inhibit apoptosis of 
osteoblasts and osteocytes. Estrogens enhance trabecular 
and endosteal bone growth and exert a biphasic effect on 
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periosteal bone growth: in prepubertal children, small 
amounts of estrogens promote periosteal bone growth; in 
pubertal and adult subjects, estrogens oppose this process; 
estrogens also accelerate growth plate fusion and inhibit 
bone resorption—the latter by enhancing osteoclast apop-
tosis. Androgens primarily promote mineralization by con-
version to estrogens, as evidenced by the osteopenia noted in 
adult males with aromatase deficiency or loss-of-function 
mutations in estrogen receptor-a (ERa).188 Androgens 
also have a direct effect on bone mineralization; acting 
through the androgen receptor they increase periosteal 
bone growth during puberty in both males and females; 
however, the stronger bones of men compared to women 
reflect not increased volumetric bone mineral density  
but rather increased bone size due to greatly expanded 
periosteal bone width.189 Increased periosteal bone width 
in males is due in part to the androgen-induced effect of  
increased muscle mass, strain, and mechanical loading on 
bones.190 Nevertheless, estrogens too are necessary for 
normal periosteal bone growth as despite normal testoster-
one secretion the aromatase-deficient male has decreased 
periosteal bone width, a situation that can be reversed by 
administration of estrogen acting through ERa. A portion 
of the anabolic effects of estrogens and PTH on bone  
mineralization may be mediated through their stimulation 
of the GH/IGF-I axis. GH enhances the proliferation  
and differentiation of osteoblast precursors, whereas IGF-I 
increases osteoblast function and trabecular and cortical 
bone volume and decreases osteoblast and osteocyte 
apoptosis.109,167 The endogenous GH secretagogue ghrelin 
promotes proliferation and differentiation of osteoblasts 
and bone mineralization in vivo.191 Leptin secreted by adi-
pocytes or osteoblasts acting locally in bone exerts anabolic 
effects and promotes bone formation. However, centrally 

active (hypothalamic ventromedial nucleus) leptin impairs 
bone formation (discussed later).147

Cortical or compact bone is present in the cranium, 
scapula, mandible, ilium, and shafts of the long bones; both 
its periosteal and endosteal surfaces are lined with layers of 
osteogenic cells. Cancellous (trabecular or spongy) bone is 
located in the vertebrae, basal skull, pelvis, and ends of the 
long bones. Because only 15% to 25% of trabecular bone 
volume is calcified (compared to 80% to 90% of cortical 
bone volume) and thus has a far greater surface area, tra-
becular bone is metabolically quite active; it has a high 
turnover rate, making it more vulnerable to disorders that 
adversely affect bone mineralization. In flat bones (skull, 
ilium, mandible), intramembranous ossification begins 
with the local condensation of mesenchymal cells that  
differentiate directly into preosteoblasts and osteoblasts 
and initiate the formation of irregularly calcified (woven) 
bone that is then replaced by mature lamellar bone. Mem-
branous bones grow by apposition, a process supported by 
the development of new blood vessels induced by VEGF, a 
protein that also enhances bone formation.192 The perios-
teum is a fibrous network in which osteoblasts synthesize 
peripheral compact bone; cortical bone reinforces bone 
strength and complements and extends that provided by 
trabecular and endosteal bone. Tendons and ligaments  
insert and are fixed into cortical bone.

Osteoclastogenesis
In addition to their pivotal role in bone formation, osteo-
blasts and bone marrow stromal cells regulate bone  
resorption by controlling the differentiation, maturation, 
and function of osteoclasts (Figures 8-11A and 8-11B). 
Osteoclasts are multinucleated giant cells that adhere to 
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the surface of bone and form a subosteoclastic lacuna  
into which the osteoclast secretes hydrochloric acid to 
dissolve the mineral phase of bone (hydroxyapatite)  
and cathepsin K and matrix metalloproteinases to digest 
organic matrix.193 Osteoclasts develop from hematopoi-
etic stems cells of monocyte-macrophage lineage. In re-
sponse to PTH (or PTHrP), calcitriol, IL-6 and -11, and 
several other cytokines (e.g., TNFa), and prostaglandins 

(discussed later), osteoblasts and bone marrow stromal 
cell synthesize both M-CSF and RANKL, essential stim-
uli for osteoclast differentiation.187 Osteoblasts and stro-
mal cells also synthesize a decoy acceptor protein for 
RANKL that inhibits osteoclastogenesis, osteoprotegerin 
(OPG). M-CSF, a cytokine that functions through its 
receptor, CSF1R/c-Fms, whose expression is induced  
by the transcription factor PU.1 (OMIM ID: 165170), 
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FIGURE 8-11, cont’d
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enables hematopoietic stem cells to differentiate into 
macrophage colony-forming units from which are  
derived macrophages and osteoclasts. M-CSF/CSF1R, 
signaling through the MAPK and PI3K3 transduction 
pathways, facilitates microphthalmia-associated transcrip-
tion factor (MITF)-stimulated expression of the gene 
encoding B-cell leukemia/lymphoma 2 (Bcl-2), an anti-
apoptotic factor that permits survival of osteoclast pre-
cursors. Subsequently, RANKL, a member of the TNF 
ligand superfamily encoded by TNFSF11 and expressed 
on the surface of bone marrow stromal cells and osteo-
blasts, binds to M-CSF induced RANK expressed on the 
surface of osteoclast progenitor cells where it induces 
their further differentiation and activation.187 RANKL 
is a 317-amino-acid protein composed of cytoplasmic  
(48 amino acids), transmembrane (21 amino acids), and 
extracellular (248 amino acids) domains with the binding 
site for RANK extending between amino acids 137 and 
158. In the promoter region of TNFSF11 is a response 
element for RUNX2, the osteoblast differentiating tran-
scription factor. RANKL is also expressed in lymphoid 
tissue (where it is critical for development of the immune 
system), striated and cardiac muscle, lung, intestines, 
placenta, thyroid, prechondroblast mesenchymal cells, 
and hypertrophic chondrocytes. In addition to further-
ing osteoclast differentiation, RANKL enhances func-
tion of the mature osteoclast and inhibits its apoptosis. 
RANKL stimulates transcription of osteoclast-specific 
proteins such as tartrate-resistant acid phosphatase 
(TRAP), matrix metalloproteinase 9, carbonic anhydrase II, 
cathepsin K, the a3 subunit of vacuolar [H1]-ATPase 
(encoded by TCIRG1), chloride channel 7 (encoded by 
CLCN7), osteopetrosis-associated trans membrane pro-
tein 1 (encoded by OSTM1), avb3-integrin, and the calci-
tonin receptor. RANKL also enhances the development 
of calcium resorption lacunae and pits (discussed 
later).187 In RANKL knockout mice, loss of osteoclasts 
leads to osteopetrosis; because RANKL also affects  
differentiation and function of the immune system, 
these animals have thymic hypoplasia and lymph node 
agenesis. In humans, inactivating mutations of TNFSF11 
(encoding RANKL) and of TNFRSF11A (encoding 
RANK) result in osteopetrosis due to decreased osteo-
clast formation (OMIM ID: 259710 and 612310, respec-
tively).187 BMPs too stimulate osteoclast formation and 
function.194

By cell-to-cell interaction, RANKL expressed on the 
cell membrane of the stromal cell/osteoblast binds to 
RANK expressed on the cell membrane of osteoclast 
precursor cells. RANK, a member of the TNF receptor 
superfamily, is a 616-amino-acid protein with a signal 
peptide (28 amino acids), cytoplasmic domain (383 amino 
acids), transmembrane domain (21 amino acids), and  
extracellular domain (184 amino acids) that is expressed 
in osteoclasts, fibroblasts, and B and T lymphocytes. 
Binding of RANKL to RANK leads to transmission of  
an intracellular signal through SRC (OMIM ID: 190090), 
adaptor proteins that associate with RANK including 
TNF receptor-associated factor (TRAF) 6 (OMIM ID: 
602642) and GRB2-associated binding protein (GAB) 
2 (OMIM ID: 606203), and subsequently through c-Jun 
N-terminal kinases (JNK; members of the MAPK family) 

to activate NFkB and c-Fos (encoded by FOS), the latter 
a component of the activator protein-1 (AP-1) transcrip-
tion factor complex (see Figure 8-11B).195 The expression 
of c-Fos is regulated by Ca21/calmodulin-dependent pro-
tein kinases (CaMKs, OMIM ID: 604998) and cyclic 
AMP-responsive element binding protein (CREB, 
OMIM ID: 123810). NFkB, a family of five dimeric tran-
scription factors of which NFkB1 and NFkB2 are crucial 
for osteoclastogenesis, is activated by degradation of the 
inhibitor of kB (IkB, OMIM ID: 164008), a protein that 
traps NFkB in the cytoplasm and is itself destroyed 
through the ubiquitination/proteasomal pathway after 
phosphorylation of its serine residues. Free NFkB then 
acts via c-Fos and AP-1 to stimulate osteoclastogenesis in 
concert with the 827-amino-acid master osteoclastogenic 
transcription factor–nuclear factor of activated T cells, 
cytoplasmic, calcineurin-dependent 1 (NFATC1, OMIM 
ID: 600489).193,195

Movement of NFATC1 from the cytoplasm into the 
nucleus is facilitated by calcineurin, a serine/threonine 
phosphatase activated by cytosolic Ca21; calcineurin is 
composed of a Ca21-binding protein and a calmodulin-
binding catalytic subunit (encoded by PPP3CA, OMIM 
ID: 114105). Exposure of the nuclear localization signal of 
NFATC1 by dephosphorylation of its serine residues en-
ables its translocation into the nucleus. Nuclear NFATC1 
then interacts with AP.1, PU.1, MITF, and CREB in a 
transcriptional complex that stimulates expression of genes 
encoding osteoclast-specific proteins (e.g., TRAP, cathep-
sin K, b3 integrin, calcitonin receptor, OSCAR) and leads 
to terminal differentiation of osteoclasts.195 RANKL/
RANK signaling also stimulates tyrosine kinases (BTK 
[OMIM ID: 300300], TEC [OMIM ID: 600583]) that 
form an osteoclastogenic signaling complex with the adap-
tor protein BLNK (OMIM ID: 604515) that activates 
PLCg leading to cleavage of membrane phosphatidylino-
sitol-4,5- bisphosphate into DAG and IP3, the latter mo-
bilizing Ca21 from intracellular storage sites within the 
endoplasmic reticulum resulting in increased cytosolic 
Ca21 levels and activation of calcineurin and NFATC1.196 
In the preosteoclast, there is an essential costimulatory 
signaling system of immunoglobulin-like receptors 
through which NFATC1 is also activated. The osteoclast-
associated receptor (OSCAR) and the triggering receptor 
expressed on myeloid cells (TREM)-2 are transmembrane 
costimulatory receptors expressed on the plasma mem-
brane of preosteoclasts whose ligands are sequences of 
amino acids ( . . . GPOGPX(GFX( . . . ) derived from col-
lagens types I, II, and III of extracellular matrix to which 
preosteoclasts are exposed at sites of bone formation (see 
Figure 8-11B).195 The costimulatory receptors associate 
with intracellular adapter proteins that contain an immu-
noreceptor tyrosine-based motif (ITAM) such as the Fc 
receptor common g subunit (FcRg, OMIM ID: 147139) 
and DNAX-activating protein of 12 kDa (DAP 12, OMIM 
ID: 604142) that are phosphorylated by RANKL/RANK 
signaling. The complex of costimulatory receptors and 
ITAM-containing intracellular factors contribute to  
activation of NFATC1 by enhancing PLCg activity work-
ing through spleen tyrosine kinase (SYK, OMIM ID: 
600085) and BLNK, thus integrating the functions of the 
RANKL/RANK and OSCAR/ITAM signal transduction 
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systems.193,195,196 Interestingly, NFATC1 autoamplifies its 
own expression by linking to an NFAT-binding site within 
the promoter region of NFATC1, a site that is activated by 
epigenetic mechanisms that regulate histone acetylation 
and methylation.193

During osteoclast differentiation, preosteoclast cell 
membranes fuse, forming the mature multinucleated gi-
ant cell osteoclast. Maturing osteoclasts develop circum-
ferential podosomes (adhesion structures with abundant 
actin that can degrade matrix) that are critical for cell-cell 
fusion, a process requiring tyrosine phosphorylation of the 
adaptor proteinTks5 by PI3K and Src.197,198 Syncytin-1 
(OMIM ID: 604659), a plasma membrane protein, also 
plays a role in osteoclast fusion, as do f-actin and adhesion  
factors such as E-cadherin and integrins.199,200 In addition 
to the contribution of the endoplasmic stores of Ca21 to 
cytosolic Ca21 concentrations, extracellular Ca21 enters 
the differentiating and mature osteoclast through tran-
sient receptor potential (TRP) cation channels 4 and 5.193 
TRPV4 plays a role in osteoclast differentiation, where-
asTRPV5 is important for the functional activity of the 
mature osteoclast. In the subosteoclast resorption lacuna, 
Ca21 levels exceed 40 mM (serum Ca21 values range be-
tween 1.1 and 1.3 mM); consequently, as intraosteoclast 
Ca21 concentrations rise, bone resorbing activity is inhib-
ited, and the osteoclast ages and dies. Concurrently, the 
high Ca21 environment around the resorption lacuna 
attracts osteoblasts that produce the bone needed to fill 
the lacuna. Thus, the processes of bone resorption and 
formation are likely coupled by lacunar levels of Ca21.

OPG (OMIM ID: 602643) is a member of the TNF 
receptor superfamily and is synthesized and secreted by 
the stromal cell/osteoblast; it acts as a “decoy” receptor 
by binding to RANKL, thus inhibiting the interaction of 
RANKL and RANK and thereby osteoclastogenesis.201 
The 5 exon gene (TNFRSF11B) encoding human OPG is 

expressed also in the lung, liver, heart, kidney, intestinal 
cells, brain, thyroid, lymphocytes, and monocytes. Human 
OPG is synthesized as a 401-amino-acid propeptide; after 
cleavage of the 21-amino-acid signal peptide the mature 
protein of 380 amino acids contains 4 cysteine-rich 
amino terminal domains and two carboxyl terminal 
“death” domains; it is glycosylated and released into the 
paracellular space as a disulfide-linked homodimer.  
The synthesis of OPG is enhanced by IL-1a and -1b, 
TNFa, TNFb, BMP-2, TGFb, and estrogen, and it is 
antagonized by calcitriol, glucocorticoids, and PGE2. 
Through binding to RANKL on the surface of the  
stromal cell/osteoblast or to its circulating secreted form, 
OPG inhibits the osteoclast activating and bone reab-
sorbing effects of calcitriol, PTH, and the interleukins. 
Overexpression of OPG in transgenic mice leads to  
osteopetrosis, whereas its knockout is associated with  
loss of cortical and trabecular bone and osteoporosis, 
multiple fractures, and hypercalcemia; the latter model is 
the experimental counterpart of juvenile Paget disease 
(OMIM ID: 239000).202 OPG also binds to and neutral-
izes the TNF-related apoptosis-inducing ligand (TRAIL), 
a product of T lymphocytes that transduces apoptotic  
signals, and thus OPG is also likely to be a cell survival 
factor.201

When mature osteoclasts attach to bone, the inferior 
surface of the osteoclast develops a ring structure com-
posed of b-actin filaments and avb3 integrins that bind to 
matrix-embedded osteopontin and other components that 
contain the amino acid sequence—Arg-Gly-Asp (RGD)—
thereby forming a sealed zone and creating an isolated 
microenvironment between the osteoclast’s inferior cell 
membrane and the outer bone surface, the resorption la-
cuna (Figure 8-12).187 The inferior or apical surface of the 
osteoclast within the sealed zone develops an irregular 
ruffled border through which are secreted products of the 
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osteoclast. Into the isolated sealed resorption lacuna the 
osteoclast pumps (1) acid (H1 or protons) generated from 
carbon dioxide by carbonic anhydrase II (encoded by CA2) 
and actively transported via a vacuolar type ATPase proton 
pump (encoded by TCIRG1) and chloride ions passively 
transmitted through a chloride channel (encoded by 
CLCN7) that functions as a proton-chloride antiporter 
to form a highly acidic (pH 4.5) milieu that dissolves hy-
droxyapatite, the mineral phase of bone, and (2) lysosomal 
proteolytic enzymes (such as the cysteine proteases— 
cathepsins K, B, and L—and collagenases such as matrix 
metalloproteinase [MMP] 29 [OMIM ID: 120361]) that di-
gest osteoid, the protein matrix of bone.187,203 Osteopetrosis-
associated transmembrane protein 1 (encoded by OSTM1) 
is a 334-amino-acid protein that is essential for normal 
processing of CLCN7 and hence for normal acidification 
of the subosteocytic resorption lacuna and consequent dis-
solution of hydroxyapatite. Osteopetrosis associated with 
large numbers of osteoclasts develops in patients with loss-of-
function mutations in the genes encoding carbonic anhy-
drase II (OMIM ID: 259730), the vacuolar ATPase proton 
pump (OMIM ID: 259700), the chloride channel (OMIM 
ID: 166600, 611490), or its associated protein, OSTM1 
(OMIM ID: 259720), whereas inactivating mutations in 
the gene encoding cathepsin K lead to pycnodysostosis 
(OMIM ID: 265800).187 After the osteoclast contacts bone, 
it functionally polarizes into two realms: the inferior por-
tion of the osteoclast above the ruffled membrane trans-
ports protons, chloride ions, and enzymes from the interior 
of the cell into the subcellular space and reabsorbs the 
products degraded by these agents; the superior portion of 
the osteoclast processes and excretes the reabsorbed mate-
rials. TRPV5, the calcium channel required for intestinal 
and renal tubular absorption/reabsorption of calcium, is 
also found on the ruffled membrane of the osteoclast.22 
Experimental disruption of Trpv5 leads to osteoclast dys-
function and impaired ability to reabsorb calcium from 
bone. Paradoxically, however, Trpv5-/- mice are not osteo-
petrotic; rather, they are osteopenic due to excessive renal 
loss of calcium. Trpv4 is also expressed in osteoclasts, 
and Trpv4-/- mice are osteopetrotic as osteoclast matura-
tion is impeded. Multiple osteoclast subtypes have been 
described whose individual function depends on the genes 
the osteoclast expresses, the anatomic location of the  
osteoclast, and the functional response of the osteoclast to 
exogenous agents.187 Thus, there are subtle distinctions 
between endochondral and membranous bone osteoclasts, 
trabecular and cortical osteoclasts, and osteoclasts involved 
in targeted and stochastic bone remodeling. (Targeted 
bone remodeling occurs locally and involves replacement 
of damaged bone by new bone in order to maintain bone 
strength; stochastic bone remodeling occurs systemically 
in response to PTH released as the Ca21

e concentration 
falls; it maintains and perhaps increases bone integrity.)

PTH1-84, PTHrP, calcitriol, thyroid hormone, IL-1b, 
-3,-6, and -11, TNFa, PGE2, and glucocorticoids stimu-
late expression of RANKL and M-CSF and depress  
that of OPG and hence favor osteoclast development  
and bone resorption. Calcitonin, estrogen, interferon-g, 
IL-4, -10, and -18, TGFb, and bisphosphonates antago-
nize these processes.204 Estrogens, acting through nuclear 
ERa, maintain and augment bone mass by inhibiting its 

dissolution by suppressing T-cell production of osteo-
clast activating cytokines such as IL-1, -6, and TNFa and 
by suppressing expression of RANKL and increasing that 
of TGFb. Additionally, estrogens interfere with RANKL/
RANK–stimulated intracellular signal transduction 
through MAPK and also down-regulate expression of 
ITGB3 (encoding avb3 integrin).187 Calcitonin acting 
through its GPCR dissociates the processes of bone re-
sorption and bone formation by transiently depressing 
the bone-resorbing activity of osteoclasts; it does so by 
impeding formation of the ruffled membrane. Although 
osteoclasts do not express PTH1R, PTH1-84 enhances 
osteoclastogenesis by stimulating osteoblast and stromal 
cell production of RANKL. However, when PTH1-34 is 
administered intermittently, it increases osteoblast activ-
ity and the rate of bone formation and slows the rate of 
osteoblast apoptosis, functioning in part through IGF-I. 
Interestingly, carboxyl terminal fragments of PTH1-84 
can inhibit osteoclast formation and function and an-
tagonize the osteoclast stimulating effects of PTH1-84, 
calcitriol, prostaglandins, and interleukins.75 GH acting 
through IGF-I increases bone mass both by increasing 
bone size as well as the size and strength of muscles; it 
also stimulates intestinal calcium absorption (through 
activation of 25-hydroxyvitamin D-1a-hydroxylase and 
synthesis of calcitriol) and renal phosphate retention.

Bone modeling is accomplished by the independent 
action of osteoblasts and osteoclasts and is not dependent 
on prior bone resorption.152 Bone remodeling is the pro-
cess during which the strength, structure, and function of 
bone are renewed; bone resorption and deposition are 
sequentially linked. Bone remodeling is accomplished 
within the BRU of designated osteoclasts and osteoblasts; 
it is a continuous process in which old cancellous and 
cortical bone is reabsorbed and replaced by new bone and 
takes place in the growing as well as the mature skeleton. 
The BRU is 1 to 2 mm in length, 0.2 to 0.4 mm in width, 
led by osteoclasts, and trailed by osteoblasts; in the adult 
skeleton the life span of the BRU is 6 to 9 months and 
10% of the skeleton is turned over each year. The site 
selected for remodeling is targeted by osteocytes sensing 
a mechanical or stress defect. Bone remodeling occurs in 
four stages: (1) activation, in which osteoclast precursor 
cells target a resting bone surface, evolve into osteoclasts, 
convert the area into a BRU composed of a subosteocytic 
bone resorption lacuna, and initiate (2) bone resorption, 
during which the mineral phase of bone is solubilized by 
acid and the protein component degraded by proteases; 
when complete the osteoclast dies; this phase is followed 
by (3) reversal, in which monocytes, osteocytes, and os-
teoblasts attracted to the BRU through their detection of 
the high Ca21 concentrations in the resorption lacunae 
and by growth factors (IGF-I and -II, TGFb, BMP) 
released from the matrix or secreted by osteoclasts enter 
the area of reabsorbed bone and initiate (4) renewed 
bone formation, by secreting osteoid, increasing local 
concentrations of calcium and phosphate to levels that 
exceed their solubility and degrading ASARM peptides, 
pyrophosphates, and proteoglycans that inhibit mineral-
ization. The majority of osteoblasts and osteoclasts in the 
BRU are eliminated by programmed cell death, apopto-
sis, whereas some osteoblasts develop into osteocytes.
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collagen type I into extracellular matrix. Mature type I collagen is a coiled triple helix of two polypeptide chains of collagen a1(I) and one 
of a2(I) that are cross-linked intramolecularly by disulfide bonds and intermolecularly at the N and C terminals by nonhelical pyridinium 
telopeptides. (Reproduced from Byers, P. H. (1995). Disorders of collagen biosynthesis and structure. In C. R. Scriver, A. L. Beaudet, W. S. Sly, D. Vale 
(Eds.), The metabolic and molecular bases of inherited disease (pp. 4029–4077) (7th ed.). New York: McGraw-Hill, with permission.)
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Endocrinol Metab Clin NA, 27, 303–323, with permission.)

Bone Extracellular Matrix 
and Mineralization
Organic matrix proteins comprise 35% of bone, and type 
I collagen makes up 90% of these proteins.179 Type I col-
lagen is composed of a coiled triple helix of two polypep-
tide chains of collagen type I(a1) and one of type II(a2) 
that are cross-linked intra-molecularly by disulfide bonds 
and intermolecularly at the amino (N) and carboxyl (C) 
telopeptides by pyridinium compounds that permit  

bundling of collagen molecules into fibrils and fibers 
(Figures 8-13 and 8-14).205,206 Every third amino acid in 
the collagen a peptides is glycine, which permits the 
chains to coil; proline, hydroxyproline and hydroxylysine 
are also incorporated in large quantities. Proline is hy-
droxylated to 4-hydroxyproline and 3-hydroxyproline by 
prolyl 4-hydroxylase and prolyl 3-hydroxylase-1 (P3H1), 
respectively; lysine is hydroxylated by lysyl hydroxylase 
and some hydroxylysine residues are glycosylated. P3H1 
(also termed leprecan, encoded by LEPRE1) is an enzyme 
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that specifically hydroxylates only the proline residue at 
codon 986 in bone collagen type I(a1), a reaction that 
requires interaction of P3H1 with cartilage-associated 
protein (encoded by CRTAP) and cyclophilin B (encoded 
by PIPB). CRTAP is expressed in the proliferative zone 
of developing cartilage and at the chondro-osseous  
junction; cyclophilin B is a peptidyl-prolyl cis-trans isom-
erase. That posttranslational modifications of collagen 
type I(a1) are essential for normal bone formation is 
evidenced by the association of inactivating mutations of 
CRTAP with osteogenesis imperfecta types IIB (OMIM 
ID: 610854) and VII (OMIM ID: 610682) and of LEPRE1 
with osteogenesis imperfecta type VII.207,208,209 Amino 
and carboxyl terminal extensions of the propeptides of 
collagen are removed by proteolysis during formation of 
the mature collagen molecule and are partially secreted  
into extracellular space and serum. Pyridinoline (PYR;  
hydroxylysyl-pyridinoline) and deoxypyridinoline (DPD; 
lysyl-pyridinoline) form nonreducible pyridinium cross-
links between mature collagen fibers thus making them 
insoluble (see Figure 8-14). Type I collagen predomi-
nates in bone but is also present in ligaments, tendons, 
fascia, and skin. Type II cartilage is composed of three 
procollagen type II(a1) chains and is primarily deposited 
in cartilage. Type III collagen (three procollagen type 
III[a1] chains) is present in bone, tendons, arteries, and 
intestine, and type IV (three procollagen type IV[a1]) 
cartilage is a component of cell basement membranes.

Measurement of serum (and urine) concentrations of 
markers of bone formation and bone resorption provide 
information about bone turnover in adults and children 
(Figure 8-15).210 Assessment of serum levels of soluble (s) 
RANKL and OPG reflect osteoblast function as related 
to osteoclastogenesis.211 Serum levels of soluble RANKL 
are higher in male children and adolescents and increase 
with age in both genders; the median concentration in 
males is 0.27 pmol/L (range nondetectable to 0.94) and 
in females it is 0.08 pmol/L (range nondetectable to 
1.42). Serum concentrations of OPG do not vary with 
age or gender in children and adolescents; the median 
concentration of OPG is 3.7 pmol/L (range 1.02 to 6.63). 
Determination of the procollagen I extension peptides 

procollagen type I carboxyl terminal propeptide (PICP) 
and procollagen type I amino terminal propeptide (PINP) 
reflect collagen synthesis and thus osteoblast function, as 
does determination of the osteoblast products: osteocal-
cin and bone-specific alkaline phosphatase. Degradation 
of mature bone matrix collagen type I by osteoclast- 
secreted cathepsin K and matrix metalloproteinases  
releases pyridinoline (PYR), deoxypyridinoline (DPD), 
and the amino terminal (NTX) and carboxyl terminal 
(ICTP) telopeptides of type I collagen. The urinary ex-
cretion of hydroxyproline and hydroxylysine and mea-
surements of PYR, DPD, NTX, CTX, and ICTP in 
urine or serum reflect catabolism of collagen type I and 
thus bone resorption. Osteoclast activity is also reflected 
by measuring serum concentrations of tartrate-resistant 
acid phosphatase type 5b isoform (TRAP5b).210 In the 
normal pregnant woman, serum concentrations of 
sRANKL, OPG, and ICTP are highest in the second  
trimester, whereas osteocalcin values are maximal in  
the first trimester, suggesting that early in normal preg-
nancy the rate of bone formation is increased, whereas  
in the second trimester, the rate of bone resorption is 
amplified.212 Serum levels of markers of both bone for-
mation and resorption are higher in the fetus than 
mother (Table 8-5).212-214 Fetal umbilical cord plasma 
PICP concentrations are highest in midgestation and 
decline in the last trimester to term values; after birth 
PICP values fall in preterm neonates during the first  
3 days of life and then increase steadily to peak values at 
36 weeks postconceptual age; PICP levels in cord plasma 
are higher in males than females and correlate with ges-
tational age and birth weight.214 In general, values of 
bone formation and resorption markers are highest in 
infants, fall during childhood, increase slightly during 
adolescence, and then decline to adult levels (Tables 8-6A 
and 8-6B).210,215-220 In children and adolescents, serum 
concentrations of markers of bone turnover are unrelated 
to the body mass index (BMI); however, age and gender 
significantly influence values of serum bone markers with 
higher levels in younger subjects and earlier decline in 
values in females than in males.218

Serum concentrations of sclerostin reflect the function 
of osteocytes but vary with the assay employed.221 Values 
of serum sclerostin are generally higher in healthy adult 
males than females (50 versus 37 pmol/L) and rise two to 
fourfold with aging; depending on age and gender, serum 
concentrations of sclerostin may correlate positively with 
bone mineral content and density (BMC, BMD) and 
negatively with serum levels of calcium, bone alkaline 
phosphatase, PINP, osteocalcin, and ICTP. Sclerostin val-
ues are decreased by physical activity and increased by 
immobilization. They are elevated in patients with hypo-
parathyroidism and decline after intermittent administra-
tion of PTH1-34.222-226 Serum sclerostin concentrations are 
higher in boys (median ,23 pmol/L) than girls (median 
,19 pmol/L), peak at 10 years of age in girls and 14 years 
in boys, and fall during puberty in both sexes.219

The adult skeleton is composed of mineral (50% to 
70%), organic matrix (20% to 40%), water (5% to 10%), 
and lipids (, 3%). Ten to 15 percent of bone matrix is 
composed of noncollagenous peptides secreted by the 
osteoblast including proteoglycans (chondroitin sulfate, 
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FIGURE 8-15 n  Biochemical markers of bone formation and resorp-
tion. (Reproduced from Jurimae, J. (2010). Interpretation and applica-
tion of bone turnover markers in children and adolescents. Curr Opin 
Pediatr, 22, 494–500, with permission.)
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heparan sulfate), glycoproteins, growth stimulating pro-
teins (BMP, TGFb, IGF-I), cell attachment peptides (in-
tegrin ligands: osteopontin, osteonectin, fibronectin), and 
g-carboxylated (Gla) proteins or proteins derived from 
serum (e.g., albumin).179 Macromolecular proteoglycans 
are composed of glycosaminoglycans (acidic polysaccha-
ride side chain) linked to a core protein and are important 
for normal synthesis of collagen and bone development. 
Osteonectin (encoded by SPARC) is a phosphorylated, 
32-kDa glycoprotein that binds to Ca21 in hydroxyapatite 
and to collagen fibrils enabling calcification of bone ma-
trix. Bone alkaline phosphatase is an isoform of tissue 
nonspecific alkaline phosphatase (encoded by ALPL), an 
80-kDa glycoprotein essential for bone mineralization 
(discussed earlier). Osteopontin (also termed bone sialo-
protein or secreted phosphoprotein 1 and encoded by 
SPP1) is a 75-kDa sulfated and phosphorylated glycopro-
tein that contains the amino acid sequence—Arg-Gly-Asp 
(RGD)—necessary for linkage to integrins and hence for 
attachment of osteoclasts to bone; it also binds Ca21 and 
hydroxyapatite and may play a role in the initiation of 
bone matrix mineralization. Osteopontin is secreted  
by osteoblasts in response to calcitriol. Osteocalcin (en-
coded by BGLAP) is a 49-amino-acid, g-carboxylic acid–
containing 6-kDa peptide that plays an essential role in 
bone mineralization; it is produced only by osteoblasts in 
response to BMP-7 and calcitriol acting through RUNX2, 
whereas its posttranslational synthesis is dependent  
on vitamin K. Interestingly, osteocalcin also regulates 

synthesis of testosterone by the testicular Leydig cell and 
stimulates release of insulin by pancreatic beta cells and 
adiponectin by white adipose tissue.177,227,228

Bone Mineralization
Although calcium and phosphate are costored in extracel-
lular and intracellular fluid compartments, they are pre-
vented from precipitating by inhibitors of precipitation 
such as polyphosphates (polymeric groups of phosphate 
anions linked together by oxygen bridges in linear chain 
or cyclic ring structures), pyrophosphate (the first mem-
ber of a series of polyphosphates that is composed of  
two phosphate groups linked by an oxygen bridge), or-
ganic ion chelators (oxalate, citrate), and proteins (e.g., 
osteocalcin, osteopontin, SIBLING proteins).6 (Pyrophos-
phate is generated by ectonucleotide pyrophosphatase/
phosphodiesterase 1 [encoded by ENPP1] mediated cleav-
age of nucleotides.) Controlled formation and deposition 
of hydroxyapatite into the extracellular matrix of cartilage 
(collagen types II and X) and bone (collagen type I) occurs 
when the inhibitors of biomineralization are degraded  
locally. In the first phase of bone formation, hypertrophic 
chondrocytes and osteoblasts initiate bone crystal forma-
tion by generating 100-nm subsurface matrix vesicles 
containing calcium, phosphate, TNSALP, calbindin-D9K, 
carbonic anhydrase, pyrophosphatases, osteocalcin, and 
osteopontin. TNSALP, synthesized by chondrocytes  
and osteoblasts and packaged within vesicles, is tethered 

Bone Formation
Trimester Full-Term Cord

1 2 3
Osteocalcin 4.47 2.02 1.56 3.3
ng/mL 6 SD 2.75 0.3
Bone alkaline 273 69
Phosphatase IU/L 11 12

M F
PICP 822 824
ng/mL (range) 475-1420 246-1450

Bone Resorption
sRANKL 0.59 1.17 0.76
pmol/L (, SD) 0.38 0.54 0.41
OPG 3.50 6.64 3.52
pmol/L (, SD) 1.51 0.12 0.36
ICTP 1.23 1.71 0.89 2.7 4.6
ng/mL (, SD) 0.41 0.56 0.29 0.2 0.1

TABLE 8-5  Markers of Bone Formation and Resorption in Pregnant 
Women and Neonates

Compiled and adapted from Jurimae, J. (2010). Interpretation and application of bone turnover markers 
in children and adolescents. Curr Opin Pediatr, 22, 494–500; Wasilewska, A., Rybi-Szuminska, 
A. A., & Zoch-Zwierz, W. (2009). Serum osteoprotegerin (OPG) and receptor activator of nuclear  
factor kB (RANKL) in healthy children and adolescents. J Pediatr Endocrinol Metab, 22, 1099–1104; 
Dorota, D., Bogdan, K. G., Mieczyslaw, G., et al. (2012). The concentrations of markers of bone 
turnover in normal pregnancy and preeclampsia. Hypertens Pregnancy, 31, 166–176; Yamaga, A., 
Taga, M., Hashimoto, S., & Ota, C. (1999). Comparison of bone metabolic markers between  
maternal and cord blood. Horm Res, 51, 277–279; Seibold-Weiger, K., Wollmann, H. A., Ranke, M. B., 
& Speer, C. P. (2000). Plasma concentrations of the carboxyterminal propeptide of type I procollagen 
(PICP) in preterm neonates from birth to term. Pediatr Res, 48, 104–108.



Bone Formation
Age (years) 6-15 . 15
Alk Ptase (U/L) 136-414 50-251

Age (years) 6-9 . 9-11 . 11-15 . 15
BAP (U/L) 51-164.3 65.6-138.2 45.5-208.4 13.1-80

Age (years) 6-9 . 9-15 . 15
OC (ng/mL) 56.5-152.1 48.2 226.4

Age (years) 6-11 . 11-14 . 14-15 . 15
TPINP (ng/mL) 407-1079 339-1399 . 1217 61-718

Bone Resorption
Age (years) 6-9 . 9-15 . 15
b-CTX (ng/mL) 2.05-2.38 1-2.9 0.50-2.43

Bone age (years) 6-8 9-11 12-14 15-17 18-21

PINP (ng/mL) 295 311 319 251 124

( 5 SE) 13 10 11 14 10
b-CTX (ng/mL) 1.9 1.8 2.4 1.8 1.2
( 5 SE) 0.2 0.2 0.2 0.2 0.1

PTH (pg/mL) 37.2 26.7 36.8 36.4 24.7
( 5 SE) 2.9 3.3 4.3 6.2 3.5

25OHD 31.2 30.8 26.8 27.9 29.2
( 5 SE) 4 1.3 1.2 2 2.8

TABLE 8-6A  Markers of Bone Formation and Resorption in Male 
Children and Adolescents (2.5 to 97.5 percentiles)

Compiled and adapted from Huang, Y., Eapen, E., Steele, S., & Grey, V. (2011). Establishment of 
reference intervals for bone markers in children and adolescents. Clin Biochem, 44, 771–778; 
Kirmani, S., Christen, D., van Lenthe, G. H., et al. (2009). Bone structure at the distal radius  
during adolescent growth. J Bone Miner Res, 24, 1033–1042.

Alk Ptase, alkaline phosphatase; BAP, bone alkaline phosphatase; OC, osteocalcin; TPINP, total procollagen 
N-terminal peptide; ICTP (b-CTX); b-Crosslaps, carboxyl terminal cross-link telopeptide of type I collagen. 

Bone Formation
Age (years) 6-11 . 11-14 . 14-15 . 15
Alk Ptase (U/L) 157-359 60-401 50-232 26-110

Age (y) 6-11 . 11-14 . 14-15 . 15
BAP (U/L) 23.5-151.1 20.8-172.3 12.6-105.8 8.1-43.9

Age (years) 6-10 . 10-14 . 14-15 . 15
OC (ng/mL) 61.4-136.2 24.1-232.1 17.8-119.6 21.1-76.7

Age (years) 6-10 . 10-11 . 11-14 . 14-15 . 15
TPINP (ng/mL) 411-1022 — 1451 109-1346 38-510 49-277

Bone Resorption
Age (years) 6-10 . 10-14 . 14-15 . 15
ICTP (ng/mL) 0.82-2.06 0.49-2.76 0.12-1.73 . 1.59

Bone age (years) 6-8 9-11 12-14 15-17 18-21

PINP (ng/mL) 273 275 263 143 89.1
( 5 SE) 5 9 8 15 8

b-CTX (ng/mL) 2.3 2,2 2.3 1.1 0.8
( 5 SE) 0.1 0.1 0.2 0.1 0.1

PTH (pg/mL) 30.8 24.6 38.8 29.4 28.4
( 5 SE) 3.5 2 4.2 4.6 3.5

25OHD 25.5 23.9 19.9 22.4 22.1
( 5 SE) 1.8 1.4 0.9 1.6 1.9

TABLE 8-6B  Markers of Bone Formation and Resorption in Female 
Children and Adolescents (2.5 to 97.5 percentiles)

Compiled and adapted from Huang, Y., Eapen, E., Steele, S., & Grey, V. (2011). Establishment of 
reference intervals for bone markers in children and adolescents. Clin Biochem, 44, 771–778; 
Kirmani, S., Christen, D., van Lenthe, G. H., et al. (2009). Bone structure at the distal radius  
during adolescent growth. J Bone Miner Res, 24, 1033–1042.

Alk Ptase, alkaline phosphatase; BAP, bone alkaline phosphatase; OC, osteocalcin; TPINP, total procollagen 
N-terminal peptide; ICTP (b-CTX); b-crosslaps, carboxyl terminal cross-link telopeptide of type I collagen.
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to the vesicular wall through the complex glycolipid, 
glycosylphosphatidylinositol. After the multipass trans-
membrane protein ANK (OMIM ID: 605145) transports 
pyrophosphate into the extracellular matrix, TNSALP 
cleaves inorganic phosphate from pyrophosphate and 
other polyphosphates, thereby increasing local phos-
phate concentrations. Phospho 1 (encoded by PPP1R1B) 
is a phosphatase present within matrix vesicles that when 
extruded from the matrix vesicle raises local levels of phos-
phate by releasing it from phosphoethanolamine and 
phosphocholine. After initial precipitation of calcium and 
phosphate as amorphous calcium phosphate within the 
matrix vesicles themselves, its extrusion into the extracel-
lular matrix, and further increases in local concentrations of 
phosphate and Ca21; the structural properties of collagen 
fibrils direct the formation of the hydroxyapatite crystal.6

Mineralization of bone is partially dependent on the 
extent of phosphorylation of osteopontin; when 40% of 
the phosphorylation sites of osteopontin are phosphory-
lated bone mineralization is inhibited; when 95% of  
its sites are phosphorylated hydroxyapatite formation is 
promoted.179,229 Matrix GLA protein, an 84-amino-acid 
vitamin K–dependent peptide containing g-carboxylated 
glutamate that is related to but distinct from osteocalcin 
and encoded by MGP, has great affinity for Ca21 and in-
hibits precipitation of calcium and phosphate; MGP is 
expressed in arteries and chondrocytes but not in osteo-
blasts; in patients with biallelic loss-of-function nonsense 
mutations in MGP, there is extensive calcification of 
cartilage (Keutel syndrome, OMIM ID: 245150).

The strength of the bone is determined by its size 
(height, width, depth), mineral mass, macro- and micro-
architecture, and material properties (e.g., elasticity) of 
collagen that in turn are regulated not only by endocrine 
hormones and paracrine growth factors but also by me-
chanical forces exerted on the skeleton by the environ-
ment (gravity) and by the muscular system.186,230,231 
Bone mass and strength are determined in part by the 
loads placed on bone by biomechanical forces exerted by 
muscles—the mechanostat model. In this model, osteo-
cytes monitor the stresses and strains (deformations) that 
are the result of mechanical forces placed on it. In re-
sponse to mechanical force, (1) osteocytes synthesize less 
sclerostin and their rate of apoptosis declines and the rate 
of WNT-stimulated bone formation increases, and (2) 
stromal cells decrease their expression of RANKL and 
thus the process of osteoclastogenesis slows. Additionally, 
in response to mechanical stress multiple growth factors 
generated by the osteoblast (FGFs, IGF-I, TGFb) act in 
an autocrine/paracrine manner on their respective tyro-
sine kinase receptors expressed in the cell membrane  
of the osteoblast to activate the PI3K, PKB, and MAPK 
signal transduction systems; prostaglandins activate  
GPCRs, adenylyl cyclase and PKA and the cyclic AMP 
responsive transcription factors; PLC generation leads to 
increase in cytosolic Ca21

i and osteoblast function as does 
influx of Ca21 through L-type calcium channels in the 
cell membrane.232 One of the target genes affected by 
mechanical stimulation is RUNX2 (discussed earlier) 
whose product is essential for osteoblast differentiation 
and expression and synthesis of osteoblast-specific pro-
teins (discussed earlier). Repetitive bone strain (an applied 

deforming force that might be compressive, lengthening, 
or angulating) leads to enhanced quantity and quality of 
bone (bone strength). It is this property that enables vari-
ous exercises to increase bone mineralization at all ages and 
states of mobility. The mechanisms that lead to increased 
bone mass are inactivated by decreased weight bearing  
such as immobilization or decreased gravity (e.g., space 
flight) and lead to bone loss (disuse osteoporosis). Although 
bone strength is in part dependent on bone mineralization, 
it is the size and integrity of bone that primarily deter-
mine its strength.233 Clinically, this paradox is illustrated 
by the increased rate of fractures in children with osteo-
petrosis or marble bone disease despite extremely dense 
bones with thick cortices and trabeculae.

Skeletal accretion of calcium begins early in fetal life 
and progresses through childhood and puberty. The 
skeleton accumulates 25 to 30 g of calcium in utero and 
accrues 1300 g by adulthood. The average total body 
bone mineral content (BMC) of the adult male approxi-
mates 2800 g and of the adult female 2200 g with greater 
values in black than white individuals. Approximately 
60% of total adult bone calcium is acquired during ado-
lescence, and 25% is acquired in the 2 years prior to and 
after the peak velocity of BMC accrual; 30% of the mean 
BMC of the adult female lumbar spine (60 g) is depos-
ited during this interval.234 In both males and females, 
peak bone mass achieved in young adulthood is inversely 
related to the age of pubertal onset.235

As evidenced by the close concordance of bone mineral 
status between mothers and daughters, identical and frater-
nal twins and siblings, 60% to 80% of the peak or maxi-
mum adult bone mass is determined by genetic factors.236 
Candidate genes through which this parental relationship 
might be exercised include those encoding the vitamin D, 
calcium-sensing, estrogen, low-density lipoprotein-related, 
leptin and b-adrenergic receptors, cytokines (e.g., IL-6, 
TGFb) and growth factors (BMPs, IGF-I), and bone 
matrix proteins such as type I collagen and osteocalcin 
emphasizing the fact that the regulation of bone mineral-
ization is genetically complex and heterogeneous.237 
Genome-wide association studies have identified numerous 
genes that likely influence bone mineralization including 
those encoding corticotropin-releasing hormone receptor, 
b-catenin, RANK, and sclerostin.238 In addition to intrafa-
milial factors, race, sex, body size, and composition are 
important determinants of bone calcium content. In black 
male and female youths, there is higher whole body BMC 
and BMD and lumbar spine, one-third radius, total hip, 
and femoral neck BMD than in white, Asian, or Hispanic 
youth.239 Asian female children and adolescents have lower 
whole body and femoral neck BMD than do white and 
Hispanic subjects. Hispanic males have lower lumbar spine 
BMD than do white and Asian youth. Radial and femoral 
neck (peripheral) and vertebral (axial) BMDs correlate with 
sex, age, height, weight, body mass index, pubertal and 
postpubertal hormonal status, calcium intake, and exercise 
in children, adolescents, and adults.240 In young women 
only 16% to 21% of peak vertebral and femoral bone mass 
can be accounted for by weight, height, physical activity as 
an adolescent, and the VDR genotype, emphasizing once 
more the essential role of multiple factors in this process. 
Because adult peak bone mass is inversely related to the risk 

http://www.omim.org/entry/605145
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of osteopenia and osteoporosis in later adulthood (in adults, 
a 10% increase in BMD reduces the risk of femoral neck 
fracture by 50%), it is essential that bone mass be maxi-
mized during childhood and adolescence.241

The rate of accumulation of bone mass increases dur-
ing puberty, and peak bone mass is achieved early in the 
third decade of life; calcium intake accounts for perhaps 
5% of accrued peak bone mass, whereas exercise may 
contribute 10% to 22% of peak bone mass and is, there-
fore, one the factors that can be modified in the pursuit 
of the goals of attaining and maintaining maximum peak 
bone mass.242 Thirty minutes of programmed weight 
bearing exercise thrice weekly increases BMC of the 
femoral neck and lumbar spine in prepubertal boys and 
girls as may resistance training of moderate intensity 
performed 20 to 40 minutes once or twice per day,  
5 days per week; high-impact, weight-bearing exercises 
(ballet, tennis, volleyball, gymnastics, jumping, running, 
soccer, rugby, ice hockey) increase mass of weight-bearing 
bones, particularly in children and adolescents, an  
effect that may long outlast the period of exercise  
itself.242,243 Weight-bearing/high-impact exercises do so 
in part by augmenting periosteal bone acquisition and 
increasing the cortical thickness of long bones particu-
larly of the legs at their most distal extremes closest to 
the ground where weight bearing is maximal. At peak 
BMC velocity, the annual gain and total accumulation 
(over 2 years) of total body bone mineral in active boys 
and girls are 80 g/year and 120 g/year, respectively, 
greater than in inactive adolescents. One year after peak 
BMC velocity, the total body, femoral neck, and lumbar 
spine BMCs are 9% to 17% greater in active than in 
relatively inactive subjects. Even greater normal activi-
ties (such as walking longer distances to school) convey 
long-lasting salutary effects on bone mineralization and 
later fracture risks.244 The effects of diminished physical 
activity on bone growth and strength are clearly illus-
trated by children with neurologic insults that prevent 
normal motion (Erb paresis, hemiplegia, spinal cord in-
sults) and thus restrain limb growth. An abrupt decrease 
in the mechanical load on bone (e.g., bed rest, space 
flight) evokes rapid loss of bone mineralization as  
the rate of bone formation declines, whereas that of 
bone resorption is maintained. In patients with limited 
physical activity due to neurologic or muscular insults, 
bone density may be increased by high-frequency,  
low-amplitude mechanical stimulation.242

Systemic hormones and growth factors (GH, IGF-I, 
PTH, leptin, thyroid and sex hormones, glucocorticoids) 
have substantial effects on chondrocyte proliferation, 
maturation, and function.245 GH acting through the 
GH receptor increases the synthesis of BMPs, directly 
enhances differentiation of prechondrocytes within the 
resting zone of the cartilaginous growth plate, supports 
proliferation of chondrocytes in the reserve or resting 
zone, and increases local expression of IGF1. GH recep-
tors are expressed in chondrocytes in the reserve, prolif-
erative, and hypertrophic zones and mediate chondrocyte 
proliferation and maturation and IGF-I synthesis through 
the Janus kinase 2-signal transduction and transcription 
5b (JAK2-STAT5b) signaling system.246 IGF-I, expressed 
predominantly in proliferating chondrocytes, functioning 

through the IGF type 1 receptor expressed in chondro-
cytes in the reserve, proliferative, and hypertrophic zones 
stimulates the clonal expansion of committed chondro-
cytes.247 IGF-I coordinates chondrocyte proliferation 
and inhibits their apoptosis; it modulates their differen-
tiation and maturation and their synthesis of matrix 
heparan sulfate proteoglycan, a matrix component that  
is necessary for efficient signaling of FGFs and their  
receptors.248 IGF-I also influences the interaction of Ihh 
and PTHrP. IGF-binding proteins (IGFBP)-1 through 
-6 are synthesized by growth plate chondrocytes where 
they regulate levels of bioactive IGF-I as well as exert 
direct stimulatory/inhibitory effects on chondrocyte  
proliferation depending on the stage of chondrocyte  
differentiation.249 In utero, both IGF-I and IGF-II are 
essential for normal fetal growth as denoted by the in 
utero growth retardation experienced by the fetus with a 
loss-of-function mutation in IGF1, IGF2, or IGF1R.245,248 
Neither GH nor IGF-I is necessary for patterning of the 
skeleton, however. Systemic loss of GH secretion or 
IGF-I production or inactivation of the IGF-I receptor 
greatly impairs linear growth of long bones postnatally. 
Selective loss of hepatic IGF-I production lowers total 
circulating levels of IGF-I to 25% of normal but does not 
adversely affect growth in transgenic mice, indicating 
that it is IGF-I synthesized by the cartilage growth plate 
that affects chondrocyte division by a paracrine mecha-
nism.250 In patients with inactivating mutations of the 
GH receptor or deletion of the gene encoding IGF-I, 
administration of IGF-I enhances linear growth indicat-
ing that this growth factor is able to stimulate cartilage 
proliferation without the initial differentiating effect  
of GH but does so to a lesser extent than does GH in  
the GH deficient subject; thus, sufficient numbers of  
differentiated prechondrocytes are necessary for optimal 
IGF-I effect.251 The GH secretagogue, ghrelin, is also 
synthesized and secreted by chondrocytes and affects 
their intracellular metabolism.252

Through expression of the GH receptor by osteo-
blasts, GH stimulates their differentiation, proliferation 
and function—enhancing synthesis and secretion of os-
teocalcin, bone-specific alkaline phosphatase, and type I 
collagen. GH also increases expression of IGF-I by the 
osteoblast as do estrogen, PTH, cortisol, and calcitriol; 
IGF-I is essential for GH-induced osteoblast prolifera-
tion in vitro; it also decreases expression of the GH re-
ceptor, whereas estrogen stimulates its expression.253 In 
response to GH, IGFBP-3 and IGFBP-5 are synthesized 
by (rat) osteoblasts; IGFBP-4 expression is decreased by 
GH in rat and human osteoblasts. The IGFBPs may aug-
ment or restrict activity of IGF-I and IGF-II; thus, 
IGFBP-5 binds to bone cells, matrix, and hydroxyapatite 
and enhances the actions of IGF-I on bone. Expression 
of the GH receptor by the osteoblast is up-regulated by 
IGFBP inhibition of IGF-I activity. Acting through the 
osteoblast, GH increases osteoclast proliferation and ac-
tivity; human osteoclasts express receptors for IGF-I, 
which also enhances osteoclast formation and activation.

In children with GH deficiency and adults with 
childhood-onset or adult-onset GH deficiency, BMC 
and areal and volumetric BMDs are decreased and  
increase when GH is administered.253 Administration of 
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GH to the GH deficient subject is followed by increase 
in serum and urine levels of markers of bone formation 
and resorption (osteocalcin, bone-specific alkaline phos-
phatase, PICP, ICTP, PYR, DPD, and NTX) with 
maximal values achieved 3 to 6 months after beginning 
treatment. There is a biphasic response of bone mass 
during GH treatment; for approximately the first 6 months 
of GH administration BMD declines as bone resorption 
exceeds formation; BMD increases steadily to positive 
values over the next 6 to 12 months. In subjects with GH 
receptor deficiency or IGF-I gene deletion, BMC and 
BMD are decreased relative to control subjects but volu-
metric BMD is not, suggesting that bone size but not 
bone mineral acquisition is impaired by isolated IGF-I 
deficiency. Nevertheless, administration of IGF-I to 
subjects with deletion of IGF1 enhances osteoblast func-
tion as documented by increased serum concentrations 
of osteocalcin and bone specific alkaline phosphatase, 
BMC, and areal and volumetric BMDs. In acromegalic 
patients there is increased bone turnover, and variably 
increased lumbar spine and femoral neck BMD and iliac 
crest cortical and trabecular bone mass.

Thyroid hormone receptors (TRa, TRb) are expressed 
in the reserve and proliferative zones of the growth carti-
lage. Triiodothyronine, acting primarily through TRa, 
enables the differentiation of resting chondrocytes and 
their entrance into the proliferative phase; but there, thy-
roid hormone inhibits further chondrocyte proliferation 
and promotes differentiation to terminal hypertrophic 
chondrocytes and secretion of collagen type X. They do 
so in part by disrupting the reciprocal interaction of Ihh 
and PTHrP thereby accelerating chondrocyte matura-
tion, effects mediated by FGFR3 and the STAT signaling 
pathway and by down-regulation of IGF-I expression in 
chondrocytes.254 Thyroid hormone is essential also for 
vascular invasion of the growth plate’s hypertrophic zone 
and induction of metaphyseal trabecular bone formation. 
Thyroid hormones are necessary for fusion of the epiphy-
seal cartilage plate, although fusion may occur in the  
absence of thyroid hormone through estrogenic action. 
Through osteoblast-expressed receptors for thyroid  
hormone, triiodothyronine increases osteoblast produc-
tion of osteocalcin, bone-specific alkaline phosphatase, 
and IGF-I. Thyroid hormones increase the rate of bone 
remodeling by expanding the number of osteoclasts and 
sites of bone resorption and the amount of bone resorp-
tive surface; urinary calcium excretion is increased by 
thyroid hormones; in excess, thyroid hormones lead to 
net bone loss.

Estrogen and androgens promote chondrocyte matura-
tion.245 Although many of the effects of androgens are me-
diated by their conversion to estrogens (discussed later), 
nuclear androgen receptors are expressed by chondrocytes, 
and nonaromatizable androgens stimulate chondrocyte pro-
liferation and long bone growth. Estrogens acting through 
ERa and ERb expressed in chondrocytes exert a biphasic 
effect on chondrocyte proliferation, increasing its rate at 
low doses and reducing it at higher doses; by decreasing 
chondrocyte proliferation and accelerating the rates of 
chondrocyte maturation, senescence, and apoptosis, estro-
gens lead to epiphyseal fusion.255 Complete maturation 
and fusion of the growth plate are mediated primarily by 

estrogens as evidenced by the failure of growth plate fusion 
in young adult males with inactivating mutations of the 
genes encoding aromatase (the enzyme that converts andro-
gens to estrogens) or ERa, despite adult levels of testoster-
one. Chondrocytes may also be capable of synthesizing es-
trogens from androgens as aromatase activity has been 
found in growth plate chondrocytes.245 This observation 
suggests that locally produced as well as systemic estrogens 
may contribute to chondrocyte maturation and growth 
plate fusion. Sex hormones play major roles in the accretion 
of bone mineral in both females and males as the bulk of 
adult bone calcium stores are deposited during puberty 
when the peak rate of accrual of total body BMC occurs  
in boys and girls 0.7 years after attainment of peak height 
velocity (PHV) and 0.4 to 0.5 years after peak accrual of lean 
body mass (a surrogate measurement of muscle mass).234,256 
After controlling for size, total body and femoral neck peak 
BMC velocity and BMC accrual over 2 years around the 
PHV are greater in males than females; there is no gender 
effect on accrual of BMC of the lumbar spine, however. 
Both androgens (in part by conversion to estrogen) and  
estrogens markedly influence rates of bone formation and 
resorption, although it is the effect of estrogen that pre-
dominates as evidenced by (1) the marked osteopenia of 
adult males with androgen sufficiency but estrogen defi-
ciency related to loss-of-function mutations in the genes 
encoding aromatase and ERa, (2) the beneficial effects of 
estrogen but not of testosterone on BMD in males with 
aromatase deficiency, (3) the very close association of BMD 
and serum levels of bioavailable estrogen in elderly men, 
and (4) the significant correlation in adult men treated with 
testosterone between changes in BMD and increases in se-
rum concentrations of estradiol but not of testosterone.255 
Nevertheless, the osteopenia of adult (46XY) females with 
complete androgen insensitivity due to loss-of-function 
mutations of the X-linked androgen receptor despite ele-
vated serum testosterone and (endogenous or exogenous) 
estradiol concentrations and the fragile bone structure of 
the (Tfm) mouse counterpart of this disorder indicates that 
androgens, too, increase bone mineralization. Furthermore, 
nonaromatizable dihydrotestosterone has a direct anabolic 
effect on bone, as it stimulates the proliferation and matura-
tion of osteoblasts, increases the production of procollagen 
I(a1), and prevents bone loss in orchidectomized rats.

Estrogens increase bone mass primarily by suppress-
ing bone resorption; they do so through inhibition of 
osteoclastogenesis and down-regulation of osteoblast 
production of osteoclast activating factors such as IL-6 
(and its receptor), TNFa, and M-CSF, increasing pro-
duction of osteoprotegerin, and accelerating apoptosis  
of mature osteoclasts.257 Estrogens also prolong the life 
span of osteoblasts and osteocytes. During adolescence  
in the female not only does the rate of bone deposition 
increase, but that of bone resorption declines. There is 
maturation-related increase in BMC and areal and volu-
metric BMD and in metacarpal length, width, and cortical 
thickness due, in part, to decline in width of the marrow 
cavity. Data suggest that the pubertal increase in produc-
tion of GH and IGF-I mediates, in part, longitudinal and 
periosteal skeletal growth and mineral acquisition during 
puberty. Estrogen may decrease endosteal bone resorp-
tion through inhibition of IL-6 generation, thereby  
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contributing to increase in cortical bone mass. Estrogens 
likely account for part of the pubertal growth spurt of 
girls and boys acting both indirectly by increasing the 
secretion of GH and the systemic and local production of 
IGF-I and directly on the chondrocyte.

The nuclear glucocorticoid receptor is expressed in 
chondrocytes in the proliferative and hypertrophic zones; 
cortisol exerts an inhibitory effect on chondrocyte prolif-
eration, hypertrophy, synthesis of cartilage matrix, and 
maturation, but also delays senescence of the growth 
plate thereby permitting catch-up growth when excess 
glucocorticoid exposure is temporary.258,259 Glucocorti-
coids act in part by depressing expression of the genes 
encoding the GH receptor, IGF-I, and IGF1R in growth 
plate chondrocytes and by regulating synthesis of IGFBPs 
and thereby indirectly function of IGF-I. Paradoxically, 
glucocorticoids also increase expression of SOX9 and the 
earliest phase of chondrocyte differentiation. Glucocorti-
coids suppress osteoblastogenesis and accelerate the rate 
of apoptosis of osteoblasts and osteocytes, in part by  
suppressing expression of BMP2 and RUNX2, thus de-
pressing the rate of bone formation.257 Glucocorticoids 
transiently accelerate osteoclastogenesis by promoting 
osteoblast synthesis of RANKL and depressing expres-
sion of TNFRSF11B (encoding OPG).187 In excess, 
glucocorticoids decrease trabecular bone and osteoid 
volumes contributing to bone weakness and collapse.

Transcripts of C-type natriuretic peptide (CNP, en-
coded by NPPC) and its receptor (encoded by NPR2) are 
expressed by chondrocytes; these peptides stimulate the 
growth of proliferative and hypertrophic chondrocytes, 
enhance osteoblast function, and induce endochondral 
ossification.260 CNP increase the thickness of the growth 
plate by enlarging chondrocyte size, signaling through 
the MAPK pathway; it does not affect differentiation of 
chondrocytes.261 Plasma concentrations of the amino-
terminal pro-C-type natriuretic peptide are positively 
related to growth velocity in normal children and adoles-
cents.262 Biallelic loss-of-function mutations in NPR2 
have been identified in patients with acromesomelic  
dysplasia–Maroteaux type (OMIM ID: 602875).263 In this 
disorder, there is shortening and deformation of the fore-
arms, forelegs, and vertebrae resulting in severely com-
promised adult stature. Increased expression of NPPC 
has been associated with an overgrowth phenotype.261 In 
an experimental mouse model of achondroplasia due to a 
gain-of-function mutation in Fgfr3, increase in serum 
levels of CNP can promote substantial growth.261

After genetic influences, the factor to which bone 
mass is most closely related is weight. Obese children, 
adolescents, and adults have higher BMC and BMD  
values than do slimmer subjects—levels that are directly 
related to both lean body mass (i.e., muscle) and to fat 
mass.264,265 Chondroblasts, osteoblasts, and adipocytes 
arise from a common mesenchymal stem cell and can be 
interconverted depending on which transcription factor 
is expressed in the stem cell (e.g., PPARg promotes 
adipogenesis); consequently, the fat cell synthesizes and 
secretes a number of adipokines that affect bone develop-
ment. Among these products is leptin (encoded by LEP), 
a 16-kDa protein with anorexigenic properties that acts 
within the ventromedial hypothalamic nucleus to depress 

appetite, increase the rate of energy utilization, enable 
fertility by enhancing gonadotropin secretion, and regu-
late thyrotropin secretion; leptin also decreases bone 
mineralization.177,228 Within the central nervous system, 
leptin is linked to osteoblasts through the sympathetic 
nervous system; mediated by the b2-adrenergic receptor 
expressed on the osteoblast cell membrane, leptin- 
stimulated increase in sympathetic input both inhibits 
osteoblast proliferation, hence decreasing bone forma-
tion, and increases osteoblast expression of RANKL, 
thereby favoring osteoclastogenesis. The neurotransmit-
ter serotonin—synthesized by neurons in the nuclei of 
the dorsal and ventral raphe of the brainstem and trans-
ported by their axons to the ventromedial hypothalamic 
nucleus—there stimulates the local expression of genes 
whose products increase appetite such as proopiomela-
nocortin and the melanocortin-4-receptor that oppose 
the anorexigenic effects of leptin; serotonin also de-
creases sympathetic tone, thus antagonizing the skeletal 
effects of leptin and increasing bone formation in the 
periphery. It has been suggested that acting on the sero-
tonin synthesizing neurons of the dorsal and ventral ra-
phe, leptin inhibits serotonin production (or release) and 
thereby depresses both the accrual of bone mass and ap-
petite.177,228 The dual central actions of leptin on appetite 
and bone accrual may thus link the processes of energy 
metabolism and bone accretion. Another association be-
tween bone and energy metabolism is the relationship 
between osteocalcin and insulin; undercarboxylated os-
teocalcin stimulates insulin release from the pancreatic 
b-cell and facilitates insulin sensitivity in muscle, fat, and 
liver; reciprocally, insulin increases osteoblast synthesis 
of undercarboxylated osteocalcin.228 Osteocalcin also stim-
ulates Leydig cell synthesis of testosterone, acting through 
its GPCR and the cyclic AMP response element binding 
protein to increase steroidogenesis, a complementary 
physiologic effect to that of luteinizing hormone.227 Adi-
ponectin (OMIM ID: 605441), a 28-kDa product of the 
white adipocyte whose plasma values are inversely related 
to visceral fat mass, modulates osteoclastogenesis by in-
ducing osteoblast expression of RANKL and inhibiting 
that of its antagonist, osteoprotegerin.266 Experimentally, 
loss-of-function mutations in the gene encoding adiponec-
tin are associated with increase in bone mass.265 Resistin 
(OMIM ID: 605565) stimulates both osteoblastogenesis 
and osteoclastogenesis.265 MEPE and ASARM peptides 
influence energy metabolism and fat mass.54 Phex deficient 
HYP mice are hyperglycemic and hypoinsulinemic, and 
the rate of gluconeogenesis is increased in HYP osteo-
blasts. Further, acidic ASARM peptides enhance decar-
boxylation of osteocalcin.54

Assessment of Bone Mass and Strength
Bone stress is determined by the three-dimensional size 
(volume) of the bone, its mineral content, and its material 
properties such as elasticity. Bone mineralization may be 
directly assessed by bone biopsy and histomorphometric 
analysis of bone formation and resorption.267,268 Unde-
calcified transiliac biopsies permit limited assessment of 
bone modeling (changes in bone size, shape, mass) but 
detailed analysis of remodeling (bone renewal) as the iliac 

http://www.omim.org/entry/602875
http://www.omim.org/entry/605441
http://www.omim.org/entry/605565
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crest biopsy is primarily composed of trabecular bone 
with a circumscribed amount of cortical bone. During 
bone modeling, osteoblasts and osteoclasts are active on 
opposite bone surfaces across from one another. Thus, 
the bone surface may change position, size, or mass dur-
ing the modeling process. Usually modeling is associated 
with gain in bone mass as the rate of osteoblastic deposi-
tion of bone is more rapid than is the rate of osteoclastic 
resorption. During bone remodeling, osteoclastic resorp-
tion of bone is followed by osteoblastic replacement of 
the reabsorbed bone at the same surface with a net 
change of zero in bone mineral at the remodeling site 
under normal circumstances. Histomorphometry enables 
quantitation of structural parameters of bone size and 
amount (cortical width, trabecular number, and thick-
ness), static bone formation (thickness and surface of  
osteoid or unmineralized bone matrix, osteoblast sur-
face), dynamic bone formation after labeling with a  
fluorochrome such as tetracycline (mineral apposition 
and bone formation rates), and static resorption (osteo-
clast number and appearance and extent of eroded  
surfaces). Iliac trabecular thickness but not trabecular 
number increases substantially between 2 and 20 years  
of age, whereas remodeling activity peaks in young  
children, declines, and then increases again during pu-
berty.267 Noninvasive bone biopsy is now achievable with 
the use of high-resolution peripheral quantitative com-
puted tomography (HRpQCT) employing a voxyl size of 
82 mm that permits construction of microfinite element 
(mFE) models of bone strength and enabling quantitation 
of both cortical and trabecular bone dimensions (dis-
cussed later).269,270 Micro-magnetic resonance imaging 
(mMRI) is another noninvasive technique that allows 
“virtual bone biopsy.”271

Noninvasive methods of assessment of skeletal  
mineralization include bone x-rays (of limited value), 
radiographic absorptiometry or photodensitometry, 
single photon or single x-ray absorptiometry, dual  
photon or dual energy x-ray absorptiometry (DEXA), 
spinal and peripheral quantitative computed tomogra-
phy (pQCT), quantitative ultrasonography (QUS), 
high-resolution quantitative MRI, quantitative mMRI, 
and magnetic resonance microscopy.233 DEXA is the 
most frequently employed method for quantifying axial 
(skull, spine) and peripheral (appendicular) bone mass 
and bone area as well as body composition because of 
its relatively low radiation dosage (5 mSv), ease of use 
and applicability for infants, rapidity, accuracy, preci-
sion, and reproducibility under controlled circum-
stances.233,272 The ratios of attenuation of x-rays of two 
energies (70 kV, 140 kV) traversing the same pathway 
through the patient reflect the density and mass of the 
tissue through which the x-rays have crossed; computer 
analysis of these captured energies then reconstructs 
the boundaries, density, and mass of the tissue. Because 
of the variability between instruments and analytic 
software programs (infant, pediatric, adult) employed 
for DEXA, the report of the DEXA scan should include 
not only the recorded data but also the type of DEXA 
instrument and the software version employed for 
analysis. Because relatively low BMDs in children make 
it more difficult to distinguish clearly bone edges,  

specific infant and pediatric software must be used to 
address this problem.

DEXA does not measure true BMD, the mass within 
a volume of uniform composition that is expressed as 
grams of hydroxyapatite/cm3 (g/cm3); rather DEXA 
measures the two-dimensional areal or surface mass of 
mineral within a region of bone of nonuniform composi-
tion (cortex, trabeculae, osteoid, marrow); it is expressed 
as grams of hydroxyapatite/cm2 (g/cm2). Because DEXA 
does not take into account the depth of a bone, it under-
estimates BMD in small children and overestimates it in 
large subjects.273 In children and adolescents, bone size 
(volume) increases with growth and maturation; the 
larger the three-dimensional structure of bone, the 
greater is the recorded areal BMD, even though the ac-
tual or volumetric (v) BMD may not change substantially. 
Therefore, calculated or apparent (v) BMDs (BMAD)  
(g/cm3) data have been generated in an attempt to correct 
this problem. Volumetric BMD increases as the cortex 
thickens, the number and width of trabeculae per unit 
volume rises, and the amount of hydroxyapatite per unit 
of trabecular volume accrues. Although during childhood 
and adolescence areal BMD of the femoral shaft in-
creases with age, its vBMD remains relatively constant. 
On the other hand, vBMD of the lumbar spine increases 
in late puberty and early adulthood because of increasing 
thickness of trabeculae that is not gender specific but is 
greater in blacks than in whites after puberty.274 Cross-
sectional areas of cortical and trabecular bone increase 
with age with males achieving greater increase in perios-
teal apposition than do females during puberty. Cortical 
cross-sectional area is similar in white and black subjects.275 
Included in measurement of whole body areal BMD is 
the skull; this structure characteristically has twice the 
areal BMD of that of the rest of the skeleton and may 
comprise as much as 20% to 50% of the total BMD in 
young children; whole body areal BMD correlates better 
with height when the skull is excluded.276 Consequently, 
there are reference data for DEXA whole body BMC and 
BMD with inclusion or exclusion of the skull.239,277 The 
influence of the skull on BMC is illustrated by the obser-
vations that in non-black 10-year-old boys, the 50th 
percentile for whole body BMC including the skull is 
1109 g; excluding the skull the BMC of this cohort  
is 804 g; in non-black males at age 17 years the 50th 
percentile for whole body BMC including the skull is 
2532 g; without the skull the 50th percentile BMC is 
2055 g. Inasmuch as DEXA BMC and BMD values in-
crease with height in both boys and girls, DEXA-derived 
bone mass and density data should be adjusted for height 
(height age) when interpreting study results in children 
and adolescents (and very short and very tall adults as 
well).278,279

Whole or total body BMC/BMD, lumbar spine 
BMC/BMD, and femoral BMD are the most com-
monly measured indices of bone mass in childhood by 
DEXA and recorded as g/cm2. Data are often reported 
as a Z score, the number of standard deviations about 
the mean of peers matched for chronologic age, gen-
der, and stage of pubertal development. (In adults, the 
DEXA T score is commonly reported; the T score is 
the number of standard deviations about the mean of 
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maximal or peak bone mass recorded in healthy young 
adults aged 20 to 29 years. The T score should not be 
utilized in children and adolescents.) In neonates and 
infants, it is recommended that whole body BMC be 
the primary measurement when assessing bone miner-
alization.280 In neonates with appropriate weight 
for gestational age (AGA), whole body BMC by DEXA 
doubles between 32 and 40 weeks and increases 3.5-fold 
between birth weights of 1000 and 4000 g; small for 
gestational age (SGA) neonates have lower whole body 
BMC than do AGA neonates of comparable gestational 
age but they are similar to those of AGA infants with 
the same birth weights (Table 8-7).281,282 In young 
adults (16 to 19 years) born prematurely with birth 
weights , 1.5 kg, total body BMC is less than that of 
subjects born at term with normal birth weights but 
appropriate for their smaller stature.283 Areal BMD of 
the lumbar spine (L2 to L4) is low in prematurely born 
infants but “catches up” to that of full-term infants by 
2 years of age.284

Whole body BMC by DEXA increases approxi-
mately threefold between 7 and 17 years of age and is 
greater in males than females and in black relative to 
non-black youth (Tables 8-8A and 8-8B).239,277,285 Whole 
body BMC is greater in adult males than females  

because of the larger size of male bones. Lumbar verte-
bral areal BMD doubles between 5 and 17 years of age  
in both boys and girls (Tables 8-9A and 8-9B).239,277 The 
BMD of the femoral neck increases 1.5-fold between  
7 and 17 years of age in both genders.239 The BMC of 
the distal one-third radius approximately doubles and 
its BMC increases 1.5-fold between 7 and 17 years.239,270 
At all skeletal sites, BMC and BMD assessed by DEXA 
are higher in males than females and in black relative to 
non-black children and adolescents.239 In females, the 
rate of maximal increase in whole body BMC occurs in 
the year of menarche and follows the year of peak 
height velocity (Figure 8-16).234,286 In girls with me-
narche before 12 years, there is greater peak BMD (at 
age 18 to 19 years) than in females with menarche after  
14 years. BMD is greater in children with premature 
adrenarche than in preadrenarchal peers, but appropri-
ate for the tall stature of the adrenarchal subjects.278 In 
adult males with a history of delayed puberty, there is 
lower lumbar spine BMD than in those with pubertal 
onset at 11 to 12 years. DEXA measurements of bone 
mineralization are affected by the composition of soft 
tissues that surround the axial skeleton; variations in fat 
about the bone may significantly influence the recorded 
DEXA measurements, thus limiting the use of DEXA  

GA BMC BMD

AGA SD SGA SD AGA

32-33 21.9 (9.7)
34-35 32 (11.3)
36-37 39.4 (15.9) 24.9 (7.4)
38-39 45.5 (18.4) 27 (11.1)

Birth Weight Range Range

1001-1500 22.9 (21.7-24.1) 0.146 (0.141-0.150)
1501-2000 31.8 (30.9-32.8) 0.162 (0.158-0.165)
2001-2500 42.2 (41.7-43.2) 0.178 (0.175-0.181)
2501-3000 54.6 (53.9-55.3) 0.199 (0.196-0.202)
3001-3500 66.9 (66-67.9) 0.220 (0.217-0.224)
3501-4000 77.6 (76.3-78.8) 0.234 (0.229-0.238)

Postnatal age SD SD

9-90 103 (10) 0.238 (0.022)
91-150 137 (20) 0.259 (0.024)
150-270 196 (27) 0.302 (0.018)
271-390 253 (41) 0.335 (0.029)

TABLE 8-7  Whole Body Bone Mineral Content (BMC, g) and Density 
(g/cm2) by Pencil Beam Dual Energy X-Ray Absorptiometry 
in Prematurely Born and Full-Term Appropriate or Small for 
Gestational Age Infants (AGA, SGA)

Compiled and adapted from Lapillone, A., Braillon, P., Claris, O., et al. (1997). Body composition in 
appropriate and in small for gestational age infants. Acta Paediatr, 86, 196–200; Koo, W. W. K., 
Walters, J., Bush, A. J., et al. (1996). Dual-energy x-ray absorptiometry studies of bone mineral 
status in newborn infants. J Bone Miner Res, 11, 1997-1002; Koo, W. W. K., Bush, A. J., Walters, 
J., & Carlson, S. E. (1998). Postnatal development of bone mineral status during infancy. J Am 
Coll Nutr, 17, 65–70.

GA, gestational age (weeks), birth weight (g), postnatal age (days) (95% range).
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Non-Black Black

Whole Body with Skull
BMC BMD BMC BMD

7 834 (688-1036) 0.723 (0.636-0.828) 911 (732-1054) 0.778 (0.664-0.859)
9 1021 (838-1265) 0.797 (0.706-0.906) 1119 (874-1331) 0.857 (0.736-0.954)
11 1207 (986-1498) 0.855 (0.761-0.968) 1363 (1034-1689) 0.918 (0.794-1.027)
13 1534 (1214-1960) 0.926 (0.822-1.053) 1741 (1283-2308) 0.987 (0.846-1.126)
15 2086 (1592-2754) 1.038 (0.907-1.205) 2228 (1649-3053) 1.107 (0.921-1.314)
17 2532 (1965-3322) 1.151 (0.996-1.358) 2648 (2046-3454) 1.201 (1.027-1.400)

Whole Body Less Skull
5 362 (268-490) 443 (309-569)
7 563 (418-763) 637 (458-824)
9 728 (540-986) 829 (605-1085)
11 895 (664-1213) 1045 (757-1409)
13 1211 (898-1642) 1411 (996-2022)
15 1720 (1276-2331) 1918 (1381-2744)
17 2055 (1524-2785) 2264 (1717-3023)
20 2189 (1624-2967) 2400 (1866-3115)

TABLE 8-8A  Whole Body DEXA Bone Mineral Content (BMC, g) and Bone Mineral Density 
(BMD, g/cm2) in Black and Non-Black Male Children and Adolescents

Years of age; 50th percentile (3rd to 97th percentiles).
Compiled and adapted from Kalkwarf, H. J., Zemel, B. S., Gilsanz, V., et al. (2007). The bone mineral density in childhood study: bone min-

eral content and density according to age, sex, and race. J Clin Endocrinol Metab, 92, 2087–2099; Zemel, B. S., Kalkwarf, H. J., Gilsanz, V., 
et al. (2011). Revised reference curves for bone mineral content and areal bone mineral density according to age and sex for black and 
non-black children: results of the Bone Mineral Density in Childhood Study. J Clin Endocrinol Metab, 96, 3160–3169.

Non-Black Black

Whole Body with Skull

CA BMC BMD BMC BMD
7 800 (659-1006) 0.695 (0.612-0.805) 884 (743-1083) 0.753 (0.657-0.834)
9 969 (798-1220) 0.767 (0.674-0.884) 1042 (856-1306) 0.817 (0.713-0.914)
11 1210 (954-1602) 0.847 (0.740-0.977) 1380 (1076-1729) 0.912 (0.796-1.036)
13 1641 (1192-2159) 0.963 (0.830-1.042) 1819 (1412-2282) 1.025 (0.895-1.192)
15 1953 (1483-2418) 1.059 (0.919-1.173) 2070 (1622-2665) 1.098 (0.960-1.304)
16 2025 (1570-2466) 1.079 (0.939-1.224) 2137 (1673-2774) 1.117 (0.977-1.336)

Whole Body Less Skull
5 362 (268-490) 443 (309-569)
7 563 (418-763) 637 (458-824)
9 728 (540-986) 829 (605-1085)
11 895 (664-1213) 1045 (757-1409)
13 1211 (898-1642) 1411 (996-2022)
15 1720 (1276-2331) 1918 (1381-2744)
17 2055 (1524-2785) 2264 (1717-3023)
20 2189 (1624-2967) 2400 (1866-3115)

TABLE 8-8B  Whole Body (DEXA) Bone Mineral Content (BMC, g) and Bone Mineral Density 
(BMD, g/cm2) in Black and Non-Black Female Children and Adolescents

Years of age; 50th percentile (3rd to 97th percentiles).
Compiled and adapted from Kalkwarf, H. J., Zemel, B. S., Gilsanz, V., et al. (2007). The bone mineral density in childhood study: bone min-

eral content and density according to age, sex, and race. J Clin Endocrinol Metab, 92, 2087–2099; Zemel, B. S., Kalkwarf, H. J., Gilsanz, V., 
et al. (2011). Revised reference curves for bone mineral content and areal bone mineral density according to age and sex for black and 
non-black children: results of the Bone Mineral Density in Childhood Study. J Clin Endocrinol Metab, 96, 3160–3169.



SECTION II  Endocrine Disorders in the Neonate262

in extremely thin or obese children.287 Generally, BMC, 
areal BMD, or BMAD below 22 SDs for age and 
gender are considered abnormally low. However, DEXA 
measurements must always be interpreted in relation-
ship to the patient’s clinical findings.273

QCT measures volumetric BMD of both trabecular 
and cortical bone at any site but has been commonly 
applied to the lumbar spine.274 However, the radiation 
dose delivered to the spine by this method is high 
(,30 mSv). During childhood, lumbar spine vBMD 
measured by QCT is similar in black and white youth; 
during puberty black males and females gain twice the 
vBMD recorded in whites with no gender difference. 
Although BMD values of the lumbar spine acquired by 
DEXA and QCT are reasonably well related, osteope-
nia is reported in children far more often by DEXA 
than by QCT, unless DEXA measurements take into 
account body height and bone size.287 Peripheral (p)
QCT enables quantitation of bone mineralization  
in distal or proximal radial, femoral, or tibial sites  
(regions of both cortical and trabecular bone); the  
delivered radiation dose (10 mSv) is low. Peripheral 
QCT may be determined in the non-dominant radius 
two thirds of the distance between its proximal and 

distal ends and (ultra) distally at a point that is 4% of 
forearm length with a reference line being drawn 
through the most distal aspect of the cartilage growth 
plate when it is open or through the middle of the ulnar 
border of the articular cartilage when the growth plate 
is closed.288 pQCT permits measurement of total and 
cortical bone area, cortical thickness, BMC (mg/mm), 
cortical and trabecular vBMD, periosteal and endosteal 
circumferences, and marrow area (Table 8-10).

High-resolution pQCT (HRpQCT) measurements 
are obtained at the ultradistal radius in the interval 
between 1 and 10 mm above the proximal limit of  
the epiphyseal growth plate of the nondominant wrist 
(the site in which the majority of adolescent fractures 
occur) and deliver a local absorbed radiation dose  
of 0.065 cGy and a total radiation exposure of  
, 0.01 mSv.270 HRpQCT enables quantitative mea-
surement of cortical and trabecular bone including 
cortical bone vBMD, cortical bone area, cortical bone 
thickness (Ct.Th [mm]), periosteal and endosteal 
(endocortical) circumferences (mm), cortical pore 
volume (cortical areas of inverse density) and the  
“cortical porosity index” (cortical pore volume/cortical 
bone volume ratio), trabecular bone vBMD, trabecular  

Non-Black Black

Lumbar Spine
CA BMC BMD BMC BMD

7 18.7 (14.1-24.3) 0.527 (0.423-0.643) 19.3 (14.1-24.5) 0.549 (0.415-0.642)
9 22,7 (17.1-29.7) 0.574 (0.459-0.703) 23.8 (17.3-30.9) 0.608 (0.458-0.727)
11 26.7 (19.9-35) 0.618 (0.489-0.758) 28.2 (20.6-38.1) 0.651 (0.492-0.794)
13 34.9 (24.6-48) 0.707 (0.540-0.865) 37.7 (27.1-55.9) 0.758 (0.580-0.961)
15 52.1 (35.2-73.2) 0.873 (0.674-1.087) 54.3 (36.7-79.6) 0.924 (0.722-1.185)
17 66.1 (46.6-89.8) 1.003 (0.800-1.273) 63.8 (44.5-90.7) 1.012 (0.866-1.287)

Total Hip
7 0.651 (0.516-0.769) 0.720 (0.566-0.830)
9 0.709 (0.572-0.847) 0.772 (0.601-0.903)
11 0.761 (0.623-0.913) 0.829 (0.641-0.988)
13 0.838 (0.680-1.024) 0.933 (0.713-1.154)
15 0.982 (0.766-1.219) 1.053 (0.822-1.349)
17 1.078 (0.832-1.336) 1.132 (0.909-1.477)

One-Third Radius
7 0.452 (0.393-0.515) 0.481 (0.408-0.555)
9 0.491 (0.428-0.559) 0.535 (0.455-0.622)
11 0.525 (0.457-0.600) 0.573 (0.485-0.669)
13 0.577 (0.495-0.671) 0.619 (0.517-0.721)
15 0.658 (0.558-0.774) 0.693 (0.572-0.792)
17 0.735 (0.637-0.845) 0.753 (0.629-0.841)

TABLE 8-9A  Lumbar Spine DEXA Bone Mineral Content (g) and Lumbar 
Spine, Total Hip, and One-Third Radius Bone Mineral 
Density (BMD, g/cm2) in Black and Non-Black Male 
Children and Adolescents

Compiled and adapted from Kalkwarf, H. J., Zemel, B. S., Gilsanz, V., et al. (2007). The bone mineral 
density in childhood study: bone mineral content and density according to age, sex, and race.  
J Clin Endocrinol Metab, 92, 2087–2099.

CA 5 Years of age; 50th percentile (3rd to 97th percentiles).
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bone vBMD/total bone volume ratio (BV/TV [%]), 
trabecular number (Tb.N [mm21]), trabecular thickness 
(Tb.Th [mm]), and trabecular spacing (Tb.SP [mm]) 
(Table 8-11). Determination of the “cortical porosity 
index” affords an estimate of strength of the distal 
wrist. HRpQCT also permits construction of microfi-
nite element (mFE) models of bone strength enabling 
calculation of strain energies and loads supported by 
cortical and trabecular bone and “failure loads.”270,289 
Utilizing mFE models, graphic representations of the 
architecture of the cortex and trabeculae can be con-
structed. Figure 8-17 (see the website for the full color 
image) depicts visually three-dimensional reconstruc-
tions of cortical and trabecular bone as derived by 
HRpQCT examinations.270 In boys, cortical bone 
vBMD, Ct.Th, BV/TV, and Tb.Th increase in late 
puberty. In girls, cortical bone vBMD and Ct.Th  
decline in midpuberty and then increase. Total bone 
strength increases in males and female through  
puberty. The percentage of load borne by cortical 
bone decreases and the cortical bone porosity index 
increases in midpuberty, coincident with the point of 
peak incidence of adolescent radial fractures.270

Quantitative ultrasonography (QUS) measures  
the speed of a longitudinal sound (SOS) wave as it is 

propagated along a bone.233 The rate of movement of 
sound through bone is dependent on its microstruc-
tural and macrostructural characteristics, mineral 
density, and elasticity and is thought to be a measure 
of bone strength. It is an attractive method for assess-
ment of bone because it does not utilize radiation, is 
low in cost, and the measuring equipment is portable. 
Transmitter and receiver ultrasound transducers 
placed on either side of the examination site (os calcis, 
patella, tibia, radius, phalanges) quantitate transmis-
sion velocity or signal attenuation and convert these 
observations to SOS. In a study of 1085 children  
and adolescents, SOS increased steeply at the tibia  
and radius during the first 5 years of life, more slowly 
between 6 and 11 years of age, and then again more 
rapidly during pubertal development.290 In 3044 
healthy subjects ages 2 to 21 years, phalangeal QUS 
SOS and bone transmission time (BTT) increased 
over time and with advancing adolescent development 
and were related to gender, age, height, and weight.291 
QUS SOS is higher in postmenarchal than in preme-
narchal girls; adiposity (BMI) and serum leptin levels 
are inversely related to SOS in pubertal girls.292 The 
overlap of QUS data between various ages makes inter-
pretation of a single SOS measurement problematic; 

Non-Black Black

CA BMC BMD BMC BMD

Lumbar Spine
7 17.6 (13.7-23.8) 0.528 (0.431-0.668) 18.5 (14.6-25.2) 0.570 (0.446-0.698)
9 21.4 (16.2-29.6) 0.578 (0.467-0.730) 22 (16.7-30.5) 0.618 (0.486-0.760)
11 27.7 (20.0-39.7) 0.660 (0.508-0.861) 31.7 (22.2-45) 0.737 (0.584-0.912)
13 41.8 (28.2-59.2) 0.833 (0.622-1.051) 45.9 (32.4-63.6) 0.911 (0.727-1.135)
15 52 (36.5-70.1) 0.958 (0.769-1.164) 54 (39.2-74.3) 1.011 (0.811-1.268)
16 54.1 (38.8-71.9) 0.982 (0.799-1.185) 56.2 (41.4-77) 1.040 (0.836-1.307)

Total Hip
7 0.603 (0.504-0.716) 0.670 (0.570-0.804)
9 0.651 (0.543-0.785) 0.712 (0.599-0.863)
11 0.727 (0.598-0.919) 0.807 (0.667-1.004)
13 0.868 (0.675-1.085) 0.936 (0.766-1.178)
15 0.948 (0.744-1.165) 0.995 (0.800-1.283)
16 0.962 (0.758-1.178) 1.004 (0.803-1.302)

One-Third Radius
7 0.466 (0.386-0.508) 0.477 (0.414-0.537)
9 0.485 (0.418-0.558) 0.511 (0.439-0.583)
11 0.532 (0.449-0.611) 0.570 (0.492-0.653)
13 0.610 (0.512-0.696) 0.643 (0.556-0.733)
15 0.655 (0.569-0.740) 0.682 (0.594-0.763)
16 0.668 (0.585-0.751) 0.694 (0.606-0.770)

TABLE 8-9B  Lumbar Spine DEXA Bone Mineral Content (g) and Lumbar 
Spine, Total Hip, and One-Third Radius Bone Mineral 
Density (BMD, g/cm2) in Black and Non-Black Female 
Children and Adolescents

Compiled and adapted from Kalkwarf, H. J., Zemel, B. S., Gilsanz, V., et al. (2007). The bone mineral 
density in childhood study: bone mineral content and density according to age, sex, and race.  
J Clin Endocrinol Metab, 92, 2087–2099.

CA 5 Years of age; 50th percentile (3rd to 97th percentiles).
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serial assessment may be useful. Thus, in a cohort of 
29 preterm infants, tibial SOS values declined over 
time in neonates whose gestational ages were less than 
29 weeks, suggesting progressive loss of bone strength 
in this population and consistent with the develop-
ment of osteopenia of prematurity.293 Although there 
is marginal correlation between vBMD determined  
by pQCT and SOS measurements in children and 
adolescents, QUS may complement but is unlikely to 
replace assessment of mineralization by radiographic 
methods at this time.

Magnetic resonance imaging of the skeleton may also 
be utilized to assess bone geometry and estimate bone 
strength.294 Bone high-resolution magnetic resonance 
imaging (hrMRI) of the wrist and tibia measures cortical 
and trabecular bone structure including trabecular  
number (mm21), thickness (mm), bone fraction (%), 
and separation (mm).295 Further, micro MRI can be 
employed to measure whole bone and trabecular bone 
stiffness (an indicator of whole bone mechanical compe-
tence, quality, and strength) and to obtain virtual bone 
biopsies.271,296
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FIGURE 8-16 n  During adolescence the peak rate of accrual of total body bone mineral content (BMC) occurs in boys and girls 0.7 years 
after attainment of peak height velocity (PHV). (Reproduced from Bailey, D. A., McKay, H. A., Mirwald, R. L., et al. (1999). A six-year longi-
tudinal study of the relationship of physical activity to bone mineral accrual in growing children: the University of Saskatchewan bone mineral 
accrual study. J Bone Miner Res, 14, 1672-1679, with permission.)
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MINERAL HOMEOSTASIS DURING 
THE LIFE CYCLE
During the first trimester of pregnancy, maternal se-
rum concentrations of total calcium decline and remain 
low through gestation, whereas serum concentrations 
of Ca21

e remain relatively constant.297 PTH values 
decline to 10% to 30% of the nonpregnant range in 
the first trimester of pregnancy and then rise to mid 
nonpregnant levels in the latter half of gestation. The 
secretion of PTHrP by the placenta, amnion, decidua, 
umbilical cord, breast, and fetal parathyroid glands 
increases several-fold beginning early in the first  
trimester, and maternal levels rise throughout gesta-
tion. Maternal calcitonin values also increase during 

gestation. Serum concentrations of calcidiol do not 
change, but maternal levels of calcitriol, synthesized 
primarily by the maternal kidney under the influence  
of PTHrP but also in part by the placenta, decidua,  
and fetal kidneys, increase more than twofold, enabling 
increased calcium absorption by the maternal small 
intestine. The rate of maternal bone resorption in-
creases through gestation, whereas the rate of bone 
formation declines during the first trimester and then 
increases in the third trimester (see Table 8-5).212,298 
During a normal 40-week gestation, maternal whole 
body BMD does not change; cortical BMD increases 
(arms 12.8%, legs 11.8%), whereas trabecular BMD 
declines (vertebrae 24.5%, pelvis 23.2%); these af-
fects are reversible after completion of pregnancy.297 

Compiled and adapted from Neu, C. M., Manz, F., Rauch, .F, et al. (2001). Bone densities and bone 
size at the distal radius in healthy children and adolescents: a study using peripheral quantitative 
computed tomography. Bone, 28, 227–232; Rauch, F., & Schonau, E. (2005). Peripheral quantitative 
computed tomography of the distal radius in young subjects: new reference data and interpretation 
of results. J Musculoskelet Neuronal Interact, 5, 119–126.

Age vBMD-tot1 vBMD-trab1 vBMD-cort1 CSA2

Males
6-7 306 (34) 206 (32) 388 (42) 174 (31)
8-9 294 (34) 189 (34) 380 (41) 211 (31)
10-11 290 (33) 194 (32) 368 (41) 245 (37)
12-13 292 (38) 201 (36) 366 (47) 289 (47)
14-15 293 (35) 201 (33) 369 (47) 351 (70)
16-17 349 (56) 217 (30) 458 (86) 358 (49)
18-23 401 (60) 220 (42) 549 (83) 377 (64)
Adults 438 (56) 224 (46) 594 (81) 374 (45)

Pubertal Stage
I 299 (32) 198 (31) 381 (41) 212 (47)
II 288 (40) 186 (31) 372 (52) 269 (43)
III 286 (33) 197 (36) 359 (37) 293 (44)
IV 296 (42) 210 (35) 367 (50) 334 (65)
V 361 (72) 215 (40) 481 (109) 377 (59)

Females
6-7 290 (36) 191 (31) 370 (45) 164 (30)
8-9 283 (22) 186 (23) 362 (32) 185 (25)
10-11 281 (36) 191 (36) 355 (44) 237 (39)
12-13 295 (39) 197 (32) 376 (54) 260 (55)
14-15 303 (37) 179 (25) 407 (53) 297 (32)
16-17 350 (57) 186 (26) 483 (95) 300 (45)
18-23 371 (50) 195 (35) 516 (74) 295 (42)
Adults 395 (46) 182 (34) 569 (69) 281 (37)

Pubertal Stage
I 284 (30) 187 (29) 363 (39) 188 (38)
II 277 (34) 190 (34) 348 (37) 239 (57)
III 288 (44) 204 (44) 356 (50) 250 (47)
IV 291 (43) 197 (32) 375 (56) 282 (30)
V 347 (54) 190 (28) 476 (87) 295 (43)

TABLE 8-10  Peripheral Quantitative Computed Tomography—
Non-Dominant Distal Radius (mean , SD)

1mg/cm3 2mm2 CSA, Cross-sectional area.
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Thus, early in gestation the pregnant woman meets 
fetal demand for calcium by increasing the rate of re-
sorption of stored bone calcium, whereas the calcium 
requirement of the more mature fetus is met by a sub-
stantially increased rate of maternal intestinal calcium 
absorption.

During lactation, the nursing mother daily transfers 
to her suckling infant 280 to 400 mg of calcium mobi-
lized from her skeleton in response to PTHrP secreted 
primarily by the breast.297 Calcium concentrations are 
low in colostrum, approximately 25 mg/dL in breast 
milk during the first 6 months of lactation and 21 mg/dL 
during months 6 to 12 of nursing.299 Maternal total 

calcium, calcitriol, and calcitonin values are normal, 
whereas Ca21

e, phosphate, and PTHrP levels increase 
during lactation. Urinary levels of markers of bone re-
sorption and serum values of markers of bone forma-
tion are both elevated during lactation, implying rapid 
turnover of maternal bone mineral during nursing. 
Maternal bone mineralization declines 3% to 10% dur-
ing lactation only to reaccrue rapidly after weaning.300 
It has been recommended that pregnant and lactating 
women receive 600 IU of vitamin D and 1300 mg of 
calcium daily and that their neonates and infants  
receive 400 IU of vitamin D daily whether breast or 
formula fed (see Table 8-3).

TABLE 8-11  High-Resolution Peripheral Quantitative Computed Tomography (HRpQCT) in 
Midadolescent Males and Young Adult Females

Males (N 5 89)

Age (in years) 15.2  5 0.5
DEXA
Radial metaphysis BMD (mg/cm2) 383  5 54
Radial diaphysis BMD (mg/cm2) 660  5 67
Femoral neck BMD (mg/cm2) 901  5 133
Total hip BMD (mg/cm2) 992  5 139
Femoral diaphysis BMD (mg/cm2) 1682  5 171
L2-L4 BMD (mg/cm2) 918  5 135
HRpQCT
Ultradistal radius
Total vBMD (mg/cm3) 257  5 38
Cortical vBMD (mg/cm3) 637  5 73
Trabecular vBMD (mg/cm3) 195  5 27
BV/TV (%) 16.2  5 2.3
Tb.N (mm2) 2.23  5 0.20
Tb.Th (mm) 72.6  5 8.4
Tb.Sp (mm) 379  5 41
Ct.Th (mm) 388  5 219
CSA (mm2) 333  5 61
Stiffness (kN/mm) 87.2  5 21.6
Failure load (N) 4239  5 996
Distal tibia
Total vBMD (mg/cm3) 272  5 45
Cortical vBMD (mg/cm3) 730  5 56
Trabecular vBMD (mg/cm3) 205  5 27
BV/TV (%) 17.1  5 2.3
Tb.N (mm2) 2.13  5 0.31
Tb.Th (mm) 81.1  5 10.6
Tb.Sp (mm) 398  5 62
Ct.Th (mm) 851  5 336
CSA (mm2) 888  5 151
Stiffness (kN/mm) 259.6  5 54.7
Failure load (N) 12430  5 2559

Females (N 5 15)

Age (in years) 19.4  5 1.2
DEXA
Femoral neck BMD (mg/cm2) 830  5 110
Total hip BMD (mg/cm2) 940  5 70
L2-L4 BMD (mg/cm2) 1010  5 130
HRpQCT
Ultradistal radius
Total area (mm2) 265.4  5 54.1
Total vBMD (mm3) 298.2  5 52.6
Cortical vBMD (mm3) 825.8  5 64.6
Trabecular vBMD (mm3) 158.1  5 26.6
Trabecular area (mm2) 212.3  5 53.3
Trabecular area (%) 79.4  5 5
Tb.N (mm21) 1.96  5 0.26
Tb.Th (mm) 70.0  5 10
Tb.Sp (mm) 450.0  5 70
Cortical area (mm2) 47.9  5 13.2
Cortical area (%) 18.7  5 5.8
Ct.Th (mm) 710.0  5 20
Cortical perimeter (mm) 67.6  5 6.6
Distal tibia
Total area (mm2) 700.6  5 104.6
Total vBMD (mm3) 308.1  5 39.6
Cortical vBMD (mm3) 870.7  5 31.3
Trabecular vBMD (mm3) 192.3  5 24.7
Trabecular area (mm2) 583.0  5 106
Trabecular area (%) 83.0  5 3.7
Tb.N (mm21) 1.77  5 0.26
Tb.Th (mm) 90.0  5 20
Tb.Sp (mm) 480.0  5 70
Cortical area (mm2) 116.1  5 20.5
Cortical area (%) 16.9  5 4
Ct.Th (mm) 1.14  5 0.22
Cortical perimeter (mm) 102.8  5 7.6
(Mean , SD)

Compiled and adapted from Ackerman, K. E., Nazem, T., Chapko, D., et al. (2011). Bone microarchitecture is impaired in adolescent amen-
orrheic athletes compared with eumenorrheic athletes and nonathletic controls. J Clin Endocrinol Metab, 96, 3123–3133; Chevalley, T., 
Bonjour, J. P., van Rietbergen, B., et al. (2011). Fractures during childhood and adolescence in healthy boys: relation with bone mass, 
microstructure, and strength. J Clin Endocrinol Metab, 96, 3134–3142.
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During gestation, the fetus accrues 30 to 35 g  
of calcium beginning late in the first trimester with 
development of primary ossification centers in the 
long bones and vertebrae between the eighth and 
twelfth weeks of pregnancy; approximately 80% of 
calcium accretion occurs in the third trimester.150,301 
At 28 weeks’ gestation calcium is deposited into the fetal 
skeleton at the rate of 100 mg/day, whereas at 35 weeks 
calcium is deposited at the rate of 250 mg/day.298,302 
At birth, whole body bone mineral content (BMC) is 
positively related to gestational age, body length,  
and most closely to body weight, as are lumbar spine 
(L1-L4) BMC and BMD.302,303 The fetal skeleton 
serves two roles: (1) it is a metabolically important 
source of calcium mobilized by fetal PTH and PTHrP 
acting through PTH1R when the supply of calcium 
from the mother is limited; (2) it provides a rigid 
structural and protective framework for fetal soft tis-
sues. From at least 15 weeks’ gestation, serum concen-
trations of total calcium and particularly Ca21

e are 
substantially higher in the human fetus than in the 
mother (1.4:1), the physiologic significance of which 

is unknown. Fetal serum calcium levels are established 
independently of and are not directly related to ma-
ternal calcium concentrations. Additionally, fetal se-
rum concentrations of magnesium and phosphate are 
greater than maternal values. The parathyroid glands 
are essential for maintenance of normal fetal calcium 
concentrations. By the tenth week of gestation, they 
secrete PTH and possibly PTHrP as well, and both 
peptides function additively to maintain fetal serum 
calcium levels. PTH does not stimulate placental cal-
cium transport, but it is secreted by the fetal parathy-
roid gland in response to hypocalcemia, and fetal mice 
in which the expression of PTH has been ablated 
(e.g., Hoxa3 null mice) are hypocalcemic and skeleton 
mineralization is impaired.96,301 Fetal PTH increases 
fetal renal tubular and bone mineral reabsorption. 
Maternal hypercalcemia suppresses and maternal  
hypocalcemia stimulates secretion of fetal PTH. Both 
amino and mid-molecule fragments of PTHrP (e.g., 
PTHrP1-86, PTHrP67-86) produced by the fetal para-
thyroid gland, placenta, amnion, chorion, and umbilical 
cord maintain high fetal serum calcium concentrations 

Girls

Group I,
6-8 yrs

Group III,
12-14 yrs

Group V,
18-21 yrs

Boys

FIGURE 8-17 n  Three-dimensional (3D) reconstructions of cortical and trabecular bone of ultradistal radius. Arrows point to cortical 
bone. (Reproduced from Kirmani, S., Christen, D., van Lenthe, G. H., et al. (2009). Bone structure at the distal radius during adolescent 
growth. J Bone Miner Res, 24, 1033–1042, with permission.)
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by stimulating active maternal-to-fetal transport of 
calcium across the placental syncytiotrophoblast 
against a concentration gradient. The CaSR is ex-
pressed in the human placenta in the first trimester 
and is involved in placental calcium transport.304 
Calcium selective ion channels (TPRV5, TPRV6)  
located at the apical surface of synctiotrophoblast 
cells facilitate maternal-fetal transplacental transfer of 
calcium. Ca21 enters the syncytiotrophoblast through 
a calcium channel and exits via a Ca21-ATPase chan-
nel (encoded by ATP2B1 or related gene whose 
expression is up-regulated by calcitriol). The effect of 
PTHrP on placental calcium transport is mediated  
in part by receptors that recognize mid-molecule or 
carboxyl terminal fragments of PTHrP, as in fetal 
mice in which Pth1r has been ablated placental 
calcium transport remains active while fetal serum 
calcium levels are low. In fetal mice in which the ex-
pression of Pthlh has been lost, serum calcium levels 
are lower than control values and maintained by fetal 
PTH at values comparable to those of the mother;  
in Pth1r null fetal mice placental calcium transfer  
is decreased, and chondrocyte maturation and bone 
development are abnormal.301 Serum concentrations 
of PTHrP are high in the human fetus (term cord 
blood 2 to 5 pmol/L) and increase still further when 
fetal plasma calcium values decline; PTH levels are 
less than those in maternal serum. In utero, calcitonin 
concentrations are elevated in response to the in-
creased serum calcium levels of the fetus, but this 
peptide does not have a major impact on fetal calcium 
homeostasis.301

Fetal serum calcitriol concentrations are a bit lower 
than those of the mother. Experimentally, fetal serum 
calcium values and mineralization of the fetal skeleton 
are normal in the presence of maternal vitamin D defi-
ciency or an inactive VDR and in the VDR-null fetal 
mouse, if the mother ingests a diet enriched with cal-
cium and phosphate, indicating that the fetus does not 
have an absolute requirement for calcitriol or the VDR 
for normal mineral metabolism.301,305 In humans, the 
fetal cartilaginous skeleton is present by the eighth 
week of gestation; primary ossification centers appear 
in the long bones and vertebrae by the twelfth week 
and secondary centers at the femoral ends are noted by 
the thirty-fourth week.150 Fetal PTHrP secreted by 
juxta-articular cells of the long bone regulates the  
orderly rate of chondrocyte maturation, whereas fetal 
PTH maintains serum calcium and phosphate values 
appropriate for bone mineralization. Magnesium is  
actively transported across the placenta. In utero fetal 
magnesium concentrations exceed maternal values  
and are inversely related to gestational age, reflecting 
the third trimester decline in maternal magnesium  
concentrations.

Calcium levels in cord blood correlate with gesta-
tional age and exceed maternal values by 1 to 2 mg/dL 
as a result of the active placental calcium pump. When 
the neonate is abruptly removed from the transpla-
cental infusion of maternal calcium, total calcium and 
Ca21

e concentrations decline rapidly in the first 6 to 
12 hours after delivery to nadir values (from 12 to  

9 mg/dL and 1.45 to l.20 mmol/L, respectively) by  
24 to 72 hours of age.301,306 Calcium levels are a bit 
lower and PTH values higher in neonates delivered  
by cesarean section than in those delivered vaginally. 
After birth, PTHrP values decline rapidly; thus, in 
order to maintain mineral homeostasis, the neonate 
becomes dependent on endogenous PTH, exogenous 
vitamin D, ingested and absorbed calcium, renal  
tubular resorption of calcium, and bone calcium stores 
for its calcium needs. In response to the fall in Ca21

e 
values, serum levels of PTH begin to increase on the 
first day of life followed by rise in calcitriol concen-
trations and slow decline (after an initial postnatal 
rise) in calcitonin values.307 For the first 2 to 4 weeks 
after birth, there is increased efficiency of intestinal 
calcium absorption by passive means that are indepen-
dent of vitamin D, perhaps due to the lactose content 
of milk which affects paracellular transport of Ca21.301 
Later in the neonatal period, vitamin D–dependent 
intestinal calcium absorption increases. Renal tubular 
handling of calcium and the response to PTH matures 
during the first several weeks of life. Bone calcium  
accretion continues at the rate of 150 mg/kg/day for 
several months after birth, a vitamin D–dependent 
process. Due to both decreased glomerular filtration 
and increased tubular reabsorption, serum concentra-
tions of phosphate are maximum in the neonate.  
Serum phosphate concentrations increase after deliv-
ery from cord values of 3.8 to 8.1 mg/dL to levels that 
range between 4.5 and 9 mg/dL during the first week 
of life and then stabilize at values between 4.5 and  
6.7 mg/dL through the first year of life. In preterm  
or acutely ill neonates, the fall in calcium values is 
often exaggerated and more prolonged, and bone 
mineralization is frequently impaired in very preterm 
newborns and infants. Maternal hypercalcemia sup-
presses and maternal hypocalcemia stimulates secre-
tion of fetal PTH, effects that may carry over to the 
neonate for several days. Serum magnesium concen-
trations are quite stable in infants and children rang-
ing between 1.5 to 2.2 mg/dL through four months of 
age and between 1.7 to 2.3 mg/dL through 5 years of 
age. Human breast milk contains on average: calcium 
28 mg/dL, phosphate 13 mg/dL, and vitamin D15-50 
IU/L.299 Cow milk formulas contain approximately 40 
to 60 mg/dL calcium, 30 to 40 mg/dL phosphate, and 
30 to 40 IU/dL vitamin D. The bioavailability of cal-
cium in prepared formulas depends on its source and 
the formula’s content and source of protein, fat, and 
carbohydrates. Infants fed formulas that contain palm 
olein absorb less calcium than those receiving a for-
mula fortified with another form of fat or human 
breast milk, and these infants have lower total body 
bone mineral content.308 Phytate (inositol hexaphos-
phate) present in soy formulas and infant cereals  
chelates calcium, and oxalate, a constituent of spinach, 
precipitates calcium thereby reducing intestinal  
absorption of this mineral, a difficulty overcome by 
increasing dietary calcium content.

During childhood and adolescence serum concen-
trations of total calcium (8.8 to 10.8 mg/dL depending 
on the analytic laboratory) and magnesium (1.7 to  
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2.2 mg/dL) remain relatively constant.307 Serum phos-
phate levels are higher in children (4.5 to 6.2 mg/dL) 
than in adults (2.5 to 4.5 mg/dL) and attain maximum 
values several months before the peak height velocity 
of adolescence is achieved; the rise has been attributed 
to augmentation of the renal tubular reabsorption  
of phosphate due to the combined effects of the  
increased secretion of growth hormone, IGF-I, and 
sex hormones, factors that contribute to the pubertal 
growth spurt. Total serum alkaline phosphatase activity 
is also higher in children than in adults and increases 

transiently during the pubertal growth spurt. Levels of 
bone-specific alkaline phosphatase increase between 
12 and 9 months before peak height velocity, reach 
maximum levels at Tanner male genital stage 3, and are 
directly related to the secretion of testosterone in 
boys. In females, serum bone-specific alkaline phos-
phatase activity peaks at Tanner stage 3 breast devel-
opment and correlates with serum osteocalcin concen-
trations. Serum concentrations of PTH fluctuate very 
little during adolescence, whereas levels of calcitriol 
rise transiently.
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QUESTIONS

 5. SOX9 encodes a transcription factor that does which 
of the following?
 a. Represses testicular differentiation
 b. Enhances osteoclast function
 c. Modulates PTH/PTHrP intracellular signal trans-

duction
 d. Activates cellular apoptotic pathways
 e. Regulates the synthesis of cartilage matrix compo-

nents
Answer: e

 6. How does the WNT/b-catenin signal transduction 
pathway function?
 a. Enhances vitamin D synthesis
 b. Suppresses calcitonin secretion
 c. Decreases osteoclast secretion of acid
 d. Mediates osteoblast differentiation and function
 e. Modifies the fragmentation of parathyroid hor-

mone (PTH)
Answer: d

 7. What is the role of osteoprotegerin?
 a. Antagonizes function of the ligand of the receptor 

activator of nuclear factor kB (NFkB-ligand)
 b. Enhances osteoclastogenesis
 c. Suppresses osteoblastogenesis
 d. Moderates synthesis of parathyroid hormone  

related protein (PTHrP)
 e. Accelerates degradation of collagen type I

Answer: a

276.e1

 1. In response to changes in the extracellular concentra-
tion of ionized calcium, what does the calcium sensing 
receptor do?
 a. Stimulates synthesis of parathyroid hormone
 b. Transduces its intracellular signal through activa-

tion of tyrosine kinase
 c. Impairs production of calcitriol (1,25-dihydroxyvi-

tamin D3)
 d. Decreases renal tubular reabsorption of filtered 

calcium
 e. Inhibits the secretion of calcitonin

Answer: d

 2. Which of the following describes a-Klotho?
 a. A coreceptor for parathyroid hormone and para-

thyroid hormone related protein (PTH/PTHrP)
 b. Essential for the regulation of renal tubular reab-

sorption of phosphate
 c. Necessary for the nuclear action of vitamin D
 d. A member of the intracellular adenylyl cyclase 

signal transduction pathway 
 e. Critical for the differentiation and specificity of 

bone alkaline phosphatase 
Answer: b

 3. Which of the following describes parathyroid hor-
mone related protein (PTHrP)?
 a. Its secretion is regulated by the serum ionized 

calcium concentration.
 b. It accelerates chondrocyte differentiation.
 c. It regulates placental transport of calcium.
 d. It increases the rate of cartilage ossification.
 e. It suppresses breast development in utero.

Answer: c

 4. Which of the following describes calcitriol (1,25- 
dihydroxyvitamin D3)?
 a. Is inactivated in the kidney by hydroxylation at 

carbon 24
 b. Maintains a spatially fixed three-dimensional  

configuration
 c. Down-regulates the expression of epithelial cal-

cium channels in the intestinal tract and kidney
 d. Suppresses osteoblast differentiation and prolifer-

ation
 e. Inhibits paracellular transport of calcium by the 

renal tubule
Answer: a

http://refhub.elsevier.com/B978-1-4557-4858-7.00017-2/sbr0055
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Neonatal Diabetes Mellitus
Mark A. Sperling, MD

DEFINITION

Neonatal diabetes mellitus (NDM) was strictly defined as 
severe hyperglycemia occurring in the first month of life, 
lasting at least 2 weeks, and requiring insulin therapy to 
control blood glucose.1 These strict criteria have been 
progressively loosened, initially to include onset in the 
first 6 months of life, when autoimmune type 1 diabetes 
mellitus (T1DM) is highly unlikely, thereby implicating 
a genetic cause for pancreatic malformation, or faulty 
insulin synthesis and secretion. Increasingly, it has  
become recognized that, depending on the degree of  
expression and the inherent capacity of the genetic muta-
tion to disrupt normal insulin output, several of the ge-
netic forms can initially present with symptoms up to 9 
months to 1 year, or even later.2-4 Indeed, pedigree analy-
ses conclusively demonstrate that the same defect that 
causes permanent or transient NDM can be present in 
parents or other first-degree relatives and be diagnosed 
as T1DM, monogenic diabetes of youth (MODY), or 
type 2 diabetes mellitus (T2DM) as subsequently  
detailed.5,6 Herein lies the importance of understanding 
the genetic basis of NDM, for although considered rare, 
with a reported incidence varying from approximately  
1 in 100,000 to 1 in 400,000 live births,7 these entities 
have taught us much about the genetic pathways involved 
in the formation of the exocrine and endocrine pan-
creas.8,9 For example, it has been shown that the specific 
combination of three transcription factors, Ngn3, Pdx1 
and Mafa, known to be implicated in the determination 
of cell lineage during pancreas formation, can reprogram 
adult mouse exocrine pancreatic cells into cells that 
closely resemble pancreatic b cells.10 Such information is 

essential for the ultimate ability to generate b cells and 
whole islets as potential therapies for T1DM.11 Equally 
important is the demonstration that activating mutations 
in the pore-forming Kir6.2 and its regulatory subunit 
SUR1 of the KATP-regulated potassium channel, which 
keep the channel open and hence limit or preclude insu-
lin secretion resulting in NDM (Figure 9-1), can be over-
come by high-dose sulfonylurea therapy, which restores 
endogenous insulin secretion in response to feeding.12 
Due to the restoration of endogenous insulin secretion 
together with an incretin effect in response to feeding  
as opposed to intravenous glucose, this oral treatment 
provides better metabolic control than multiple daily in-
jections of insulin or insulin pumps and with a better 
quality of life.7,12 These findings emphasize the benefits 
of research for understanding pathophysiology and 
choosing appropriate treatment. Indeed, for those whose 
NDM is caused by mutations in the KATP channel that 
respond to sulfonylureas, these treatments border on the 
miraculous.

INCIDENCE

Early estimates placed the incidence at approximately 1 
in 500,000,1 and most authorities still cite figures in the 
1 in 200,000 to1 in 400,000 range.13 As increased 
awareness has led to these entities being recognized 
more frequently, the reported incidence has risen consid-
erably. In populations with high rates of consanguinity, it 
has been reported that 1 in 21,000 births is associated 
with NDM.14 A large representative database for pedi-
atric diabetes reported that the incidence of NDM 
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NDM leaving 1 subject whose status remained unknown.18 
Hence, the total prevalence was approximately 0.246% 
or approximately 1 in 4000 of all children diagnosed 
with diabetes in that study during that time frame. The 
majority were classified by their primary care providers 
as having T1DM and treated with insulin; only seven 
underwent mutational analysis for three of the most 
common genes (KCNJ11, ABCC8, and the insulin gene 
INS) and five of these seven had mutations in one of 
these three genes.18

represented approximately 1 case in 89,000 live births 
in Germany, and a similar incidence occurred in  
Italy.15,16 However, in three other European countries, 
the incidence was reported to be 1 in 260,000 live 
births.17 In the SEARCH for Diabetes in Youth Study 
involving 15,829 subjects aged , 20 years diagnosed 
with diabetes during the years 2001-2008, 39 were  
diagnosed before the age of 6 months.18 Among these 
39 subjects with onset , 6 months of age, 35 had perma-
nent neonatal diabetes and an additional 3 had transient 

FIGURE 9-1 n  This is a schematic representation of the role of KATP channels in nutrient regulation of insulin secretion. In the resting 
(nonfed) state, depicted in the upper left panel, insulin synthesis and storage are regulated by transcription from the insulin gene 
(INS) and by transcription factors such as hepatic nuclear factor 1b (HNF1b); mutations in INS or HNF1b as well as other genes can 
cause transient or permanent neonatal diabetes mellitus (NDM).The KATP channel is composed of four subunits of the inward rectify-
ing potassium channel 6.2 (Kir 6.2) encoded by the KCNJ11 gene on chromosome #11) and four regulatory subunits of sulfonylurea 
receptor 1 (SUR1), encoded by the ABCC8 gene, also located on chromosome #11 (inset lower left). In the fasting nonfed state, the 
KATP channel remains open. However, in the stimulated (fed) state (panel lower right) glucose concentration increases and enters the 
b cell in a concentration-dependent, but insulin-independent manor via the Glut 2 glucose transporter encoded by the gene SLCA2A. 
Glucokinase (GCK) phosphorylates glucose to G6P and its metabolism generates ATP. The resultant change in ATP:ADP causes clo-
sure of the KATP channel, accumulation of intracellular potassium, membrane depolarization leading to opening of voltage-gated 
calcium channels and secretion of stored insulin, as depicted in the lower right panel. Metabolism of amino acids such as glutamate 
also generates ATP, which stimulates insulin secretion as described for glucose. The amino acid leucine acts as an allosteric stimulus 
to glutamate dehydrogenase (GDH), which enables metabolism and generation of ATP. Activating mutations of the KATP channel 
maintain it in an open state to varying degrees, in spite of ATP generation, therefore preventing insulin secretion, which leads  
to diabetes mellitus, including NDM. Inactivating mutations in KATP genes prevent normal channel opening, maintaining varying 
degrees of channel closure, and hence constant insulin secretion that causes HI (see Chapter 21). ATP, adenosine triphosphate; ADP, 
adenosine diphosphate; Ca11 -, calcium; GDH, glutamate dehydrogenase; KATP, ATP-regulated potassium channel; INS, insulin gene; 
HNF1b, hepatic nuclear factor1b; SUR1, sulfonylurea receptor1, K1, potassium; Kir6.2, potassium inward rectifying channel family6 
subtype2; GCK, glucokinase, Glut2, glucose transporter 2. (This image can be viewed in full color online at ExpertConsult)
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CLINICAL PRESENTATION

Typically, infants affected with NDM present in the first 
days to weeks of life with intrauterine growth retarda-
tion, reflecting the in utero deficiency of insulin and 
emphasizing the role of insulin as a determinant of fetal 
growth.19 Their small size and low birth weight markedly 
contrasts with the large birth weight and size of infants 
with inactivating mutations in the same genes that lead  
to hyperinsulinemic hypoglycemia (see Chapter 21).  
A disproportionate number are born prematurely at  
, 37 weeks’ gestation.20 Hyperglycemia leads to osmotic 
diuresis and avid feeding from breast or bottle despite 
which the infants fail to thrive. Delay in diagnosis from 
not considering the possibility of diabetes mellitus in  
a newborn may lead to severe dehydration and life-
threatening diabetic ketoacidosis. Some have congenital 
malformations including macroglossia and umbilical her-
nia, reminiscent of Beckwith-Wiedemann syndrome; these 
usually represent inheritance of genes with disordered 
methylation as a result of uniparental (paternal) disomy, 
paternal inherited duplications, or maternal hypomethyl-
ation of a differentially methylated region (DMR) at chro-
mosome 6q24 (Figure 9-2).20 Some of these infants have 
dysmorphic facies as well as renal tract anomalies such as 
hydronephrosis and vesicoureteral reflux, a variety of car-
diac anomalies, hypothyroidism, and hand-finger anoma-
lies.20 A coarse facial appearance together with epilepsy 

and later manifestations of developmental delay constitute 
the developmental delay, epilepsy, neonatal diabetes (DEND) 
syndrome associated with severe mutations of the KCNJ11 
gene.12 However, clinical manifestations involving organs 
other than the pancreas may be part of the syndrome of a 
variety of genetic mutations associated with NDM as 
listed in Figure 9-3.

CLASSIFICATION

The entities of NDM are conveniently divided into  
transient and permanent, which together make up ap-
proximately 90% of the genetically recognized types  
of NDM; a third category constituting approximately 
10% of known entities is associated with mutations that 
affect organs other than the pancreas and hence present 
as syndromes whose spectrum of clinical and radiologic 
features provide clues to the cause (see Figure 9-3). Tran-
sient NDM is so named because hyperglycemia is tran-
sient, and in the most common form, named TNDM1, it 
resolves at a median age of 3 months, although rarely it 
has taken up to 48 months for resolution.20 Generally, 
those that do not remit by the end of the first 6 months 
to 1 year are considered to have permanent neonatal  
diabetes. Transient neonatal diabetes predominantly  
involves disturbances in the imprinted genes pleomor-
phic adenoma gene-like 1 (PLAGL-1) also known as zinc 

normal
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1

2

3

Paternal
duplication

Loss of
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M methylated, inactive
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patterns in TNDM1

FIGURE 9-2 n  Transient neonatal diabetes mellitus type 1 is caused by differential expression of PLAGL1 and HYMAI, genes on chro-
mosome 6q24 that result from differential expression of the maternal and paternal alleles. Normally the maternal allele remains 
methylated and inactive, whereas the paternal allele is unmethylated and active. The differential expression of these genes can occur 
by one of three mechanisms: (1) paternal uniparental disomy, where both genes are of paternal origin; (2) paternal duplication, so 
that two active paternal genes are expressed; (3) loss of imprinting, also referred to as “relaxation of imprinting,” on the maternal 
genes on 6q24 as illustrated here. See text for details.
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finger gene regulating apoptosis and the cell cycle (ZAC) 
and hydatidiform mole-associated and imprinted tran-
script (HYMAI) on the differentially methylated region 
(DMR) of chromosome 6q24. This entity has been named 
transient neonatal diabetes mellitus type 1 (TNDM1) and 
comprises the majority, estimated at some 70% of all 
forms of TNDM. A second form of TNDM, named 
TNDM2 to distinguish it from the defects in the 6q24 
region, includes mutations in the ATP-regulated potas-
sium channel involving predominantly mutations in 
ABCC8 (SUR1) and KCNJ11 (KIR6.2), with a small  
minority being due to recessive insulin gene mutations, 
mutations in the transcription factor HNF1b, and muta-
tions in SLCA2A, the gene encoding the GLUT2 trans-
porter, that together account for ,30% of TNDM (see 
Figure 9-3).

Transient Neonatal Diabetes Mellitus 
(TNDM)
TNDM1

TNDM1 is caused by the overexpression of the paternal 
PLAGL-1, which is a proapoptotic zinc finger protein, 

and HYMAI gene, encoding an untranslated mRNA, 
which arise as a result of uniparental disomy (UPD),  
duplication of chromosome region 6q24, or relaxation  
of imprinting of the maternal methylated genes on chro-
mosome 6 (see Figures 9-2 and 9-3). It is important 
to emphasize that these chromosomal changes cause  
altered expression of genes, rather than representing 
mutations. For example, PLAGL-1 (ZAC) has antiprolif-
erative properties and is thought to function as a tumor 
growth suppressor expressed only on the paternal allele21; 
overexpression in fetal life is believed to lead to under-
development of the pancreas. Although the precise 
mechanisms by which overexpression of PLAGL-1 lead 
to TNDM1 are not known, overexpression of ZAC in a 
clonal pancreatic beta cell line impairs glucose-stimulated 
insulin translation and secretion.22 A transgenic mouse 
model expressing the human TNDM1 locus (6q24)  
is characterized by impaired glucose homeostasis with 
hyperglycemia in the neonatal period and impaired  
glucose tolerance with reduced insulin responses to IV 
glucose as adults.23 The pancreata of these animals 
display reduced expression of endocrine differentiation 
factors, notably Pdx-1, Ngn3, and Pax6. There is also  
a reduction in the number of insulin staining cells and 
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FIGURE 9-3 n  Classification of neonatal diabetes mellitus. (Modified from Mccarthy, M. I., & Hattersley, A. T. (2008). Learning from molecular 
genetics: novel insights arising from the definition of genes for monogenic and type 2 diabetes. Diabetes, 57, 2889–2898.)
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reduced insulin content or insulin secretion despite nor-
mal or elevated beta cell mass at all postnatal periods.23,24 
Thus, this model recapitulates TNDM1 and suggests 
that altered expression of ZAC/HYMAI cause impaired 
development of the endocrine pancreas as well as im-
paired beta cell function.23,24 This mouse model also 
demonstrates resolution of abnormal insulin secretion 
with restoration of normal glucose tolerance during the 
“juvenile” phase of mouse development between 1.5 and 
2 months of life, during which there is an approximate 
doubling of beta cell number that compensates for the 
reduced insulin synthesis and secretion of each cell. Also, 
as in humans, the compensatory increase in beta cell mass 
is not sustained resulting in a mild diabetes mellitus char-
acterized by normal fasting glucose but hyperglycemia 
after glucose challenge.23,24 Overall, despite the recapitu-
lation of the key features of the human disease, the mouse 
model displays milder features.23,24 One possible reason 
for this milder phenotype in mice is that pancreatic ex-
pression of the mouse ortholog Zac-1 declines drastically 
during gestation and early postnatal growth in mice, 
whereas expression of the ZAC gene in human pancreas 
declines between the second trimester and adult life.25 
More important, ZAC was specifically expressed only in 
the islets of the human fetus, whereas Zac-1 was predomi-
nantly expressed in mesenchyme of the mouse embryo 
which may explain the milder features in the mouse model 
of TNDM1.25

In patients with TNDM1 due to hypomethylation of 
the maternal DMR of chromosome 6q24, there may be 
hypomethylation of other maternally imprinted loci 
(HIL) throughout the genome.26 In cases that display a 
more generalized hypomethylation of imprinted loci 
(HIL), the majority have a mutation in the transcription 
factor zinc finger protein 57 (ZFP57).27 HIL also occurs 
in the Beckwith-Wiedemann syndrome and this likely 
explains the macroglossia, umbilical hernia, and several 
congenital abnormalities described in TNDM1.28 In a 
large multinational cohort involving 163 patients with 
TNDM1,20 the authors describe intrauterine growth 
retardation with a mean birth weight of 2001 6 417 g 
(mean 6 SD ) and adjusted Z score for birth weight 
of 22.5. The mean age of presentation was 8612 days 
with a median of 4 days and a mode of 1 day. Mean gesta-
tion was 37.8 6 2.4  weeks and prematurity was signifi-
cantly more common than in the general population.20 
Remission occurred at a mean age of 4.5 6 5.8  months 
with a median at 3 months. Age at presentation was posi-
tively correlated to gestational age, but age at remission 
was negatively correlated with adjusted birth weight. 
Thus, the higher the birth weight, the earlier the remis-
sion and vice versa. This would be consistent with the 
effects of insulin on intrauterine growth, so that the 
larger infants would have the milder defect and therefore 
tend to enter remission sooner. Congenital anomalies 
were significantly more frequent in patients with UPD of 
chromosome 6 or hypomethylation of multiple imprinted 
loci. Hypomethylation defects were overrepresented  
in patients born after assisted conception. Thus, babies 
with TNDM1 generally present with diabetes mellitus 
within the first days of life, are small, and may have been 
born prematurely. The presence of congenital anomaly 

suggests UPD or multiple HIL, and among the latter, 
almost one in seven conceived with assisted reproductive 
techniques. Macroglossia is present in about 50%,  
umbilical hernia in ,25%, and facial dysmorphism in 
about 20%. Cardiac and renal anomalies (,9%), hand 
abnormalities (,8%), and hypothyroidism (,4%) also 
may be present.20 Remission, when it occurs, is usually 
around 3 months and about half of these patients will 
revert to varying degrees of hyperglycemia in the teen 
years or later.20 An unusual manifestation is hypoglyce-
mia with hyperinsulinemia, following remission of diabe-
tes in patients with 6q24 methylation defects, most often 
parental unidisomy.29 Modern molecular techniques per-
mit diagnosis to be established, and these may influence 
treatment.

Ideally, these patients should be treated with an insulin 
pump using insulin diluted to 1:10 with appropriate dilu-
ent in order to provide the lower required amounts (0.2 
to 1 u/kg/day).30 Patients with TNDM1 are sensitive to 
insulin and respond with rapid and remarkable catch-up 
growth after several weeks of the treatment. Progressive 
reduction of the insulin dose required to control blood 
glucose while avoiding hypoglycemia heralds the onset of 
remission.

TNDM-2

Transient neonatal diabetes mellitus type 2 is a conve-
nient way to classify conditions associated with a neonatal 
form of diabetes mellitus that remits during infancy and 
may recur later in life, but is due to mutations in genes 
regulating insulin secretion rather than expression of 
imprinted genes.31,32 The majority of these entities are 
due to activating mutations in the ABCC8 and KCNJ11 
genes, which, respectively, code for the SUR1 and Kir6.2 
subunits of the KATP channel (see Figure 9-1).31,32 Reces-
sive, loss of function mutations in the insulin gene itself 
may occasionally be responsible for TNDM233; the 
autosomal dominant insulin gene mutations are associ-
ated with permanent NDM.2,31,32 There are rare reports 
of HNF1b34 and SLC2A2 mutations35 also associated 
with TNDM.

The normal state of the KATP channel is to remain 
open; insulin secretion occurs when the channel closes in 
response to an increase in ATP generated from the me-
tabolism of glucose or amino acids, thereby changing the 
ATP:ADP ratio. Closure of the channel with intracellular 
retention of the K1 causes depolarization of the plasma 
membrane, opening of voltage-gated calcium channels, 
influx of calcium, and secretion of insulin. Activating 
mutations in ABCC8 or KCNJ11 alter the ability of the 
channel to respond to the change in the ATP:ADP, so 
that the channel remains open to some extent, efflux  
of K1 from the b cell continues, permitting the cell 
membrane to remain hyperpolarized and therefore re-
sulting in decreased insulin secretion. These same mech-
anisms also are responsible for the most common form of 
permanent neonatal diabetes mellitus as subsequently 
discussed.31,32 It remains unclear how or why remission 
occurs, but it has been shown in vitro that mutations 
causing TNDM have a less pronounced effect on chan-
nel function compared with mutations that cause 
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PNDM.36 The ability of ATP to close the channel in 
vitro correlates with the severity of neonatal diabetes 
mellitus, including the severe permanent form associated 
with the DEND syndrome, which demonstrates the 
greatest resistance to closure by ATP in vitro.36,37 Both 
resistance to closure due to activating mutations, or resis-
tance to opening of the channel due to inactivating muta-
tions, segregate with certain mutations as illustrated in 
Figure 9-4, adapted from reference 36. As shown in the 
figure, near the fulcrum of this spectrum, those with  
minor defects may be prone to either develop milder type 
2 diabetes, or be resistant to the development of diabetes 
by virtue of enhanced insulin secretion (see Figure 9-4).

In comparison to TNDM1, patients with TNDM2 
generally have greater birth weight, present or are diag-
nosed with diabetes mellitus later, remit later, and recur 
earlier (Table 9-1). Family members of patients with 
these forms of TNDM2 may have diabetes that was diag-
nosed in adulthood as T1DM, T2DM, or MODY and 
yet harbor the same heterozygous mutations as the pro-
band with NDM.4-6 This reflects the variable penetrance 

of these genes or upstream factors that may modify the 
expression of the gene in different individuals. Confirm-
ing the presence of an ABCC8 or KCNJ11 mutation in a 
case of NDM is important for management because most 
of these KATP channel mutations respond to sulfonylurea 
treatment both at the time of initial diagnosis or later at 
the time of relapse.12,31 During their remission phase, 
these patients do not require therapy.

A few patients have been reported with recessive loss 
of function mutation in the INS gene in patients with 
TNDM.33 These patients appear to enter remission at 
a median age of 12 weeks; insulin is required before  
remission and after relapse, which has occasionally been 
reported.

Patients with mutations in the transcription factor 
hepatocyte nuclear factor 1 beta (HNF1b) are known to 
have diabetes associated with renal cysts with onset at a 
median of 20 years. However, two reported patients had 
neonatal diabetes: one was diagnosed at age 15 days and 
required insulin, initially intermittently and then perma-
nently; a second patient diagnosed at the age of 17 days 
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FIGURE 9-4 n  This is a schematic representation of the relationship between KATP channel activity and insulin secretion. Activating 
mutations of KCNJ 11 gene maintain the channel in an open state and hence limit insulin secretion. With progressively increasing 
probability of the potassium channel remaining open, the severity of the diabetes increases from a mild increased risk for T2DM, to 
monogenic diabetes of youth (MODY), transient neonatal diabetes mellitus (TNDM), permanent neonatal diabetes mellitus (PNDM), 
and in the most severe state the DEND syndrome (developmental delay, epilepsy, neonatal diabetes) as illustrated on the left. By 
contrast, mutations that increase the probability that the channel remains closed also increase the likelihood of persistent insulin 
secretion and lead to hyperinsulinemia and hypoglycemia as illustrated on the panel on the right; in milder forms they may decrease 
the risk for T2DM by maintaining a higher insulin secretion. Common genetic defects are illustrated in each as examples. (Modified 
from Ashcroft FM [2005]. ATP-sensitive potassium channelopathies: focus on insulin secretion. J Clin Invest 115:2047-2058. Figure 6.)
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had remission 2 weeks after diagnosis but relapsed at the 
age of 8 years.34 There have also been a few cases re-
ported of mutations in the SLC2A2 gene, which encodes 
the glucose transporter GLUT2 (glucose transporter 
type 2).35 Recessive inactivating mutations in this gene 
cause the Fanconi-Bickel syndrome, characterized by 
glucosuria, galactosuria, aminoaciduria, proteinuria, and 
phosphaturia as well as rickets, poor growth, and short 
stature with associated glucose and galactose intolerance 
and enlarged livers. Transient neonatal diabetes has been 
reported in these patients to occur in association with the 
classic Fanconi-Bickel syndrome.35

PERMANENT NEONATAL DIABETES 
MELLITUS (PNDM)

KATP and Insulin Gene Mutations
Almost half of newborns with NDM never enter a remis-
sion and therefore are considered to have PNDM (see 
Figure 9-3). Excluding the syndromic entities, mutations 
in three genes account for approximately 95% of affected 
patients with NDM; almost two thirds are mutations in 
the KATP channel genes, KCNJ11 coding for the pore-
forming protein KIR6.2 (50%) and ABCC8 coding for the 
sulfonylurea receptor protein SUR1 (15%; see Figures 
9-1 and 9-3). Finally in this group, approximately 30% 
have autosomal dominant insulin mutations or rarely 
autosomal recessive insulin mutations. The remaining 
5% of patients with nonsyndromic PNDM have homo-
zygous mutations in factors that, when heterozygous, 
cause forms of monogenic diabetes of youth (MODY; see 
Figure 9-3).

Until the discovery of the genes responsible for the 
KATP channel, patients with PNDM were considered to 
have insulin-dependent diabetes mellitus; now it is known 
that the majority of patients with KATP mutations causing 
PNDM respond to oral therapy with sulfonylurea.12,32 
Patients with PNDM due to mutations in the KATP genes 
or the insulin gene usually present at 2 to 3 months of 
life, and sometimes later, and may be in severe DKA by 
the time of the diagnosis. Activating mutations in the 
KIR6.2 subunit of the KATP channel were first reported 
in 2004,37 being found in 10 out of 29 subjects with per-
manent NDM. Whereas the insulin secretory response 
to intravenous glucagon and glucose was absent, patients 
did respond with insulin secretion to intravenous tol-
butamide, clearly hinting at possible therapy by the 

administration of sulfonylurea and confirmed by a land-
mark study published 2 years later.12 Expression of the 
mutated KIR6.2 subunit together with a normal SUR1 
subunit in Xenopus laevis oocytes revealed that the 
ability to enable channel closure by ATP was greatly  
impaired. This provided a means to correlate the degree 
of in vitro abnormality with the clinical severity of the 
diabetes.36-38 The affected patients predominantly had de 
novo mutations, with only 20% of the mutations inher-
ited from a parent. It also was noted that 4 out of 10 of 
the patients had severe developmental delay, muscle 
weakness, and epilepsy, as well as dysmorphic facial  
features, which was termed the DEND syndrome. The 
degree of muscle weakness was ameliorated by treatment 
with sulfonylurea, raising the possibility that the devel-
opmental delay and epilepsy may also be ameliorated, or 
perhaps prevented, by early recognition and treatment 
with sulfonylurea.32,37-39 Subsequently it was demonstrated 
in mice that transgenic expression of an activating muta-
tion in Kir6.2 in mouse pancreatic b cells recapitulates 
neonatal diabetes40 and that the muscle dysfunction caused 
by a human KATP channel mutation is neuronal and not 
muscular in origin.41 KATP channels exist in other tissues 
and are known to modulate electric activity and neu-
rotransmitter release at brain synapses in various regions 
of the brain.36 Moreover, KATP channels in the ventro-
medial hypothalamic nucleus may be involved in the 
counter-regulatory response to hypoglycemia42; in the 
arcuate nucleus neurons, KATP channels may be involved 
in appetite regulation.42,43

A spectrum of clinical disturbances occurs with different 
mutations ranging from the DEND syndrome, to relaps-
ing diabetes,36,44,45 permanent diabetes appearing initially 
in childhood or later in adults.44-46 Mutations in adjacent 
locations may cause either neonatal diabetes or hyperinsu-
linism because they increase or decrease the open state of 
the channel.44-48 Likewise, mutations in the ABCC8 gene 
encoding SUR1 cause transient or permanent NDM, or 
permanent diabetes diagnosed beyond the newborn period 
in children, or in adults, and mutations at a similar site in 
the gene can result in either hyperinsulinism or neonatal 
diabetes.5,49-52

Insulin gene mutations as a cause of PNDM were first 
reported in 2007 and are now known to be the second 
most common mutations responsible for these entities.53-55 
Inheritance was autosomal dominant in the familial cases, 
but the majority had de novo mutations. The mutations 
occurred in a critical region of the preproinsulin molecule, 

Characteristic ABCC8 and KCNJ11 (n 5 25) 6q24* (n 5 23) P-Value

Age at diagnosis (weeks) 4 (0-16) 0 (0-4) , 0.001
Age at remission (weeks) 35 (2-208) 13 (5-60) , 0.001
Age at relapse (years) 4.7 (3-15) 16 (4-25) 0.073
Birth weight (g) 2570 (1360-3570) 1950 (1600-2670) ,0.001
Percentile birth weight 12 (, 1st-89th) ,1st (, 1st-21st) , 0.001

TABLE 9-1  Comparison of Clinical Characteristics of Patients with KATP Channel Mutations 
to Patients with 6q24 TNDM (data given in median [range])

From Flanagan, S. (2013). Transient neonatal diabetes. Diapedia, Rev. 21. Retrieved from www.diapedia.org/other-types-of-diabetes-mellitus/
41040851198/transient-neonatal-diabetes.

http://www.diapedia.org/other-types-of-diabetes-mellitus/41040851198/transient-neonatal-diabetes
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predicting misfolding and hence loss of normal trafficking 
of the proinsulin in the insulin secretory pathway. This 
misfolding was also proposed to induce the unfolded  
protein response, with degradation in the endoplasmic 
reticulum, leading to severe ER stress and apoptosis of the 
beta cells, processes known to occur in mouse models of 
dominant insulin gene mutations.53 Clinically, the age at 
diagnosis averaged 13 weeks compared with 5 weeks for 
KCNJ11 and 7 weeks for ABCC8 mutations. Gestational 
age at birth was within the normal range of 36W to 41W, 
and mean birth weight was also normal at 2846 Gm. Thus, 
these abnormalities appear to disturb intrauterine growth 
less than in the 6q24 and severe KATP channel mutations. 
These dominant or de novo mutations are not usually as-
sociated with TNDM or remission,53 whereas recessive 
mutations of the insulin gene can result in a remitting type 
of NDM as described earlier.33 The initial suggestion of 
ER stress as a mechanism has been largely confirmed and 
the spectrum of disorders in the insulin gene extends to a 
MODY phenotype or onset in adulthood.54-59

Other Genetic Forms of PNDM
Three factors involved in islet regulation of insulin secretion, 
via an enzymatic gatekeeper function (Glucokinase-GCK), 
the islet formation transcription factor PDX-1, sometimes 
also known as IPF-1, and the transcription factor HNF1b, 
cause a monogenic form of diabetes respectively known as 
MODY2, MODY4, and MODY5 when in the heterozygous 
state and can cause PNDM when in the homozygous state 
(see Figure 9-3).

GCK

Glucokinase has been called the “glucose sensor” of  
the beta cell. It phosphorylates glucose to glucose- 
6-phosphate, permitting entry into the glycolytic pathway 
for metabolism and generation of ATP, which triggers 
insulin secretion (see Figure 9-1). GCK is also known as 
hexokinase IV or hexokinase D and is most active in the 
physiologic range of glucose at 4 to 10 mmol/L (72 to 
180 mg/dL) with a Km of ,8 mmol /L (144 mg/dL). The 
glucose-stimulated insulin release (GSIR) threshold  
occurs when glucose phosphorylating capacity reaches 
30% of maximum, which generally occurs under normal 
circumstances at a glucose concentration of ,90 mg/dL 
and is maximum at glucose concentrations of 300 mg/dL 
or higher but not reaching more than ,80% of full 
(100%) glucose phosphorylating capacity.

Activating mutations of GCK exert these effects at 
lower glucose concentrations and hence cause hyperinsu-
linemic hypoglycemia (see Chapter 21). Inactivating het-
erozygous mutations in GCK cause a mild diabetes because 
the glucose phosphorylating capacity is shifted to the right, 
so that the 30% phosphorylating capacity needed for the 
GSIR occurs when glucose concentrations are ,120 mg/
dL rather than 90 mg/dL and reach only a peak of 50% to 
60% of the 100% phosphorylating capacity. This is enough 
to clear all glucose after a meal, but with periods of hyper-
glycemia before this occurs. In children, GCK inactivating 
mutations causing MODY2 are the most common form of 
MODY, often presenting as incidental findings discovered 

during blood tests for other causes and often with a positive 
family history for diabetes. A second common presentation 
of MODY2 is as “gestational diabetes” in an otherwise 
healthy young mother and which may persist as a mild dia-
betes postpartum.

Homozygous inactivating mutations in GCK were 
reported in two patients in 2001,60 and the same authors 
reported an additional three cases in 2003.61 The affected 
subjects were homozygous for the mutation or were 
compound heterozygous for two different mutations, be-
ing a splice site in one and a missense mutation in the 
other. Each of these five initial subjects was characterized 
by intrauterine growth retardation, permanent neonatal 
diabetes from day 1 of life, and hyperglycemia in parents, 
which was an important diagnostic clue. Apart from some 
other novel single case reports,62,63 an additional four 
novel cases of permanent NDM due to homozygous mu-
tations in GCK were reported in 2011.64 Overall, these 
mutations are rare in NDM; in one large cohort of  
54 cases of NDM, GCK mutations were found in only 
one case of European ancestry,65 and the same was true 
for a study comparing the etiologies of PNDM in an 
Arab versus European population.66

PDX-1

PDX-1, which stands for pancreatic duodenal homeobox-1 
and is also known as insulin promoter factor-1 (IPF-1), is 
a critical transcription factor that defines the pancreatic 
progenitor cell as it differentiates from the endodermal 
epithelium. Exocrine-duct lineage is then specified by  
the transcription factor PTF1 (pancreas transcription 
factor-1), which defines the exocrine and duct cells. 
However, in the presence of Ngn3, the progenitor cell 
differentiates into a series of endocrine pancreatic cells 
under the influence of other transcription factors includ-
ing Pax4 and Pax6, as well as Beta2. Thus, PDX-1 is 
critical for the formation of both the exocrine and endo-
crine pancreas and hence homozygous mutations will 
lead to an absence of pancreas formation with manifesta-
tions of neonatal diabetes and pancreatic exocrine insuf-
ficiency. The parents may be heterozygous carriers and 
therefore known to have a form of diabetes known as 
MODY4. The first report of pancreatic agenesis attrib-
uted to homozygous deletion of a gene in the PDX-1 
(IPF1) gene was reported in 1997,67 the second case was 
reported in 2003,68 and the third case was reported in 
200969; each was characterized by pancreatic agenesis 
with manifestations of both exocrine and endocrine ab-
normalities. In a more recent study in a large cohort  
of patients with permanent neonatal diabetes but with-
out known abnormal development or clinical exocrine 
insufficiency of the pancreas, the possibility of PDX-1 
mutations was investigated in 103 patients in whom 
KATP and INS mutations had been excluded. In this 
group, 3 additional cases of mutations in PDX1 were 
identified, but these patients did not have evidence of 
exocrine pancreatic insufficiency either clinically or bio-
chemically. Thus, it is possible to have PNDM due to a 
mutation in PDX1 without necessarily having pancreatic 
hypoplasia or agenesis.70 In this regard it is important 
to note that neonatal diabetes may be associated with 



9  Neonatal Diabetes Mellitus 285

pancreatic as well as cerebellar agenesis as a result of 
mutations in the PTF1A gene (pancreas transcription 
factor 1A)71 and that the Ngn3 gene can be associated 
with neonatal diabetes and congenital malabsorptive di-
arrhea consistent with the role of this gene in pancreas 
development as briefly described earlier.72 Other genes 
that have been implicated in pancreatic agenesis include 
EIF2AK3, HNF-1B, RFX6, and GATA6, which may be 
associated with pancreatic agenesis and other lesions 
including heart defects.73 As a diagnostic clue, if pancre-
atic imaging shows the absence or hypoplasia of a pan-
creas, the diagnostic search can be restricted to a series 
of genes as outlined.74

HNF1b

As previously noted, mutations in HNF1b can cause 
neonatal diabetes mellitus and neonatal polycystic dys-
plastic kidneys with either permanent or transient 
neonatal diabetes.34

Syndromic Neonatal Diabetes Mellitus
The syndromes associated with NDM constitute no more 
than 10% of all forms of NDM and hence are each rare 
(see Figure 9-3). But they are of interest in identifying the 
spectrum of genetic disorders that can result in abnormal 
pancreas formation, malfunction, or destruction. In a 
sense, even the most common forms of PNDM caused by 
KATP mutations may have a syndromic component as in 
the DEND syndrome, but this is not integral to the con-
dition, whereas in the syndromic forms of NDM, associ-
ated features define and distinguish the entities and point 
to the likely etiology.

Wollcott-Rallison Syndrome: Mutations in 
EIF2AK3

This rare condition is actually the most common genetic 
cause of permanent neonatal diabetes mellitus in con-
sanguineous families,66,75 and it may present as isolated 
non-autoimmune neonatal diabetes mellitus diagnosed 
at 3 weeks of age or later. Typically, skeletal dysplasia 
and growth retardation are recognized in the first  
year or two of life; other manifestations include episodes 
of liver failure, renal dysfunction and evidence of  
pancreatic exocrine insufficiency, neutropenia with  
recurrent infections, hypothyroidism, and mental retar-
dation.76 The basis for this condition are mutations in 
the gene encoding eukaryotic translation initiation factor 
a-kinase 3 also known as PKR-like endoplasmic reticu-
lum kinase (PERK), which participates in the unfolded 
protein response in the ER. Environmental factors and 
modification by other genes may influence the spectrum 
of clinical severity. Skeletal dysplasia with bone fractures 
and episodes of liver failure plus neonatal diabetes mel-
litus are pathognomonic of this entity; a review in 2010 
indicated that fewer than 60 cases had been reported 
worldwide76; two novel mutations were subsequently 
reported.77 The prognosis is poor for affected patients. 
Treatment of the diabetes mellitus by pump therapy is 
recommended; parents should have genetic counseling 

for risks of recurrence, as this is an autosomal recessive 
condition.

IPEX-FOXP3

The term IPEX is an acronym for immune dysregulation, 
polyendocrinopathy, enteropathy, x-linked and is due to 
dysfunction of T regulatory cells caused by mutations in the 
FOX P 3 gene, which normally is a transcriptional regulator 
for CD4 regulatory T cells, so that mutations result in the 
multiorgan autoimmunity. The clinical characteristics are 
early onset, insulin-dependent diabetes mellitus, or enteri-
tis; eczema and elevated serum Ig E also occur early. Later 
manifestations include primary hypothyroidism, nephritis, 
hepatitis, enteritis, and alopecia. Bone marrow stem cell 
transplant offers potential for cure, but it depends on the 
availability of a suitable donor.78,79 Scurfy mice serve as a 
model for this condition in humans.80

GLIS 3

GLIS 3 is a member of the GLI-similar zinc finger protein 
family, which can function both as a repressor and activator 
of transcription and is specifically involved in the develop-
ment of pancreatic beta cells, the thyroid, eye, liver, and 
kidney. An autosomal recessive syndrome, characterized by 
neonatal diabetes mellitus, IUGR, congenital hypothyroid-
ism, hepatic fibrosis with cholestasis, polycystic kidneys, 
and congenital glaucoma, it was first described in 2003,81 
and the responsible mutation in the GLIS 3 gene was iden-
tified in 2006.82 As noted, this gene is expressed in the early 
developmental stages of the thyroid, eye, liver, kidney, and 
the pancreas, particularly in beta cells. Thus, mutations in 
GLIS 3 may have a role in other developmental anomalies 
and possibly in T1DM or T2DM. Novel mutations associ-
ated with the classical findings of NDM and hypothyroid-
ism, plus bilateral sensorineural deafness, osteopenia, and 
pancreatic exocrine insufficiency, enlarge the clinical spec-
trum as reported.83 In animal studies, it appears that GLIS 
3 expression is required for pancreatic beta cell function 
and maintenance of beta cell mass in the adult, so that  
impaired function could lead to diabetes mellitus.84,85 
Genome-wide association studies identify GLIS 3 as a lo-
cus that affects risk for T1 DM,86 and variants of GLIS 3 
have been implicated in the predisposition to T2 DM.87

PTF1A

The gene PTF1A encodes pancreatic transcription factor 
1a known to be involved in pancreatic development. 
Mutations in this gene were identified in two families 
with neonatal diabetes mellitus associated with pancre-
atic agenesis as well as cerebellar agenesis, implicating 
this factor in normal cerebellar development as well as 
pancreatic development, findings confirmed in knockout 
models of this gene in mice.71

Rfx6

In mice, it was shown that absence of the transcription fac-
tor Rfx 6 prevents the formation of any pancreatic endo-
crine cells except for pancreatic polypeptide producing 
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cells; mutations in the human ortholog RFX6 gene caused 
an autosomal recessive form of neonatal diabetes mellitus.88 
In humans, the syndrome of neonatal diabetes mellitus, 
intestinal atresia, and hepatobiliary abnormalities had 
been known as the Mitchell-Riley syndrome.89 Clinically, 
patients are characterized by severe IUGR, fluctuation in 
glucose concentrations, stabilizing as persistent hypergly-
cemia and requiring insulin for stabilization, cholestatic 
jaundice and anatomic findings of intestinal atresia, agene-
sis of the gall bladder, and abnormal formation of the pan-
creas. Those who survive this critical neonatal period as the 
result of surgical and medical interventions can continue 
with a favorable prognosis for subsequent life apart from 
the likelihood of mental retardation.90

Neurog-3

Neurogenin 3 is a critical transcription factor for the  
differentiation of islet endocrine cell types from the pan-
creatic endoderm. Mice lacking this factor are devoid of 
intestinal pancreatic endocrine cells and develop diabetes 
mellitus as newborns. In humans, homozygous mutations 
in Neurog-3 cause malabsorptive diarrhea and early  
onset diabetes mellitus.72,91

GATA6

Both GATA4 and GATA6 are critical factors with differ-
ential contributions for normal pancreatic organogenesis; 
double Gata 4 and Gata 6 knockout mice do not develop 
a pancreas and hence have diabetes.92-94 In humans, het-
erozygous inactivating mutations in GATA6 were found 
to be the most common cause of pancreatic agenesis  
occurring in 15 of 27 subjects with pancreatic agenesis.95 
These patients required both insulin plus pancreatic  
enzyme replacement.95 In a follow-up study,96 the same 
investigators sought GATA 6 mutations in 171 subjects 
with NDM of unknown etiology, having already identi-
fied other mutations, including 15 with GATA6 muta-
tions, in 624 subjects out of a cohort totaling 795. In the 
new cohort of 171 remaining subjects, an additional  
9 new cases of GATA 6 mutations were identified for a 
total of 24 affected out of the original cohort of 795 sub-
jects (3%). In these 9 new cases, 2 had neonatal diabetes 
mellitus but did not require pancreatic enzyme replace-
ment, and 1 had transient neonatal diabetes mellitus. In 
addition, four parents were found to have GATA 6 muta-
tions, but the diabetes was diagnosed between the ages of 
12 and 46 years. Several of the 9 new subjects had sub-
clinical pancreatic enzyme deficiency. Except for one  
of the parents, subjects with GATA 6 mutations had extra 
pancreatic features, congenital heart malformations being 
found in 83%. Thus, these GATA 6 mutations can cause 
permanent neonatal diabetes mellitus or occasionally 
transient neonatal diabetes mellitus, as well as adult- 
onset diabetes with gradations in exocrine pancreatic  
insufficiency from complete agenesis, subclinical, or no 
deficiency at all; the majority manifest congenital heart 
defects.96 In evaluating a patient with neonatal diabetes 
mellitus, pancreatic imaging is useful, because finding 
pancreatic hypoplasia, or aplasia, limits the possible genetic 
causes to GATA 696 as well as EIF2 AK3, PTF 1A, 
HN1B, PDX 1, and RFX 6.74

DIAGNOSIS AND TREATMENT OF 
NEONATAL DIABETES MELLITUS

Neonatal diabetes mellitus should be considered in  
babies who display IUGR in utero or at birth, and who fail 
to thrive despite apparent lusty suck, adequate intake, and 
copious urine output. A positive family history of diabetes 
mellitus in one or both parents, or in prior siblings, points 
to a likely genetic cause; most cases represent de novo mu-
tations. The diagnosis is established by confirmation of 
hyperglycemia and glycosuria, both readily available in 
hospitals or medical clinics. Recognition of diabetes melli-
tus within the first week of life likely represents TNDM1, 
due to the differential expression of imprinted genes on 
chromosome 6q24, particularly if congenital defects such 
as macroglossia and umbilical hernia are present. Some-
what later recognition should also include consideration of 
defects in the KATP channel, involving KCNJ11 and ABCC8 
genes as well as the INS gene; b-cell antibodies need not be 
determined unless features such as those found in the IPEX 
syndrome are present. Pancreatic antibody testing should 
be performed after age 6 months, however.

 A molecular diagnosis should be sought; confirmation 
of methylation defects will raise the possibility of remission; 
KATP channel defects also may remit, but if confirmed, a 
trial of transition to oral sulfonylurea therapy may be fea-
sible. Ascertainment of four genes, methylation defects on 
6q24, KCNJ11, ABCC8, and INS, will identify the major-
ity of the 90% of identifiable genes responsible for NDM 
in the first 6 months of life; defects in GCK, HNF1b, 
PDX-1, and SLCA2A are the result of autosomal recessive 
inheritance so that both parents likely have some form of 
diabetes mellitus (see Figure 9-3). Pending establishment 
of the molecular defect, patients should be treated with 
insulin; pumps delivering insulin should be used if available 
because they offer the ability to deliver small amounts  
via insulin diluted in appropriate diluent. Trial and error 
determine the amount to be given to achieve reasonable 
glycemic control to avoid both hyperglycemia and hypo-
glycemia; a starting dose of 0.5 units per kilogram per day 
increasing or decreasing by 0.1 unit per kilogram per day 
and distributed over 24 hours is a reasonable starting ap-
proach. The temptation to start these patients on sulfonyl-
urea pending the establishment of the molecular diagnosis 
should be avoided; based on available data, only approxi-
mately 20% of those diagnosed in the first week of life have 
a high probability of responding to treatment with sulfo-
nylurea.97 Current methodology permits molecular diag-
nosis to be completed relatively quickly with results avail-
able in 1 to 2 weeks and it can be performed at established 
regional centers in the UK, United States, and elsewhere. 
Some of these centers offer molecular diagnostics to  
be performed without charge as a result of funding from 
various national agencies. In the absence of a molecular 
diagnosis, a trial of sulfonylurea may aggravate the hyper-
glycemia and lead to diabetic ketoacidosis in the patients 
who do not respond. Hence, we strongly urge that when a 
diagnosis of NDM is established in a newborn, treatment 
should be started with insulin and a sample sent for  
molecular diagnosis, the results of which will be informa-
tive regarding likely response to sulfonylurea.31

Presentation later than the first 2 to 4 weeks but within 
the first 6 months of birth is likely to yield a molecular 
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diagnosis in about two thirds of all patients2; clinical fea-
tures such as specific patterns of congenital defects may 
offer clues to the diagnosis and prognosis as discussed 
earlier for syndromic NDM (see Figure 9-3).

AVAILABLE RESOURCES

The following resources offer advice in diagnostic and 
therapeutic services and may also perform the molecular 
diagnosis free of charge as part of their mandate funded 
by national governmental agencies:

www.diabetesgenes.org United Kingdom
www.kovlerdiabetescenter.org/registry Chicago (United 

States)
www.mody.no Norway
www.genetests.org CLIA certified laboratories perform-

ing the tests

TRANSITION TO ORAL THERAPY

Once the diagnosis of a mutation in the KATP channel likely 
to respond to sulfonylurea is established, transition to oral 
treatment from insulin treatment is best accomplished on 
an inpatient basis using tablets or suspensions of glyburide 
prepared in a hospital pharmacy to facilitate the swallowing 
of the medication. The starting dose is 0.4 milligram per 
kilogram per day in two divided doses. Table 9-2 outlines 
the sequential steps to be taken in transitioning the patient 
and is based on recommendations from NDM centers in 
both the UK and the United States.

FUTURE DIRECTIONS

The discovery of the genes responsible for various 
forms of NDM has been spectacular in its impact on the 

Day Glucose Monitoring Insulin Adjustments Glyburide Dosing

Prep Monitor capillary blood glucose 
(BG) before meals, 2 hours post 
meals, bedtime, and 2 a.m.

Monitor ketones any time BG is  
. 300 mg/dL (. 16 mmol/L).

Have a plan for hypoglycemia.

Maintain usual insulin regimen either 
via pump or customary basal-bolus 
injections.

Reduce basal insulin by 50%.
(If pump is being used, can be  

done just before day 1 breakfast;  
if long-acting insulin is being  
used, may be reduced on previous 
evening.)

The experience of previous cases 
with the same mutation will help 
inform expected response.

Tablets (easily halved) available: 
1.25, 2.5, or 5 mg

For infants, tablets can be crushed 
and suspended in water/formula 
at the bedside or by any  
pharmacy.

1 If BG before dinner dose is:
. 126 mg/dL (7 mmol/L) n
, 126 mg/dL (7 mmol/L) n

Administer rapid-acting bolus insulin 
as needed based on capillary BG:

Give usual bolus insulin dose
Give 50% of usual insulin dose

0.1 mg/kg before breakfast and  
dinner (total of 0.2 mg/kg/day),  
depending on BG:

Give 0.1 mg/kg dose at dinner
Dinner dose may be skipped

2-7 If BG before SU dose is:
. 126 mg/dL (7 mmol/L) n
, 126 mg/dL (7 mmol/L) n

Continue decreasing insulin as  
tolerated:

Continue bolus dosing from previous 
day

Decrease insulin bolus by 50%

Each day dose will increase by  
0.2 mg/kg/day (0.1 mg/kg/dose)  
depending on BGs:

Increase dose by 0.1 mg/kg/dose
May continue dose from previous 

day
Last On final day and after discharge 

continue checking BG at least  
4-6 times per day to monitor  
response. Relative hypoglycemia 
may necessitate lowering of  
glyburide dose in following 
weeks-months. 

In most SU-responsive cases, insulin 
can be discontinued within 5-7 days, 
although mild hyperglycemia may 
still occur. Treat with rapid-acting  
bolus insulin as needed, as well as 
low-dose basal insulin in some cases. 
It may be possible to discontinue  
insulin in the following weeks-months.

By the end of 5-7 day admission,  
the patient will either have clearly 
responded on a lower dose or will 
be on at least 1 mg/kg/day. The 
dose may continue to be increased 
after discharge if needed, with 
some patients requiring up to 
2-2.5 mg/kg/day (which may  
be lowered eventually in the  
following weeks-months).

Notes If expected response is uncertain,  
C-peptide levels pre and  
90-120 minutes post breakfast 
(no insulin given) may be done 
on day 1 and a later day after  
the glyburide dose is at least  
1 mg/kg/day (usually day 5).

If levels pre SU are nearly  
undetectable but show a  
significant increment on  
glyburide, consider increasing 
dose as high as 2-2.5 mg/kg/day.

BG ranges and insulin adjustments  
are only a guideline; the physician 
should be guided by clinical  
judgment. If there is any indication 
that glyburide is helping to control 
BG levels overall, it is often better  
to decrease the insulin aggressively 
so as to avoid hypoglycemia. If little/
no insulin is given with meals,  
corrections for high BGs (per usual 
sensitivity/correction scale) may be 
given post mealtime or at any time.

Patients with neurodevelopmental 
disability or those who are older  
at the time of transition may  
experience less responsiveness 
and require higher doses of  
glyburide. In such cases, the  
possible benefit of continuing a 
high dose for the long term 
should be carefully considered 
even if the patient still requires  
insulin.

TABLE 9-2  Inpatient Transition to Oral Sulfonylurea

Data from Pearson, E. R., Flechtner, I., Njolstad, P. R., et al. (2006). Switching from insulin to oral sulfonylureas in patients with diabetes 
due to Kir6.2 mutations. N Engl J Med, 355, 467-77. This table was created from the data by Drs. L. Philipson and S. Greeley. Contact 
monogenicdiabetes@uchicago.edu for more details.

http://refhub.elsevier.com/B978-1-4557-4858-7.00018-4/sbr0065
mailto:monogenicdiabetes@uchicago.edu
http://www.diabetesgenes.org
http://www.kovlerdiabetescenter.org
http://www.mody.no%20Norway
http://www.genetests.org
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diagnosis and treatment of affected patients and its rel-
evance to understanding the global burden of diabetes 
mellitus. The same genetic defects that cause NDM 
have been found in parents or unrelated individuals 
considered to have T2DM or classic T1DM non-
autoimmune. Thus, these discoveries have informed 
potential mechanisms by which insulin secretion is 
impaired at the level of pancreas formation and devel-
opment, insulin synthesis, and insulin secretion. In ad-
dition, this offers the possibility to overcome the defect 
through the pharmacogenetics of the KATP channel in 
which activating mutations can be overcome by sulfo-
nylurea treatment. However, the cause in at least a 
third of patients with NDM in the first 6 to 9 months 
of life is still not known and, as yet, a genetic mutation 
has not been identified. Whole genome or exome se-
quencing98 may reveal the basis for these undefined 
syndromes in the near future.
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QUESTIONS

 1. Neonatal diabetes, hypothyroidism, and glaucoma 
occur in which of the following conditions?
 a. DEND syndrome
 b. Relaxation of imprinting due to mutation in 

ZFP57
 c. GLIS3 mutation
 d. All of the above
 e. None of the above

Answer: c

 2. FOXP3 mutation is responsible for which of the  
following conditions?
 a. Pancreatic and cerebellum agenesis
 b. Immunodysregulation, polyendocrinopathy, and 

enteropathy
 c. Digestive system defects known as Mitchell-Riley 

syndrome
 d. Transient diabetes mellitus
 e. None of the above

Answer: b

 3. A man fathers three children, all of whom develop 
TNDM, by three different mothers. What is the most 
likely mechanism?
 a. TNDM due to homozygous mutation in KCNJ11
 b. TNDM due to homozygous mutation in ABCC8
 c. Duplication of the paternal 6q24 region
 d. Relaxation of imprinting due to maternal hypo-

methylation of 6q24
 e. A freakish chance occurrence

Answer: c

 4. Prenatal assessment via ultrasound indicates a baby 
with severe IUGR. At full-term birth, the baby weighs 
1800 grams, has very little subcutaneous fat, and con-
stantly cries for “the bottle” but passes copious 
amounts of urine so that nurses assume the baby is 
well hydrated. Persistent failure to thrive leads to the 
discovery of severe hyperglycemia. How would you 
advise the parents regarding this presentation?
 a. It is typical for the DEND syndrome.
 b. It is neonatal diabetes mellitus, which should  

respond to sulfonylureas tablets and the baby will 
not require insulin shots.

 c. It is TNDM for which molecular diagnosis is not 
necessary, as this baby’s condition will most likely 
remit in several weeks though it may recur later  
in life.

 d. It is most likely TNDM1, which responds to  
surgical correction.

 e. None of the above
Answer: e

 5. TNDM can occur in all except which of the following 
conditions?
 a. PTF1A
 b. HNF1b
 c. SLCA2A
 d. KCNJ11
 e. Recessive INS

Answer: a

http://refhub.elsevier.com/B978-1-4557-4858-7.00018-4/sbr0215
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NORMAL GROWTH

Normal growth is one of the fundamental characteristics 
of childhood and adolescence. As multifactorial and com-
plex as the process of growth is, children normally grow 
in a remarkably predictable manner. Deviation from a 
normal pattern of growth can be the first manifestation of 
a wide variety of disease processes, including endocrine 
and nonendocrine disorders, and may involve virtually 
any organ system of the body. Frequent and accurate as-
sessment of growth is, therefore, of primary importance 
to physicians and nurses caring for children.

Measurement

Correct assessment of statural growth requires optimizing 
accuracy in height determinations.1-3 When feasible, mea-
surement of supine length is employed in children 

younger than 2 years of age, and that of standing height is 
done in older children. Between 2 and 3 years of age, 
measurement of both length and height can be helpful to 
assess growth velocity more accurately whereas taking 
into account the measurement technique. In this age 
range the supine length averages about 1 cm greater than 
the standing height. However, the inherent inaccuracies 
involved in measuring length in infants are often obscured 
by their rapid skeletal growth characteristic of this age. 
For measurement of supine length, it is best to employ a 
firm box with an inflexible board (against which the head 
lies) and a movable footboard on which the feet are placed 
perpendicular to the plane of the supine infant. Alterna-
tively, in many offices a counter-mounted or portable  
infantometer is used to assess infants’ and toddlers’ 
growth. To achieve reliable and accurate measurements, 
the technique used is of great importance. Optimally, the 
child needs to be relaxed—with the legs fully extended 
and the head positioned in the “Frankfurt plane” (meaning 
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growth charts, representing revisions of the previous 
charts, and has introduced new charts for body mass  
index9 (Figures 10-1 through 10-8). Interestingly, the 
new charts show little change in average height since the 
late 1980s, despite the common perception that today’s 
children are taller than peers from 10 to 25 years ago. 
This is in contrast to other countries, in particular, The 
Netherlands, where mean height continued to rise in 
spite of the population being the tallest in the world. In 
many current and formerly developing countries, the 
population, which was typically shorter than in the 
Western world, is becoming taller.

Classic percentile-based growth charts are invalu-
able for plotting growth of children relative to the 3rd 
or 5th, 10th, 25th, 50th, 75th, 90th, and 95th or 97th 
percentiles of normal American children. There are, 
however, two major limitations of these charts. First, 
they do not satisfactorily define the growth rates of 
children below the 3rd or above the 97th percentile—
the very children for whom it is most critical to accu-
rately describe the degree to which their growth devi-
ates from the normal growth percentiles. The NCHS 
data can be used to compute standard deviation (SD) 
scores (or Z scores), which are more helpful because  
a short child can be described as having a growth rate 
of (for example) 2 or 2.5 SD from normal. Because 
these SDs are defined by cross-sectional data, however, 
SD scores during childhood are not directly compara-
ble with SD scores during adolescence—when great 
variation in growth rates can be normally observed. 
Second, cross-sectional data are of greater value during 
infancy and childhood than in adolescence—when dif-
ferences in the timing of puberty can introduce consid-
erable variability into normal growth rates. To address 
this issue, Tanner and colleagues10 have developed 
longitudinal growth charts that accommodate the timing 
of puberty. These charts are of greatest value in assess-
ing growth during adolescence and puberty and are 
probably superior for plotting sequential growth data 
on any given child.

The data from cross-sectional and longitudinal 
growth studies have been employed to develop height 
velocity standards10 (Figures 10-9 and 10-10). It is 
important to emphasize that carefully documented 
height velocity data are invaluable in assessing the 
child with abnormalities of growth. Although consid-
erable variability exists in the normal height velocity 
observed in children of different ages, between the age 
of 2 years and the onset of puberty children normally 
grow with remarkable fidelity relative to the normal 
growth curves. The physician should note any “cross-
ing” of height percentiles during this age period, and 
abnormal height velocities always warrant further 
evaluation.

Disease-related growth curves have been developed 
for a number of clinical conditions associated with growth 
failure, such as Turner syndrome,11 achondroplasia,12 and 
Down syndrome.13 Such growth profiles are invaluable 
for tracking the growth of children with these clinical 
conditions. Deviation of growth from the appropriate 
disease-related growth curve suggests the possibility of a 
second underlying condition.

the line connecting the outer canthus of the eye and the 
external auditory meatus is perpendicular to the long axis 
of the trunk). Repeating the length measurement three 
times and using the mean is another way to improve  
reliability.

When children are old enough to stand erect (and 
physically capable of doing so), it is best to employ a 
wall-mounted “Harpenden” stadiometer similar to that 
designed by Tanner and Whitehouse for the British 
Harpenden Growth Study. Freestanding stadiometers 
are also available but require frequent recalibration. The 
traditional measuring device of a flexible arm/bar 
mounted to a weight balance is notoriously unreliable 
and cannot be counted on to provide accurate serial 
measurements.

As with length measurements in infants, positioning of 
the child is critical. The patient should be fully erect, 
with the head in the Frankfurt plane. The back of the 
head, thoracic spine, and buttocks should be touching the 
vertical axis of the stadiometer; the heels are put together 
with the toes slightly separated. Every effort should be 
made to correct discrepancies related to lordosis (neck 
and lower back) or scoliosis. Ideally, serial measurements 
should be made at the same time of day because diurnal 
variation in standing height has been observed, leading  
to measurements in children and adolescents being up  
to 0.8 cm shorter at the end of the day compared with 
measurements obtained in the morning; this phenome-
non is likely due to development of fatigue of the spine 
musculature throughout the day.4

It is critical that height determinations be performed 
by an individual with proper training, rather than (as is 
often the case) by an inexperienced member of the staff. 
We recommend that heights also be measured in tripli-
cate, that variation be no more than 0.3 cm, and that the 
mean height be recorded. For determination of height 
velocity, it is obviously best to have the same individual 
performing the determinations. Even when every effort 
is made to maximize the precision of height determina-
tions, a minimum interval of 3 months is necessary for 
accurate height velocity computation. Six months worth 
of data are preferable, although it is of note that seasonal 
variation in height velocity has been reported.5

Growth Charts
Evaluation of a child’s height must be done in the context 
of normal standards. Such standards can be either cross-
sectional or longitudinal. Most American pediatric endo-
crine clinics continue to use the cross-sectional data pro-
vided by the National Center for Health Statistics 
(NCHS), which were originally introduced in 1977 and 
have been updated.6-8 Epidemiologic limitations in these 
growth charts have been noted, however. The data in-
cluded in the original infant charts, for example, were de-
rived from a private study of a group of subjects who were 
primarily white, formula-fed, middle-class infants from 
southwestern Ohio. Data employed for older children 
came from national health examination surveys conducted 
from 1963 to 1974.

The NCHS (now a part of the Centers for Disease 
Control and Prevention) has provided a set of new 

Text continued on page 301
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FIGURE 10-1 n Length-for-age and weight-for-age percentiles for boys (birth to 36 months). (Developed by the National Center for Health 
Statistics in collaboration with the National Center for Chronic Disease Prevention and Health Promotion (2000), www.cdc.gov/growthcharts.)

http://www.cdc.gov/growthcharts
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FIGURE 10-2 n  Head-circumference-for-age and weight-for-length percentiles for boys (birth to 36 months). (Developed by the National 
Center for Health Statistics in collaboration with the National Center for Chronic Disease Prevention and Health Promotion (2000), www.cdc.
gov/growthcharts.)

http://www.cdc.gov/growthcharts
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FIGURE 10-3 n  Length-for-age and weight-for-age percentiles for girls (birth to 36 months). (Developed by the National Center for Health 
Statistics in collaboration with the National Center for Chronic Disease Prevention and Health Promotion (2000), www.cdc.gov/growthcharts.)

http://www.cdc.gov/growthcharts


10 Disorders of Growth Hormone/Insulin-Like Growth Factor Secretion and Action 297

FIGURE 10-4 n  Head-circumference-for-age and weight-for-length percentiles for girls (birth to 36 months). (Developed by the National 
Center for Health Statistics in collaboration with the National Center for Chronic Disease Prevention and Health Promotion (2000), www.cdc.gov/
growthcharts.)

http://www.cdc.gov/growthcharts
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FIGURE 10-5 n  Stature-for-age and weight-for-age percentiles for boys (2 to 20 years). (Developed by the National Center for Health Statistics 
in collaboration with the National Center for Chronic Disease Prevention and Health Promotion (2000), www.cdc.gov/growthcharts.)

http://www.cdc.gov/growthcharts
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FIGURE 10-6 n  Stature-for-age and weight-for-age percentiles for girls (2 to 20 years). (Developed by the National Center for Health 
Statistics in collaboration with the National Center for Chronic Disease Prevention and Health Promotion (2000), www.cdc.gov/growthcharts.)

http://www.cdc.gov/growthcharts
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FIGURE 10-7 n  Body-mass-index-for-age percentiles for boys (2 to 20 years). (Developed by the National Center for Health Statistics in 
collaboration with the National Center for Chronic Disease Prevention and Health Promotion (2000), www.cdc.gov/growthcharts.)

http://www.cdc.gov/growthcharts
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Body Proportions
Many growth disorders, leading to either short stature 
or tall stature, are associated with disproportionate 
growth. Some of the more common disorders leading to 
disproportionality include the many forms of osteo-
chondrodysplasia and rickets. Survivors of childhood 
cancer who received spinal irradiation are also at in-
creased risk for disproportionate growth.14 To allow 
documentation of such disproportionate growth, the 
following measurements can be made:

• Occipitofrontal head circumference
• Lower body segment: distance from top of pubic 

symphysis to the floor

• Upper body segment: sitting height (height of stool 
should be subtracted from standing height)

• Arm span: measurement of the length from one end 
of a patient’s arms (measured at the fingertip) to the 
other with the arms raised parallel to the ground at 
shoulder height

Published standards exist for these body proportion 
measurements, which must be evaluated relative to the 
patient’s age.15 The upper segment-to-lower segment 
ratio, for example, ranges from 1.7 in the neonate to 
slightly below 1 in the adult. Ethnic differences also exist: 
black children and adolescents have shorter sitting height 
and longer length of the lower extremities (about one 
inch for each, corrected for age and sex).16

FIGURE 10-8 n  Body-mass-index-for-age percentiles for girls (2 to 20 years). (Developed by the National Center for Health Statistics in 
collaboration with the National Center for Chronic Disease Prevention and Health Promotion (2000), www.cdc.gov/growthcharts.)

http://www.cdc.gov/growthcharts
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Skeletal Maturation
The degree to which a child’s skeleton has matured over 
time gives the physician a window into the true physical 
developmental age of that child. The growth potential in-
herent in the tubular bones of the body can be assessed by 
evaluation of the progression of ossification within the 
epiphyses. The ossification centers of the skeleton appear 
and progress in a predictable sequence in normal children, 
and skeletal maturation can therefore be compared with 
normal age-related standards. This forms the basis of 
“bone age” or “skeletal age.” It is not clear what factors 
determine this normal maturational pattern, but it is cer-
tain that genetic factors and multiple hormones—including 
thyroxine (T4), growth hormone (GH), and sex steroids—
are involved in this process.

Studies in patients with mutations of the gene for the 
estrogen receptor17 or for aromatase enzyme18 have dem-
onstrated that it is estrogen that is primarily responsible for 
ultimate epiphyseal fusion, although it seems unlikely that 
estrogen is alone responsible for all skeletal maturation. 
Beyond the neonatal period, and especially after age 2 years, 
a radiograph of the left hand and wrist is commonly  
used to determine “bone age”—which can be related to the 
published standards of Greulich and Pyle.19 Although the 
authors recommend a bone-by-bone assessment approach 
to arrive at a mean bone age for the patient, most endocri-
nologists determine the bone age by finding the standard 
radiograph that best matches their patient’s using a subjec-
tive comparative approach. This technique creates signifi-
cant variability in bone age reading between different inter-
preters. An alternative method for assessing bone age from 

FIGURE 10-9 n  Height velocity chart for males from 0 to 19 years. (From Tanner, J. M., & Davies, S. W. D. (1985). Clinical longitudinal standards 
for height and height velocity for North American children. J Pediatr, 107, 312.)
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radiographs of the left hand, involving a scoring system for 
each individual bone, has been developed by Tanner and 
Whitehouse and their colleagues.20 The left hand obvi-
ously represents a compromise, because radiographs of the 
entire skeleton would be tedious, expensive, and necessitate 
excessive radiation exposure. It is important to note, how-
ever, that the hand obviously does not contribute to the 
height of an individual and that accurate evaluation of 
growth potential might necessitate radiographs of the legs 
and spine.

A number of important caveats concerning bone age 
determination must be considered. Experience in reading 
bone age films is essential, and clinical studies involving 
bone age generally benefit from having a single reader 
who does all interpretations. Second, the normal rate of 
skeletal maturation differs between males and females 

(and ethnic variability exists). The standards of Greulich 
and Pyle are divided by sex, but they were developed in 
American white children. Finally, the Greulich-Pyle and 
the Tanner-Whitehouse standards were developed using 
normal children.21 They are not necessarily applicable to 
children with skeletal dysplasia, endocrine abnormalities, 
or a variety of other causes of growth retardation.

Prediction of Adult Height
The extent of skeletal maturation observed in a patient 
can be used to predict the patient’s height potential. The 
estimated adult height potential may be interpreted in 
function of the parental target height. Predictions of 
adult height are based on the observation that the more 
delayed the bone age (relative to the chronologic age), 

FIGURE 10-10 n  Height velocity chart for females from 0 to 19 years. (From Tanner, J. M., & Davies, S. W. D. (1985). Clinical longitudinal 
standards for height and height velocity for North American children. J Pediatr, 107, 312.)
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the greater the length of time before epiphyseal fusion 
prevents further growth. The classic method for height 
prediction, based on Greulich and Pyle’s Radiographic 
Atlas of Skeletal Development,19 was developed by Bayley 
and Pinneau22 and relies on the patient’s bone age and 
height (Table 10-1).

Additional refinements were introduced by Tanner 
and colleagues20,23 with a system that employs height, 
bone age, and chronologic age; and by Roche and associ-
ates,24 who employ the combination of height, bone age, 
chronologic age, midparental height, and weight. All of 
these systems are by nature empirical and should never 
be used as absolute predictors. The more advanced the 
bone age, the greater the accuracy of the adult height 
prediction, but this is natural because a more advanced 
bone age places a patient closer to final height.

All of these methods of predicting adult height are based 
on data from normal children. None of these systems has 
been demonstrated to be accurate in children with growth 
abnormalities. For this type of precision, it would be neces-
sary to develop disease-specific (e.g., Turner syndrome, 
Noonan syndrome, specific types of skeletal dysplasia)  
atlases of skeletal maturation. Retrospective analyses indi-
cate that bone age–based adult height predictions slightly 
underpredict female but often overpredict male children’s 
eventual height. Predictions are also notoriously inaccurate 
in children born small for gestational age.

Parental Target Height
Because genetic factors are of great importance as deter-
minants of growth and height potential, it is always 
worthwhile to assess a patient’s stature relative to that of 
siblings and parents. The parental target height can be 
readily ascertained by calculating the mean parental 
height and adding or subtracting 6.5 cm for male or  
female children, respectively. The standard deviation for 
this calculated parental target height is about 2.5 cm and 
the range within which it is likely to occur at least 95% 
of the time is approximately 7.5 to10 cm. As with pre-
dicted adult heights, calculated target heights should be 
taken as approximations.

Nevertheless, when a child’s growth pattern clearly de-
viates from that of parents or siblings, one must seriously 
consider the possibility of an underlying pathologic pro-
cess. It is important, when possible, to measure the heights 
of parents and siblings rather than accepting their own 
statural claims (mothers often overestimate the height of 
fathers). In addition, one should recall that it is not always 
possible to know the heights of the true biologic parents 
(or, sometimes, who the real biologic parents actually are). 
Finally, short parents are not an excuse to avoid working 
up a child who is clearly short because this may represent 
a treatable genetic disorder within the growth hormone 
signaling cascade.

ENDOCRINE REGULATION OF GROWTH
The Pituitary
The pituitary gland lies in the sella turcica, the hypophy-
seal fossa of the sphenoid bone, which is located in the 

center of the cranial base. The concept of the pituitary as 
a “master gland” controlling the endocrine activities of 
the body has become outdated and has been replaced by 
an appreciation of the importance of the brain, particu-
larly of the hypothalamus, in regulating hormonal pro-
duction and secretion. Nevertheless, the pituitary gland 
remains central to our understanding of the regulation of 
growth, metabolism and homeostasis, response to stress, 
lactation, and reproduction.

Embryologically, the pituitary gland is formed from 
two distinct sources.25,26 Rathke’s pouch, a diverticulum 
of the primitive oral cavity (stomodeal ectoderm), gives 
rise to the adenohypophysis. The neurohypophysis 
originates in the neural ectoderm of the floor of the 
forebrain, which also develops into the third ventricle. 
The adenohypophysis normally constitutes 80% of the 
weight of the pituitary and consists of the pars distalis 
(also known as the pars anterior or anterior lobe), the 
pars intermedia (also known as the intermediate lobe), 
and the pars tuberalis (also known as the pars infun-
dibularis or pars proximalis).

Much of our knowledge of normal hypothalamo- 
pituitary development is derived from animal, particularly 
rodent, models. In the mouse, a thickening of the ecto-
derm in the midline of the anterior neural ridge, forming 
the hypophyseal placode, heralds the onset of pituitary 
development at 7.5-days postcoitum (dpc). The formation 
of a rudimentary Rathke’s pouch follows at 9 dpc, with 
formation of a definitive pouch by 12 dpc and, subse-
quently, the anterior pituitary consisting of five different 
cell types secreting six different hormones (Figure 10-11). 
The developing Rathke’s pouch is initially associated  
with the presumptive hypothalamic territories, and later 
with the developing diencephalon.

In humans, the pars distalis is the largest portion of 
the adenohypophysis and houses the great majority of 
hormone-producing cells. The pars intermedia is, typi-
cally, poorly developed and consists of several cystic 
cavities lined by a single layer of cuboidal epithelium. 
Pars distalis and intermedia are separated by a cleft, a 
vestigial structure of Rathke’s pouch from which it de-
velops. This structure may often develop as a cyst 
(Rathke’s cleft cyst). In humans, in contrast to the 
mouse, pars intermedia is rudimentary as it largely 
disappears during embryogenesis. The pars tuberalis 
represents an upward extension of the pars distalis onto 
the pituitary stalk and may contain a limited number of 
gonadotropin-producing cells. The posterior pituitary 
(neurohypophysis) consists of the infundibular stem or 
hypophyseal stalk, the median eminence of the tuber 
cinereum, and the infundibular process (posterior lobe, 
neural lobe). The posterior pituitary contains the termi-
nal axonal projections of magnocellular neurons from 
the paraventricular and supraoptic nuclei of the hypo-
thalamus. These produce oxytocin, required during 
lactation and parturition, and vasopressin, required for 
osmotic regulation—as detailed in Chapter 11. It has no 
known function in the regulation of growth and will not 
be discussed further in this chapter.

Rathke’s pouch, the origin of the adenohypophysis, can 
be identified in the 3-mm embryo during the third week 
of pregnancy in humans. Rathke’s pouch then begins to 
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Bone Age  
(Years-Months) Girls Boys

RETARDED AVERAGE* ADVANCED RETARDED AVERAGE* ADVANCED

6-0 0.733 0.720 0.680
6-3 0.742 0.729 0.690
6-6 0.751 0.738 0.700
6-9 0.763 0.751 0.709
7-0 0.770 0.757 0.712 0.718 0.695 0.670
7-3 0.779 0.765 0.722 0.728 0.702 0.676
7-6 0.788 0.772 0.732 0.738 0.709 0.683
7-9 0.797 0.782 0.742 0.747 0.716 0.689
8-0 0.804 0.790 0.750 0.756 0.723 0.696
8-3 0.813 0.801 0.760 0.765 0.731 0.703
8-6 0.823 0.810 0.771 0.773 0.739 0.709
8-9 0.836 0.821 0.784 0.779 0.746 0.715
9-0 0.841 0.827 0.790 0.786 0.752 0.720
9-3 0.851 0.836 0.800 0.794 0.761 0.728
9-6 0.858 0.844 0.809 0.800 0.769 0.734
9-9 0.866 0.853 0.819 0.807 0.777 0.741

10-0 0.874 0.862 0.828 0.812 0.784 0.747
10-3 0.884 0.874 0.841 0.816 0.791 0.753
10-6 0.896 0.884 0.856 0.819 0.795 0.758
10-9 0.907 0.896 0.870 0.821 0.800 0.763
11-0 0.918 0.906 0.883 0.823 0.804 0.767
11-3 0.922 0.910 0.887 0.827 0.812 0.776
11-6 0.926 0.914 0.891 0.832 0.818 0.786
11-9 0.929 0.918 0.897 0.839 0.827 0.800
12-0 0.932 0.922 0.901 0.845 0.834 0.809
12-3 0.942 0.932 0.913 0.852 0.843 0.818
12-6 0.949 0.941 0.924 0.860 0.853 0.828
12-9 0.957 0.950 0.935 0.869 0.863 0.839
13-0 0.964 0.958 0.945 0.880 0.876 0.850
13-3 0.971 0.967 0.955 0.890 0.863
13-6 0.977 0.974 0.963 0.902 0.875
13-9 0.981 0.978 0.968 0.914 0.890
14-0 0.983 0.980 0.972 0.927 0.905
14-3 0.986 0.983 0.977 0.938 0.918
14-6 0.989 0.986 0.980 0.948 0.930
14-9 0.992 0.988 0.983 0.958 0.943
15-0 0.994 0.990 0.986 0.968 0.958
15-3 0.995 0.991 0.988 0.973 0.967
15-6 0.996 0.993 0.990 0.976 0.971
15-9 0.997 0.994 0.992 0.980 0.976
16-0 0.998 0.996 0.993 0.982 0.980

16-3 0.999 0.996 0.994 0.985 0.983
16-6 0.999 0.997 0.995 0.987 0.985
16-9 0.9995 0.998 0.997 0.989 0.988
17-0 1 0.999 0.998 0.991 0.990
17-3 0.993
17-6 0.9995 0.9995 0.994
17-9 0.995
18-0 1 0.996
18-3 0.998
18-6 1

TABLE 10-1 Fraction of Adult Height Attained at Each Bone Age

Data from Post, E. M., & Richman, R. A. (1981). A condensed table for predicting adult stature. J Pediatr, 98, 440, based on the data of 
Bayley and Pinneau.22 These tables have been organized in an easy-to-use slide rule format (“Adult Height Predictor,” copyright 1987, 
Ron G. Rosenfeld).

*Average: Bone age within 1 year of chronologic age.
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develop, resulting in a complete pouch disconnected from 
the oral ectoderm by the end of the sixth gestational week. 
GH-producing cells can be identified by 9 weeks of gesta-
tion.27 It is at about this time that the vascular connections 
between the anterior lobe of the pituitary and the hypo-
thalamus develop,28,29 although it has been demonstrated 
that hormonal production by the pituitary can occur  
in the absence of connections with the hypothalamus. 
Somatotropic cells in the pituitary are thus frequently 
demonstrable in the anencephalic newborn. Nevertheless, 
it appears likely that the initiation of development of the 
anterior pituitary is dependent on responsiveness of  
the oral ectoderm to inducing factors from the ventral 
diencephalon30-34 (Figure 10-12).

Maintained apposition and interactions between the 
oral ectoderm and neuroectoderm is critical for normal 
anterior pituitary development.35-38

Experimental manipulation of embryos from several 
species as well as Rathke’s pouch explant experiments in 
rodents have shown that signals from the diencephalon 
are essential not only for the induction and maintenance 
of Rathke’s pouch, but also for the regionalization within 
the pouch that allows the emergence of the different 
endocrine cell types. During gestation, proliferating pro-
genitor cells are enriched around the pouch lumen, and 
they appear to delaminate as they exit the cell cycle and 
differentiate. During late mouse gestation and the post-
natal period, anterior lobe progenitors reenter the cell 
cycle and expand the populations of specialized, hor-
mone-producing cells. At birth, all cell types are present, 
and their localization appears stratified based on cell 
type. Current models of cell specification in the anterior 
lobe suggest that opposing gradients of FGF and BMP 
signaling pattern the progenitor cells within Rathke’s 
pouch before they move on to the anterior lobe where 
they differentiate. Explant studies in the mouse have 
demonstrated that if Rathke’s pouch is removed from the 
oral ectoderm on embryonic days 12 to 13 and incubated 

in appropriate culture medium, differentiation of each of 
the pituitary cell types continues, indicating that by that 
point organogenesis of the anterior pituitary is no longer 
dependent on hypothalamic signals—although such sig-
nals may remain critically involved in pituitary hormone 
production. These and other studies have revealed that 
normal pituitary development is dependent on a complex 
cascade of transcription factors and signaling molecules 
that are expressed in a spatiotemporal manner.

Signaling molecules implicated in pituitary develop-
ment are either intrinsic emanating from the oral ecto-
derm such as sonic hedgehog (Shh) or extrinsic from the 
neuroectoderm such as Nkx2.1, fibroblast growth factors 
(Fgfs eg Fgf8), and bone morphogenetic factors (Bmps eg. 
Bmp4) (Figure 10-13). These molecules may activate or 
repress transcription factors such as Hesx1, Lhx3, and 
Lhx4. They may also act as morphogens creating the ap-
propriate environment for cell differentiation, thus playing 
a critical role in cell fate. Such signaling molecules include 
members of the Shh family, Fgfs, transforming growth 
factors (Tgfs)/Bmps, Wingless/Wnts, and molecules in 
the Notch pathway, to mention a few.

One study has challenged the current dogma of pitu-
itary cell specification, using simple yet elegant experi-
ments.40 The authors showed that, in mice, the pattern 
of cell specification that results in the rostral location of 
gonadotropes, the caudal location for somatotropes, 
and a more intermediate location for corticotropes and 
thyrotropes does not appear to be the result of an  
ordered cell cycle exit, as previously predicted. All ante-
rior lobe cell types appear to begin the differentiation 
process concurrently (E11.5-E14.5), rather than in a 
temporally discrete manner.

To date, not many pituitary phenotypes have been 
reported in association with mutations in these signaling 
molecules. Importantly, the Wnt signaling pathway has 
recently been implicated in pituitary tumorigenesis.  
A number of microarray studies have identified altered 

FIGURE 10-11 n  Mouse pituitary development. Illustration showing mouse pituitary development in sagittal section: stages of develop-
ment are indicated in days post coitum (dpc). AL, anterior lobe; AN anterior neural pore; DI diencephalon; F, forebrain; H, heart;  
HB, hindbrain; I, infundibulum; IL, intermediate lobe; MB, midbrain; N, notochord; NP, neural plate; O, oral cavity; OC, optic chiasm; 
OM, oral membrane; P, pontine flexure; PL, posterior lobe; PO, pons; PP, prechordal plate; RP, Rathke’s pouch; SC, sphenoid cartilage. 
 (Adapted from Sheng, H. Z., & Westphal H (1999). Early steps in pituitary organogenesis. Trends Genet, 1, 236–240.) This image can be 
viewed in full color online at ExpertConsult.
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expression of Wnt inhibitors in pituitary tumors, and 
there is clear evidence that the Wnt/b catenin pathway is 
involved in the pathogenesis of craniopharyngioma, a 
rare tumor in the hypothalamo-pituitary region.41,42

Multiple pituitary-specific transcription factors are 
involved in the determination of pituitary cell lineages 
and cell-specific expression of anterior pituitary hor-
mones.30-34,37,38,43 To date, several homeodomain tran-
scription factors have been shown to be involved in human 
anterior pituitary development and differentiation. Defects 
in each have now been associated with various combina-
tions of pituitary hormone deficiencies (see Figure 10-12 
and Table 10-2). Because additional gene defects have 
been implicated in abnormal murine hypothalamo- 
pituitary development, it seems likely that the number of 
human genetic defects will expand.

In the human adult, the mean pituitary size is 13 by  
9 by 6 mm.44 Mean weight is 600 mg, with a range of 400 
to 900 mg. Pituitary weight is slightly greater in women 
than in men and typically increases during puberty and 

FIGURE 10-12 n Development of pituitary cell lineages. A, Schematic representation of pituitary cell precursors showing the expres-
sion of prevalent transcription factors at each stage of development. Terminally differentiated cells are shown as larger and shaded 
circles together with the hormones produced (lineage-specific transcription factors are highlighted in bold in these cells). The inter-
action with transcription factors and signaling molecules in the hypothalamus is also noted. Transcription factors are represented in 
lowercase (except for SFI and GATA2), whereas signaling molecules appear in uppercase. B, Schema showing the timing of the 
appearance and disappearance of pituitary transcription factors during mouse embryogenesis. BMP4, bone morphogenic protein 4; e, 
embryonic day; ER, estrogen receptor; FGF8, fibroblast growth factor 8; FSH, follicle-stimulating hormone; GH, growth hormone; 
GHRH, growth hormone-releasing hormone; GnRH, gonadotropin–releasing hormone; aGSU, a-glycoprotein subunit; LH, luteinizing 
hormone; POMC, pro-opiomelanocortin; PRL, prolactin; SFI, steroidogenic factor I; TRH, thyrotropin-releasing hormone; TSH, thyroid-
stimulating hormone. (From Lopz-Bermejo, A., Buckway, C. K., & Rosenfeld, R. G. (2000). Genetic defects of the growth hormone–
insulin-like growth factor axis. Trends Endocrinol, 11, 43.)

pregnancy.45 In the newborn, pituitary weight averages 
about 100 mg. Infrequently, the craniopharyngeal canal 
(marking the embryonic migration of Rathke’s pouch) 
remains patent and may contain small nests of adenohy-
pophyseal cells—giving rise to a pharyngeal hypophysis 
that may be capable of hormone synthesis.46

Normally, however, the pituitary resides in the sella 
turcica immediately above and partially surrounded by 
the sphenoid bone. The volume of the sella turcica pro-
vides a good measure of pituitary size, which may be re-
duced in the child with pituitary hypoplasia.47 It is impor-
tant, however, to recognize that considerable variation in 
pituitary size occurs normally. The pituitary is covered 
superiorly by the diaphragma sellae, and the optic chiasm 
is directly above the diaphragma. The anatomic proxim-
ity between the optic chiasm and the pituitary is impor-
tant because hypoplasia of the optic chiasm may occur 
together with hypothalamic/pituitary dysfunction, as in 
the condition of septo-optic dysplasia and because pitu-
itary tumors may in turn impact on the optic chiasm 
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visual complaints or evidence of progressive impairment 
of peripheral vision.

The existence of a portal circulatory system within  
the pituitary is critical to normal pituitary function28,29 
(Figure 10-14). The blood supply of the pituitary derives 
from the superior and inferior hypophyseal arteries, 
branches of the internal carotid. The anterior and poste-
rior branches of the superior hypophyseal artery may 
terminate within the infundibulum and the proximal  
portion of the pituitary stalk. Hypothalamic peptides, 
produced in neurons that terminate in the infundibulum, 
enter the primary plexus of the hypophyseal portal circu-
lation and are transported by means of the hypophyseal 
portal veins to the capillaries of the anterior pituitary. 
This portal system thus provides a means of communica-
tion between the neurons of the hypothalamus and the 
hormone-producing cells of the anterior pituitary. The 
blood supply of the neurohypophysis is separate, deriving 
from the inferior hypophyseal artery. Regulation of  
the posterior lobe of the pituitary does not involve the 
hypophyseal portal circulation but, rather, is mediated 
through direct neural connections.

Transcription Factor Murine Homologue

HESX1 (homeobox gene  
expression in embryonic 
stem cells)

Hesx1/Rpx
(Rathke’s pouch,  

Homeobox)
PROP1 (prophet of Pit1) Prop1 (Ames mouse)
POU1F1 (POU domain/Pit1) Pit1/Ghf1 (Snell mouse, 

Jackson mouse)
RIEG (Rieger syndrome) Rieg/Pitx2
LHX3 (LIM homeodomain  

protein)
Lhx3

TABLE 10-2  Homeodomain Transcription 
Factors Involved in Human Pituitary 
Development and Differentiation875

leading to visual impairment.48 The patient with 
congenital blindness or nystagmus should be initially 
evaluated and then subsequently monitored carefully for 
hypopituitarism as this can evolve. In addition, suprasellar 
growth of a pituitary tumor may initially manifest with 

FIGURE 10-13 n  Schematic representation of the developmental cascade of genes implicated in human pituitary development, with 
particular reference to pituitary cell differentiation. (From Kelberman, D., Rizzoti, K., Lovell-Badge, R., et al. (2009). Genetic regulation of 
pituitary gland development in human and mouse. Endocr Rev, 30, 790–829.) This image can be viewed in full color online at ExpertConsult.

RP
progenitor

Transient
TSH

Pituitary
Stem cell

POMC

Islet
HesX1
Pitx1/2
Sox2

Tbx19
Pou1f1

Sox3

Sf1
Gata2Gata2Pitx2

Bmp2/7

Shh

HesX1
Sox2/3
Bmp4

Otx2
Six6
SF1

Wnt5A Tcf4
Shh Gli1/3
Fgf8/10/18

Ventral
Diencephalon

Mesenchyme

Oral
Ectoderm

Prop-1
Bmp2

8.5 dpc 10.5 dpc 12.5 dpc 14.5 dpc 15.5 dpc 16.5 dpc

Lhx3/4
Six6

Wnt4 Tcf4
�-catenin

Gli1/3
Notch2/3 Jag1 Hes1

ACTH

MSH

TSH

GH

PrL

LH
FSH

http://www.ExpertConsult.com


10 Disorders of Growth Hormone/Insulin-Like Growth Factor Secretion and Action 309

The definitive Rathke’s pouch comprises proliferative 
progenitors that will gradually relocate ventrally, away 
from the lumen as they differentiate. A proliferative zone 
containing progenitors is maintained in the embryo in a 
periluminal area and was found to persist in the adult. 
The exact nature of progenitor cells in the pituitary 
gland, however, remains unknown. Research has focused 
on the biology of these progenitor and putative stem cells 
within the pituitary gland.49,50 Several reports have sug-
gested that the pituitary stem cells take the form of a 
SOX21 cell population, GFRa21 cells, a side population 
of cells, Nestin1 cell population, or folliculostellate 
cells.51 It has been hypothesized that there are two criti-
cal roles of stem cells: one is to establish the pituitary 
gland during development and the other is to maintain 
the mature pituitary gland in response to physiologic 
challenges and normal cell turnover. The hypothesis  
of two different populations of stem cells, one involved  
in embryogenesis and one involved in maintenance func-
tion after birth, remains highly controversial. Members 
of the Sox family of transcription factors are likely  

involved in the earliest steps of pituitary stem cell prolif-
eration and the earliest transitions to differentiation. The 
transcription factor PROP1 and the NOTCH signaling 
pathway may then regulate the transition to differentia-
tion. Identification of the stem cell niche is important  
for several reasons, and it has been proposed that the 
niche may be the marginal zone around the lumen of 
Rathke’s pouch, between the anterior and intermediate 
lobes of mouse pituitary, because cells in this region  
are able to give birth to all five pituitary hormone cell 
lineages.

Stem cells have been shown to play a role in tumori-
genesis in some tissues, and their role in pituitary hyper-
plasia, pituitary adenomas, and tumors is an important 
area for future investigation. The ability to cultivate and 
grow stem cells in a pituitary predifferentiation state 
might also be helpful for the long-term treatment of pi-
tuitary deficiencies. Indeed, a seminal study has resulted 
in the efficient self-formation of a three-dimensional 
anterior pituitary tissue in an aggregate culture of mouse 
embryonic stem (ES) cells.52 ES cells were stimulated to 

FIGURE 10-14 n  Illustration of the main components of the hypothalamic-pituitary portal system. (NetterImages.com #4613, © Elsevier, Inc.) 
See the accompanying website to view a color version of this illustration.

http://NetterImages.com
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differentiate into non-neural head ectoderm and hypo-
thalamic neuroectoderm in adjacent layers within the 
aggregate and treated with agonists of sonic hedgehog 
signaling. This resulted in increased expression of the 
Rathke’s pouch marker Lhx3 followed by self-organiza-
tion of Rathke’s pouch–like three-dimensional structures 
at the interface of these two epithelia. The resulting 3D 
structures had a central cavity, and the resemblance  
to Rathke’s pouch was striking, as was the topographic 
location between the neuroepithelium and the rostral 
headlike ectoderm. The juxtaposition of the two tissues, 
mimicking the spatial organization in embryonic devel-
opment, was indeed critical as Rathke’s pouch–like  
vesicles did not develop when neuroepithelium tissue was 
not present. Various endocrine cells were subsequently 
produced and these cells were able to respond to trophic 
hormones. For example, adrenocorticotropic hormone 
(ACTH)–expressing cells developed from the vesicle like 
structures, and activation of Wnt signaling led to expres-
sion of Pit1, growth hormone (GH), and prolactin.  
Luteinizing hormone (LH)/follicle-stimulating hormone 
(FSH)/thyroid-stimulating hormone (TSH) expression 
was also achieved, albeit after more intense manipulation 
of the culture conditions. When ES-derived cell aggre-
gates were implanted under the kidney capsule in hy-
pophysectomized mice, corticosterone was produced. 
These studies may therefore reflect the first step toward 
stem cell treatment.

Terminally differentiated secreting cells are not dis-
tributed randomly in a patchwork-like fashion throughout 
the pituitary gland. Instead, it is starting to emerge that 

these cells organize themselves in same-cell type  
networks. This was first shown by Bonnefont and col-
leagues when GH cells in murine pituitary slices were 
visualized using high-resolution imaging.53 The connec-
tivity between the cells of this network is important to 
deliver coordinated secretory pulses of hormones to  
their target tissues. Additionally, the two least abundant 
pituitary cell types, corticotropes and gonadotropes,  
are also organized in homotypic cell networks, as are pi-
tuitary lactotropes.54,55 This distribution of cells into 
networks facilitates the coordinated physiologic response 
to stimuli.

Growth Hormone
Chemistry

Human GH is produced from somatotrope cells within 
the anterior pituitary as a single-chain nonglycosylated 
191-amino-acid 22-kd protein (Figure 10-15)56,57 that 
comprises a core of four helices in a parallel/antiparallel 
orientation with two disulfide bonds between cysteines 
53 to 165 and 182 to 189.58 The 217aa GH-precursor is 
transported in the lumen of the endoplasmic reticulum 
(ER) via a mechanism that involves the recognition of the 
signal peptide (first 26 aa). Following its cleavage, the 
mature protein is transported to the Golgi apparatus and 
secretory vesicles; the presence of zinc ions facilitates the 
formation of soluble GH dimer complexes within the 
secretory granules, as well as the storage and secretion of 
GH aggregates.59GH is homologous with several other 

FIGURE 10-15 n  Covalent structure of human growth hormone. (From Chawla, R. K., Parks, J. S., & Rudman, D. (1983). Structural variants 
of human growth hormone: biochemical, genetic and clinical aspects. Annu Rev Med, 34, 519.)
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proteins produced by the pituitary or placenta, including 
prolactin, chorionic somatomammotropin (CS, placental 
lactogen), and a 22-kd GH variant (hGH-V) secreted 
only by the placenta.60 The latter differs from pituitary 
GH by 13 amino acids. The genes for these proteins have 
probably descended from a common ancestral gene, even 
though the genes are now located on different chromo-
somes (chromosome 6 for prolactin and chromosome  
17 for GH).61

The genes for GH, prolactin, and placental lactogen 
share a common structural organization—with four in-
trons separating five exons. GH1 is located on the long 
arm of chromosome 17 (17q22-24) within a cluster of 
five homologous genes encompassing a distance of about 
65kb—CSHP (chorionic somatomammotropin pseudo-
gene), CSH-1 (chorionic somatomammotropin gene), 
GH-2, and CSH-2.62 Expression of GH1 is regulated by 
the highly polymorphic proximal promoter and a locus 
control region (LCR) 15-32kb upstream of the gene that 
confers the pituitary-specific and high-level expression of 
GH.63 Normally, the majority of GH (75%) produced by 
the pituitary is of the mature 22-kd form. Alternative 
splicing of the second exon results in deletion of amino 
acids 32 through 46, yielding a 20-kd form that normally 
accounts for less than 10% of pituitary GH.61,64,65 The 
remainder of pituitary GH includes desamidated and  
N-acetylated forms, as well as various GH oligomers. A 
17.5-kDa variant that results from complete skipping of 
exon 3 and lacks amino acids 32-71 is much less abundant 
(1% to 5%).

Secretion

The pulsatile pattern characteristic of GH secretion 
largely reflects the interplay of multiple regulators,  
including two hypothalamic regulatory peptides:  
GH-releasing hormone (GHRH)66,67 and somatostatin 
(somatotropin release–inhibiting factor [SRIF]).68 The 
amino terminus of the 44-amino-acid protein GHRH  
is required for stimulation of GH secretion. GHRH 
activity is species specific, presumably reflecting the 
specificity of binding to a G protein–coupled receptor 
on the pituitary somatotropes.

Regulation of GH production by GHRH is largely 
transcriptionally mediated and is dependent on stimula-
tion of adenylate cyclase and increases in intracellular 
cyclic adenosine monophosphate (AMP) concentrations. 
The GHRH receptor is a member of the G protein–
coupled receptor family B (also called the secretin family) 
and has partial sequence identity with receptors for vaso-
active intestinal polypeptide, secretin, calcitonin, and 
parathyroid hormone.69 Solid tumors secreting GHRH 
are a rare cause of GH excess. GHRH has previously 
been approved in the United States for treatment of 
growth hormone deficiency but has been withdrawn 
from the market for therapeutic purposes. It can still be 
used as a diagnostic agent—if available, especially for the 
identification of adult growth hormone deficiency, and 
then it is frequently used in combination with arginine as 
part of a stimulation testing protocol.

The actions of the 14-amino-acid protein somatosta-
tin appear to be related to the timing and amplitude of 

pulsatile GH secretion, rather than to GH synthesis. 
The binding of somatostatin to its specific receptor  
results in an inhibition of adenylate cyclase activity and 
a reduction in intracellular calcium concentrations.68 
Treatment of cultured somatotropic cells with GHRH 
and somatostatin has indicated a dominant effect of  
somatostatin, with a reduction of intracellular calcium 
concentrations and an inhibition of GH secretion. The 
pulsatile secretion of GH observed in vivo is believed to 
result from a simultaneous reduction in hypothalamic 
somatostatin release and increase in GHRH activity.70 
Conversely, a trough of GH secretion occurs when  
somatostatin release is increased in the presence of di-
minished GHRH activity. Somatostatin analogs are used 
therapeutically for the treatment of acromegaly, under-
scoring its role as a GH secretion inhibitor.

The regulation, on a neuronal basis, of this reciprocal 
secretion of GHRH and somatostatin is imperfectly un-
derstood. Multiple neurotransmitters and neuropeptides 
are involved in regulation of release of these hypothalamic 
factors, including serotonin, histamine, norepinephrine, 
dopamine, acetylcholine, gamma-aminobutyric acid 
(GABA), thyroid-releasing hormone, vasoactive intestinal 
peptide, gastrin, neurotensin, substance P, calcitonin, 
neuropeptide Y, vasopressin, corticotrophin releasing 
hormone,71 and galanin.72 These factors are clearly impli-
cated in the alterations of GH secretion observed in  
a wide variety of physiologic states (such as stress, sleep, 
hemorrhage, fasting, hypoglycemia, and exercise) and 
form the basis for a number of GH-stimulatory tests  
employed in the evaluation of GH secretory capacity/ 
reserve.

GH secretion is also impacted by a variety of nonpep-
tide hormones, including androgens,73,74 estrogens,75 thy-
roxine,76 and glucocorticoids.77,78 The precise mechanisms 
by which these hormones regulate GH secretion are com-
plex, potentially involving actions at the hypothalamic  
and pituitary levels. Practically speaking, hypothyroidism 
and glucocorticoid excess may each blunt spontaneous and 
provocative GH secretion (and therefore should be cor-
rected prior to GH testing). Sex steroids, at the onset of 
puberty or administered pharmacologically, appear to be 
responsible for the rise in GH secretion characteristic of 
puberty.79

Synthetic hexapeptides capable of stimulating GH 
secretion have been developed80 and termed GH-releasing 
peptides (GHRPs). These peptides, later recognized as 
analogs of the gastric hormone ghrelin, are capable of 
directly stimulating GH release and enhancing the GH 
response to GHRH.81 These agents have the potential 
advantage of oral administration, and in the patient with 
an intact pituitary they may be capable of greatly enhanc-
ing GH secretion. When these agents were administered 
chronically to elderly patients and to some GH-deficient 
children, the amplitudes of GH pulses were significantly 
increased. Ghrelin-mimetic ligands were used to charac-
terize a common receptor termed the GH secretagogue 
receptor (GHS-R) for the GH-releasing substances. The 
GHS-R is distinct from the GHRH receptor.82

Subsequently, the GHS-R gene was cloned and 
shown to encode a unique G protein–coupled receptor 
with a deduced protein sequence that was 96% identical 
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in human and rat. Three receptor isotypes were isolated 
from human genomic libraries. The receptor is strongly 
expressed in the hypothalamus. Specific binding sites 
for GH releasing peptides have also been identified in 
other regions of the central nervous system (CNS) and 
peripheral endocrine and nonendocrine tissues in both 
humans and other organisms. Ghrelin is a 28-amino-
acid peptide that has been identified as the endogenous 
ligand for the growth hormone secretagogue receptor 
(GHS-R).83 It is expressed predominantly in the stom-
ach, but smaller amounts are also produced within the 
bowel, pancreas, kidney, the immune system, placenta, 
pituitary, testis, ovary, and hypothalamus. Ghrelin is a 
unique gene product that requires octanoylation for 
normal function. Intravenous, intracerebroventricular, 
and intraperitoneal administration of ghrelin in animal 
models stimulates food intake and obesity84 and raises 
plasma GH concentrations85—and to a lesser extent 
prolactin and adrenocorticotropic hormone (ACTH) 
concentrations. Additionally, it influences endocrine 
pancreatic function and glucose metabolism, gonadal 
function, and behavior. It also controls gastric motility 
and acid secretion and has cardiovascular and antiprolif-
erative effects. Both ghrelin and GH-releasing peptides 
release GH synergistically with GHRH, but the efficacy 
of these compounds as growth-promoting agents is 
poor. Mutations in the ghrelin receptor have been iden-
tified as a possible cause of idiopathic short stature (ISS) 
and GH deficiency.86 However, it is important to note 
that mouse models with targeted deletion of the recep-
tor (ghsr -/-) have a near normal phenotype.87

This suggests that ghrelin is an important stimulus for 
nutrient allocation for growth and metabolism and that it 
may represent a key component of the GH regulatory 
system. A second peptide encoded by the same gene  
as ghrelin has been identified and termed obestatin. This 
appears to regulate weight but not GH secretion.88,89

In addition to the complex regulatory processes de-
scribed previously, the synthesis and secretion of GH are 
also regulated by feedback by the insulin-like growth 
factor (IGF) peptides.90-95 IGF receptors have been 
identified in the pituitary.96-98 Inhibition by IGF-1 of 
GH secretion has been demonstrated in multiple  
systems.99 In addition, inhibition of spontaneous GH 
secretion has been demonstrated in humans treated with 
subcutaneous injections of recombinant IGF-1.100,101 
GH can be identified in fetal serum by the end of the 
first trimester. Serum concentrations are lower in term 
infants than in premature infants, perhaps reflecting 
feedback by the higher serum levels of IGF peptides 
characteristic of the later stages of gestation.102 How-
ever, at birth, GH concentration in normal newborns is 
of the order of 40 ng/mL, declining gradually in the 
initial weeks of life to levels less than 10 ng/mL.

Twenty-four hour GH secretion peaks during adoles-
cence,79 undoubtedly contributing to the very high serum 
concentrations of IGF-1 characteristic of puberty. GH 
secretion begins to decline by late adolescence and con-
tinues to fall throughout adult life. Indeed, puberty may 
be considered with some justification a period of “acro-
megaly,” whereas aging (with its characteristic decrease 
of GH secretion) has been termed the somatopause.75,103,104

Twenty-four-hour GH production rates for normal 
men range from 0.25 to 0.52 mg/m2.78,105 However, a 
wide variety of physiologic conditions (in addition to  
aging) affect GH secretion. These include stage of 
sleep,106,107 nutritional status,108 acute fasting, exercise,109 
stress,109 and sex steroids.73,74 Ho and associates75 have 
reported that serum estradiol concentrations are the 
dominant factor affecting GH secretion. Neither age nor 
sex influenced the integrated serum concentrations of 
GH when the effects of estradiol were removed from 
analysis. The effects of testosterone on serum IGF-1 
concentrations may be at least in part independent of 
GH because individuals with mutations of the GH recep-
tor (GHR) still experience a rise in serum IGF-1 during 
puberty.110

The pulsatile nature of GH secretion is readily de-
monstrable by frequent serum sampling, especially when 
coupled with sensitive assays for GH.108 Such assays 
demonstrate that under normal conditions serum GH 
concentrations are less than 0.2 ng/mL between bursts of 
GH secretion. It is consequently impractical to assess 
GH secretion by random serum sampling. Maximal GH 
secretion occurs during the night, especially at the onset 
of the first slow-wave sleep (stages III and IV). Rapid-
eye-movement (REM) sleep is, on the other hand, associ-
ated with low GH secretion.

Normal young men generally experience 12 GH  
secretory bursts per 24 hours. Obesity is characterized by 
decreased GH secretion, reflected by a decreased number 
of GH secretory bursts.111 Fasting increases the number 
and amplitude of GH secretory bursts, presumably re-
flecting decreased somatostatin secretion and possibly 
increased ghrelin secretion. The impact of the pulsatile 
secretory nature of GH secretion on its biologic actions 
remains uncertain.

GH Receptor/GH-Binding Protein

The GH receptor is synthesized as a 638-amino-acid 
peptide, which is later processed into a mature receptor 
of 620 amino acids with a predicted molecular weight of 
70 kDa before glycosylation. The extracellular hormone-
binding domain contains 246 amino acids, followed by a 
single membrane-spanning domain, and a cytoplasmic 
domain of 350 amino acids. In humans, the circulating 
GH-binding protein (GHBP) appears to derive from 
proteolytic cleavage of the extracellular domain of the 
receptor.

The gene for the human GHR has been localized  
to chromosome 5p13.1-p12, where it spans more than  
87 kb.112,113 In the mouse114,115 and rat,116 on the other 
hand, multiple transcripts for the GHR have been identi-
fied. The larger (3.4 to 4.8 kb) transcript codes for the 
intact receptor, whereas the 1.2- to 1.9-kb transcript 
codes for the soluble GHBP. The coding and 39 untrans-
lated regions of the human GHR are encoded by the  
nine exons, numbered 2 through 10.117 Exon 2 corresponds 
to the secretion signal peptide, whereas exons 3 through 
7 encode the extracellular domain. Exon 8 encodes  
the transmembrane domain. Exons 9 and 10 encode,  
respectively, the intracellular domain and the 39 untrans-
lated region. Two genomic GHR isoforms that exist 
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only in humans have arisen from ancestral homologous 
recombination. They differ in the retention or deletion 
of exon 3. Exon 3 of the GHR has been shown to be 
deleted in a substantial number of normal individuals. 
This delta-3 GHR polymorphism has been shown by 
some but not all investigators to determine responsiveness 
to GH and to be associated with birth size and postnatal 
growth.118-120

The GHR has been found to be highly homologous 
with the prolactin receptor and to share sequence homol-
ogy with many of the receptors for interleukins, as well  
as receptors for erythropoietin, leptin, granulocyte- 
macrophage colony-stimulating factor, and interferon.117 
The GHR is a member of the class 1 hematopoietic cytokine 
family. A complex of the GH and the GHBP molecule  
has been shown to be more effective as an agonist of GH 
action than GH alone—indicating a physiologic and pos-
sible therapeutic role for the GHBP.121 Examination of 
the crystal structure of the GH-GHR complex revealed 
that the complex consisted of one molecule of GH bound 
to two GHR molecules, indicating a GH-induced receptor 
dimerization—which is necessary in GH action.58 Inter-
estingly, as noted previously, a genetically engineered  
fusion complex of GH and the GHR has been shown to 
have a significantly improved efficacy and a dramatically 
longer half-life compared to growth hormone alone when 
tested in rodent models.121

The GHR, like its family group member EPO-R, is 
preformed as a dimer and is transported in a nonligand 
bound state to the cell surface.122,123 GH then binds in a 
sequential manner to the GHR dimer where the first 
GHR binds to the stronger site 1 of the GH molecule 
followed by the second GHR binding to the weaker  
site 2. Binding of GH results in a conformational change 
whereby rotation of the GHRs results in repositioning of 
the intracellular domains and of Box1-associated Janus 
Kinase 2 (JAK2), a major GHR-associated tyrosine  
kinase. As a result, JAK2 is auto-phosphorylated and ac-
tivated, leading in turn to cross phosphorylation of distal 
tyrosine residues of GHR that enables SH2 (Src homol-
ogy 2) domain molecules to dock to these sites.124,125 The 
GHR itself appears to have no intrinsic kinase activity. It 
is likely that co-localization of two JAK2 molecules by 
the dimerized GHR results in transphosphorylation of 
one JAK2 by the other, leading to JAK2 activation. Stat5a 
and Stat5b molecules contain SH2 domains and bind to 
these phosphorylated tyrosine sites. In turn they then 
become phosphorylated. Phosphorylated Stat5 molecules 
(homo- and hetero-) dimerize and translocate to the  
nucleus where they bind DNA, as dimers or as tetramers, 
and activate target genes.126,127

GH can activate both Stat5a and Stat5b, and they have 
both overlapping and distinct functions.128-135 Gene inac-
tivation mouse models have shown that deletion of 
Stat5b, but not of other Stat genes, even though GH also 
activates Stat1 and Stat3, affects growth, and that Stat5b 
is of greater importance for stimulation of growth than 
Stat5a. Stat5b null mice have severe postnatal growth 
retardation especially in males, although this is not  
as severe as in Ghr null mice. They have increased GH 
secretion; reduced hepatic IGF1-, IGF-binding protein 
(IGFBP)3-, and acid labile subunit (ALS)-expression; 

and increased obesity.135 Stat5a null mice have normal 
growth but impaired mammary gland formation and lac-
togenesis, reflecting impaired signaling of prolactin.130 
Stat5a/b double null mice are more severely affected than 
the single null mice and display more severe growth re-
tardation, although Ghr null mice are still more severely 
affected.136,137 Stat5a/b double null mice also have a 
severe combined immunodeficiency, with reduced CD8 
T cell number and a failure of hematopoietic stem cells 
to develop lymphoid lineages.138 Transgenic Stat5 
expression results in expansion of CD8 cells and lym-
phomagenesis139 and also in increased proliferation and 
differentiation in mammary cells,140 suggesting a critical 
role for Stat5 in cell proliferation, particularly in immune 
cells. Stat5b is phosphorylated upon stimulation by a 
pulse of GH, and after this rapid activation it becomes 
temporarily refractive to further or continuous stimula-
tion.141,142 GH secretion is more continuous in females 
and, indeed, in female rodents, Stat5b is phosphorylated 
to a lesser extent although phosphorylation still occurs. 
This gender-specific signaling plays an important role in 
the regulation of gender-specific proteins, especially 
CYP450 enzymes,143,144 which play a role in hepatic me-
tabolism of steroids and foreign compounds. The Stat5b 
null male mice are resistant to GH pulses,145and their 
hepatic male-specific genes are decreased to female  
levels, whereas female predominant genes are expressed 
at higher levels than in WT males. Hepatic nucleic fac-
tors (HNFs), especially HNF3, 4a, and 6, interact with 
Stat5b to induce these Stat5b-dependent gender-specific 
gene expression patterns.134,144,146

Phosphorylated Stat5a and Stat5b bind Stat5 response 
elements (Stat5 RE) as dimers or tetramers, but their 
binding is enhanced by the interaction of coactivators 
binding to adjacent DNA binding sites. Stat5 RE are  
located in the second and third intron of the human IGF1 
gene and 73 kb upstream of the initiation site, although 
the effectiveness of the distant site is much less.147,148 
Activation of JAK-STAT signaling occurs rapidly, within 
minutes after GH stimulation, but is transient due to the 
tight control of the termination of signaling. This nega-
tive regulation of signaling occurs at several levels: GHR 
internalization, suppressors of cytokine signaling (SOCS), 
protein tyrosine phosphatases (PTPs), and protein in-
hibitors of activated stats (PIAS). The inhibition of GH 
signaling by several members of the GH-inducible sup-
pressors of the cytokine signaling (SOCS) family has 
been demonstrated. The SOCS family of proteins com-
prises cytokine inducible-Src homology 2 protein (CIS) 
and SOCS 1-7. GH, PRL, and many other cytokines can 
induce CIS, SOCS1, -2, and -3. SOCS family proteins 
inhibit JAK-STAT signaling by inhibiting JAK proteins, 
binding positive regulators of signaling or docking sites, 
and promoting GHR ubiquitination. The role of the 
several family members has become clearer from pheno-
types associated with their overexpression. Mice overex-
pressing CIS have mild growth retardation and have also 
altered T-cell function and impaired mammary gland 
development, whereas Socs2 null mice show gigantism 
similar to bovine GH overexpessing mice (30% to 40% 
overgrowth), are hyperresponsive to GH, and have  
increased extrahepatic IGF-1 production.149
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By contrast, complete inhibition of GH activation of 
the signal transducer STAT5 and STAT5-dependent 
transcriptional activity is seen when cellular overexpres-
sion of SOCS family members is induced. SOCS also 
inhibit the GHR-dependent tyrosine phosphorylation of 
JAK2. Endotoxin and proinflammatory cytokines such as 
interleukin-1b (IL-1b) and tumor necrosis factor-a 
(TNFa) induce a state of GH resistance.

All of these agents can also induce SOCS proteins.150 
SOCS-3 induced by IL-1b and TNFa or by endotoxin in 
vivo may play a role in the GH resistance induced by 
sepsis.151 Critically ill patients with septic shock who had 
been treated with GH were shown to have increased 
mortality, possibly related to the induction of GH resis-
tance in specific tissues as a consequence of sepsis.146 
Thus, the role of SOCS proteins as intracellular GH 
signaling antagonists appears to be important in a variety 
of pathophysiologic states.

PTPs dephosphorylate activated phosphorylated pro-
teins in cytokine signaling pathways but also insulin 
signaling pathways. Several PTPs—such as PTP-1, 
PTP-H1 and PTP-B1, and TC-PTP—attenuate GH 
signaling, and PTP-1B is involved in fasting-induced 
GH insensitivity.153,154 PTPN11 mainly functions in 
RAS-MAPK signaling, and abnormalities result not only 
in Noonan syndrome but also in associated mild GH 
resistance.155

Other GH-activated pathways include mitogen- 
activated protein kinases (MAPKs), extracellular signal-
regulated kinase (ERK)-1 and ERK2, the insulin-signaling 
pathway (by means of insulin receptor substrate [IRS]-1 
and IRS-2), and protein kinase C (PKC).156,157 How all 
of these pathways interact to mediate the various ana-
bolic and metabolic actions of GH remains to be eluci-
dated (Figure 10-16).

The main GH binding protein (GHBP) is the soluble 
extracellular domain of the GHR with an apparent mo-
lecular weight of approximately 55 kDa and has an identi-
cal affinity for GH as GHR.112 It binds to GH with high 
specificity and affinity, but with relatively low capac-
ity.158-160 It increases its half-life in the circulation and 
may serve a function in the transportation of GH to  
target tissues and subsequent binding to the receptor. 
Although in rodents GHBP arises through alternative 
splicing, human GHBP arises from proteolytic cleavage 
of the cell membrane anchored GHR, for example, by 
TNF a converting enzyme (TACE).161 GHBP is, like 
GHR, present in many tissues, but GHBP in the circula-
tion is mostly derived from the liver. Although GHR and 
GHBP are regulated by and are very sensitive to GH, 
and GHR and GHBP often change in parallel,162-164 
measurement of plasma GHBP has not been shown to 
reflect GHR and GH responsiveness.165 Initial assays for 
GHBP involved incubation of serum with 125-I-GH  
and separation of bound from free radioligand by gel fil-
tration, high-pressure liquid chromatography, or dextran-
coated charcoal. Carlsson and colleagues166 developed a 
ligand-mediated immunofunctional assay (LIFA) that 
measures GHBP capable of binding GH. Assays of serum 
concentrations of GHBP have been instrumental in iden-
tifying patients with GH insensitivity (GHI) caused by 
genetic abnormalities of the GHR.167,168 Patients with 

GHI from nonreceptor abnormalities, abnormalities of 
the intracellular portion of the GHR, or inability of the 
receptor to dimerize may, however, have normal serum 
concentrations of GHBP.169

GH Actions

According to the somatomedin hypothesis, the anabolic 
actions of GH are mediated through the IGF pep-
tides.170-175 Although this hypothesis is at least in part 
true, it appears that GH is capable of stimulating a  
variety of effects that are independent of IGF activity. 
Indeed, the effects of GH and IGF are on occasion  
contradictory—as evident in the “diabetogenic” actions 
of GH175,176 and the glucose-lowering activity of IGFs. 
Green and colleagues177 attempted to resolve some of 
these differences in a “dual-effector” model in which 
GH stimulates precursor cells, such as prechondrocytes, 
to differentiate.

When differentiated cells or neighboring cells then  
secrete IGFs, these peptides act as mitogens and stimulate 
clonal expansion. This hypothesis is based on the ability of 
IGF peptides to work not only as classic endocrine factors 
that are transported through the blood but as paracrine or 
autocrine growth factors. GH also stimulates a variety of 
metabolic effects, some of which appear to occur indepen-
dently of IGF production—such as lipolysis,178 amino acid 
transport in diaphragm179 and heart,180 and production of 

FIGURE 10-16 n  A model depicting intracellular signaling inter-
mediates induced by binding of growth hormone (GH) with the 
GH receptor (GHR). DAG, diacylglycerol; ERK, extracellular  
signal-regulated kinase; GLE, interferon-g–activated sequence 
(GAS)–like response element; GLUT, glucose transporter; GRB, 
growth factor receptor–binding protein; JAK, janus kinase; INS, 
insulin; Ira, insulin receptor a subunit; MAPK, mitogen-activated 
protein kinase; MEK, MAPK-ERK kinase; PKC, protein kinase C; 
PLC, phospholipase C; SHC, SrC homology complex; SIE, sis-
inducible element; SOS, son of sevenless; SRE, serum response 
element; SRF, serum response factor; STAT, signal transducer 
and activator of transcription; TCF, ternary complex factor. (From 
Kopchick, J. J., Bellush, L. L., & Coschigano, K. T. (1999). Transgenic 
models of growth hormone action. Annu Rev Nutr, 19, 437. With 
permission, from the Annual Review of Nutrition, Volume 19 © 1999 
by Annual Reviews. www.AnnualReviews.org.)

http://www.AnnualReviews.org
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specific hepatic proteins. Thus, there are multiple sites of 
GH action—and frequently it is not entirely clear which of 
these actions are mediated through the IGF system and 
which might represent IGF-independent effects of GH.181 
The sites of action of GH include the following:

• Epiphysis: Stimulation of epiphyseal growth.
• Bone: Stimulation of osteoclast differentiation and 

activity, stimulation of osteoblast activity, and in-
crease of bone mass by endochondral bone forma-
tion. Lupu and coworkers182 have shown that mice 
with a complete knockout of IGF-I (making them 
substantially smaller than wild-type mice) become 
even smaller when mated into a GH receptor knock-
out strain, indicating a direct IGF-independent  
effect of GH on growth.

• Adipose tissue: Acute insulin-like effects, followed by 
increased lipolysis, inhibition of lipoprotein lipase, 
stimulation of hormone sensitive lipase, decreased 
glucose transport, and decreased lipogenesis.183

• Muscle: Increased amino acid transport, increased ni-
trogen retention, increased lean tissue, and increased 
energy expenditure.183

The concept of IGF-independent actions of GH is 
supported by in vivo studies, in which IGF-1 cannot du-
plicate all of the effects of GH (such as nitrogen reten-
tion and insulin resistance). The effects of GH in normal 
human aging184 and in catabolic conditions185 are subjects 
of active investigation.

Insulin-Like Growth Factors
Historical Background

The insulin-like growth factors (or somatomedins) con-
stitute a family of peptides that are at least in part GH 
dependent and that are believed to mediate many of the 
anabolic and mitogenic actions of GH. Although they 
were originally identified in 1957 by their ability to 
stimulate [35S] sulfate incorporation into rat cartilage,173 

it has been established over the ensuing 45 years that they 
are involved in diverse metabolic activities (Figure 10-17).

In 1957, Salmon and Daughaday173 first demon-
strated that the inability of serum from hypophysecto-
mized rats to stimulate [35S] sulfate incorporation into 
rat chondrocyte proteoglycans could not be restored 
by in vitro addition of GH. However, [35S] sulfate 
incorporation could be restored by the addition of se-
rum from hypophysectomized rats that had been 
treated with GH, thereby demonstrating the existence 
of a GH-dependent “sulfation factor.”

Concurrent investigations on insulin activity in rat 
muscle and adipose tissue indicated that only a small 
component of the insulin-like activity of normal serum 
could be blocked by the addition of anti-insulin antibod-
ies. The remaining activity was termed nonsuppressible 
insulin-like activity (NSILA) and was subsequently dem-
onstrated to contain two soluble 7-kd forms named 
NSILA-I and NSILA-II.186,187

A third converging line of investigation arose from 
studies by Dulak and Temin188 of the mitogenic nature of 
bovine serum. Serum-free conditioned media from fetal 
Buffalo rat liver cells (BRL-3A) were found to support 
the growth of cultured cells. The mitogenic factor in the 
medium was termed multiplication-stimulating activity 
(MSA) and was found to share metabolic and mitogenic 
activities with sulfation factor and NSILA.

In 1972, the restrictive labels of sulfation factor and 
NSILA were replaced by the term somatomedin (SM).189 
In recognition of the broad metabolic and mitogenic 
actions of these factors, the following criteria were 
established: concentration in serum must be GH de-
pendent, must possess insulin-like activity in extraskel-
etal tissues, must promote the incorporation of sulfate 
into cartilage, and must stimulate DNA synthesis and 
cell multiplication.

Purification efforts yielded two legitimate somatome-
din peptides: a basic peptide (SM-C) and a neutral peptide 
(SM-A).190,191 In 1978, Rinderknecht and Humbel192,193 
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isolated two active somatomedins from human plasma that 
demonstrated a striking structural resemblance to proinsu-
lin. Accordingly, these two peptides were renamed insulin-
like growth factors (IGFs).

IGF Structure and Molecular Biology

IGF-1, a basic peptide of 70 amino acids, correlates 
with SM-C—whereas IGF-2 is a slightly acidic peptide 
of 67 amino acids (Figure 10-18). The two peptides are 
structurally related, sharing 45 of 73 possible amino 
acid positions. They have approximately 50% amino 
acid homology to insulin.174,192,193 Like insulin, both 
IGFs have A and B chains connected by disulfide bonds. 
The connecting (C peptide) region is 12 amino acids 
long for IGF-1 and 8 amino acids long for IGF-2 and 
bears no homology with the C-peptide region of proin-
sulin. IGF-1 and IGF-2 also differ from proinsulin in 
possessing carboxyl-terminal extensions (D peptides) of 
8 and 6 amino acids, respectively. It is clear that this 
structural homology explains the ability of both IGFs to 
bind to the insulin receptor and for insulin to bind to 
the type 1 IGF receptor. On the other hand, structural 
differences explain the failure of insulin to bind to the 
IGF-binding proteins.

Two different forms of IGF-1 precursor molecules 
have been identified.174 The first 134 amino acids of each 
are identical, comprising the signal peptide (48 amino 
acids), the mature IGF-1 molecule (70 amino acids), and 
the first 16 amino acids of the E domain of the precursor. 
IGF-1A has an additional 19 amino acids (total 153 resi-
dues), whereas IGF-1B has an additional 61 amino acids 
(total 195 residues).

Alternative splicing of the IGF-1 gene presumably 
generates the two alternative messenger RNAs (mRNAs). 
The primary IGF-2 translation product in human, rat, 
and mouse contains 180 amino acids—including a 24- 
residue signal peptide, the 67-amino-acid mature IGF-2 
sequence, and a carboxyl-terminal E-peptide of 89 amino 
acids.

Control of IGF gene expression appears to be com-
plex, perhaps explaining variability in tissue expression as 
well as differential expression in the embryo, fetus, child, 
and adult.174,194-196 IGF-1 and IGF-2 are encoded by 
single large genes, spanning approximately 95 and 35 kb 
of genomic DNA, respectively. The human IGF-1 gene 
contains at least six exons. Exons 1 and 2 encode alterna-
tive signal peptides, probably each containing several 
transcription start sites. Exons 3 and 4 encode the re-
maining signal peptide, the remainder of the mature 
IGF-1 molecule, and part of the trailer peptide. Exons  
5 and 6 encode alternatively used segments of the trailer 
peptide (resulting in the IGF-1A and IGF-1B forms), as 
well as 39 untranslated sequences, with multiple different 
polyadenylation sites. The human IGF-1 gene is located 
on the long arm of chromosome 12.197,198

The human IGF-2 gene is located on the short arm of 
chromosome 11,197-199 adjacent to the insulin gene, and 
spans 35 kb of genomic DNA—containing nine exons. 
Exons 1 through 6 encode 59 untranslated RNA, includ-
ing multiple promoter sites. Exon 7 encodes the signal 
peptide and most of the mature protein, whereas exon  
8 encodes the carboxyl-terminal portion of the protein 
plus the trailer peptide (whose coding is completed in 
exon 9). The result is that multiple mRNA species exist 
for both IGF-1 and IGF-2. This permits remarkable 
complexity in the regulation of gene expression, allowing 
for tissue-specific expression of specific transcripts as well 
as ontogenic and hormonal regulation.

Assay Methodologies for the IGF Peptides

Since their first identification in 1957, the IGF peptides 
have proven to be remarkably difficult to permit accurate 
measurement. Bioassay methods were often influenced 
by a variety of other serum factors capable of mimicking 
or inhibiting IGF action. More important, virtually all 
assays were influenced by the presence of IGF-binding 
proteins (IGFBPs)—which have been found in all bio-
logic fluids tested to date.

Bioassay methods included stimulation of [35S]  
sulfate incorporation, using various modifications of  
the original method described by Salmon and Daugha-
day.173,200,201 A wide variety of several bioassays included 
stimulation of DNA synthesis,202 RNA synthesis, protein 
synthesis,203 glucose uptake,204 and others. In general, 
however, such assays were cumbersome, subject to inter-
ference by IGFBPs, and unable to distinguish between 
IGF-1 and IGF-2. When SM-C (and later, IGF-1 and 
IGF-2) were purified, it became possible to radiolabel 
the pure proteins and employ them in a variety of radio-
receptor assays205,206 and competitive protein-binding 
assays.207,208 It was not until the development of specific 
antibodies that it became possible to accurately distin-
guish between IGF-1 and IGF-2 and measure each peptide 

FIGURE 10-18 n  Schematic representations of the structures of 
precursors to human insulin, insulin-like growth factor I (IGF-I), 
IGF-2, and relaxin. Stippled segments indicate the homologous 
B- and A-chain regions. Proteolytic processing sites are indicated 
by the following amino acid code: K, lysine; L, leucine; P, proline; 
R, arginines; S, serine. (From Bell, G. I., Merryweather, J. P., 
Sanchez-Pescado, R., et al (1984). Sequence of cDNA clone encoding 
human preproinsulin-like growth factor II. Nature, 310, 775, MacMillan 
Magazines Limited.)
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accurately.209-212 Current frequently used assays for 
IGF-I are primarily “double antibody sandwich assays” 
such as ELISA and have a reasonable accuracy and re-
producibility.213

Nevertheless, the issue of IGFBPs must be dealt with 
in any IGF assay.214 Powell and coworkers,215 for exam-
ple, have demonstrated that the discrepant results found 
in uremic sera assayed for IGF by bioassay, radioreceptor 
assay, and radioimmunoassay can be entirely attributed to 
the interference of IGFBPs. Even antibodies with high 
affinity and specificity will still exhibit interference by 
IGFBPs. This is particularly true in conditions in which 
there is a relatively high IGFBP/IGF peptide ratio, or at 
the clinical extremes of the assay—that is, GH deficiency 
(GHD) or acromegaly.

In general, the most effective and reliable way to deal 
with IGFBPs is their separation from IGF peptides by 
sizing chromatography under acidic conditions.216 
IGF-1 and IGF-2, each with a molecular weight of ap-
proximately 7 kd, can be readily separated from the 
IGFBPs—whose molecular weights range from 25 to  
45 kd (glycosylated form of IGFBP-3). This is, however, 
a labor-intensive procedure and has been occasionally 
replaced by the more rapid acid ethanol extraction.217 
Although this method may be reasonably effective for 
most serum samples, it is problematic in conditions of 
high IGFBP/IGF peptide ratios—such as conditioned 
media from cell lines and sera from newborns, GHD, 
and uremia.

Alternative methodologies include the use of anti-
bodies generated against synthetic peptides, such as the 
C-peptide region of IGF-1 or IGF-2. In general, such 
antibodies have high specificity but relatively low affin-
ity. Nevertheless, the radiolabeled peptide does not 
bind to endogenous IGFBPs—offering an important 
advantage. An alternative approach, developed by Blum 
and colleagues,218 has been the use of an antibody with 
high specificity for IGF-2—which permits the addition 
of excess unlabeled IGF-1 to saturate endogenous 
IGFBPs. Bang and coworkers219 have bypassed the in-
terference of IGFBPs by employing truncated IGF-1, 

which has decreased the affinity for IGFBPs, as a radio-
ligand. Another way to perform more accurate IGF as-
says with minimal interference by IGFBPs is through 
the use of the so-called sandwich assay.209 Such an assay 
(either an enzyme-linked immunosorbent assay or an 
immunoradiometric assay) does not employ a radiola-
beled IGF molecule, as compared to the conventional 
radioimmunoassay.210 However, at present, the state-
of-the-art method for measuring IGFs is liquid chro-
matography followed by tandem mass spectrometry 
(LC/MS-MS).220-222

Serum Levels of IGF Peptides

In human fetal serum, IGF-1 levels are relatively  
low and are positively correlated with gestational age 
(Figure 10-19).223,224 A correlation between fetal cord 
serum IGF-1 levels with birth weight has been  
reported by some groups,223-225 although others have 
reported no correlation.226 IGF-1 levels in human new-
born serum are generally 30% to 50% of adult levels. 
There is a slow, gradual rise in serum concentrations 
during childhood, with attainment of adult levels at the 
onset of sexual maturation.227

During the process of puberty, IGF-1 concentrations 
rise to be two to three times the concentrations seen in 
adults.228 Thus, concentrations during adolescence cor-
relate better with Tanner stage (bone age) than with 
chronologic age. Girls with gonadal dysgenesis show no 
adolescent increase in serum IGF-1, clearly establishing 
the association of the pubertal rise in IGF-1 with the 
production of sex steroids.229-231 It has been suggested 
that the pubertal rise in sex steroids stimulates IGF-1 
production indirectly by first leading to a rise in GH se-
cretion. It is of note, however, that patients with GH 
insensitivity (GHI) resulting from GHR mutations show 
a pubertal rise in serum IGF-1, which could not have 
been produced by GH action inducing IGF-1, thereby 
implicating a direct effect of sex steroids on IGF-1.232 
After adolescence, or at least after 20 to 30 years of age, 
serum IGF-1 concentrations demonstrate a gradual and 
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progressive age-associated decline.184,233 It has been sug-
gested that this decline may contribute to the negative 
nitrogen balance, decrease in body musculature, and os-
teoporosis characteristic of aging.184 This provocative 
hypothesis remains unproven at this time, although it has 
generated considerable interest in the potential use of 
GH or IGF-1 therapy in normal aging.

Human newborn levels of IGF-2 are generally 50% of 
adult levels. By 1 year of age, however, adult concentra-
tions are attained with little if any subsequent decline—
even out to the seventh or eighth decade of life. It is of 
interest that this pattern of IGF-2 concentrations is dis-
tinctly different from that in the rat or mouse (in which 
serum IGF-2 levels are highest in the fetus and rapidly 
decline postnatally to essentially undetectable levels in 
the adult).234,235

Measurement of IGF Levels in Growth 
Disorders

The GH dependency of the IGFs was established by the 
initial report from Salmon and Daughaday.173 Following 
the development of sensitive and specific radioimmuno-
assays that could distinguish between IGF-1 and IGF-2, 
the relationship of serum IGF levels to GH status has 
been established.213 Measurement of each IGF peptide 
offers its own particular advantages. IGF-1 concentra-
tions are far more GH dependent than are IGF-2 con-
centrations and are useful in identifying changes in GH 
secretory patterns. Serum IGF-1 concentrations, how-
ever, are greatly influenced by chronologic age, degree of 
sexual maturation, and nutritional status. As a result, 
construction of age-defined normative values is critical. 
IGF-1 levels in normal children younger than 5 years of 
age may be so low that extensive overlap exists between 
the normal range and values in GH-deficient children.

Ranke and coworkers 232 performed GH stimulation 
tests in 400 children with heights below the 5th percentile 
and assessed the value of IGF-I as a surrogate of the diag-
nosis of GHD. The children subsequently diagnosed as 
GH deficient on the basis of standard provocative tests 
had very low levels of IGF-I. However, significant overlap 
of serum IGF-1 levels existed between GH-deficient  
patients and children with other forms of short stature 
and normal provocative GH levels. It was only in children 
with bone ages greater than 12 years that serum IGF-1 
levels permitted complete discrimination between GHD 
and normal short children.

Similarly, Rose and colleagues236 found that in chil-
dren with low provocative GH or overnight GH concen-
trations serum IGF-1 concentrations were lower but not 
dramatically lower compared to children with normal 
GH levels. Rosenfeld and associates213 evaluated the 
efficacy of IGF-1 and IGF-2 radioimmunoassays in  
68 children with GHD, 197 children of normal stature, 
and 44 normal short children. Eighteen percent of the 
GH-deficient children had serum IGF-1 levels within 
the normal range for age, whereas 32% of normal short 
children had low IGF-1 concentrations. Low IGF-2 levels 
were found in 52% of GH-deficient children but also in 
35% of normal short children. The use of combined 
IGF-1/IGF-2 assays provided better discrimination, 

however, but pediatric endocrinologists do not com-
monly practice this method.

The observation that many “normal but short” children 
have low serum concentrations of IGF-1 or IGF-2 (or 
both) calls into question the criteria by which the diagnosis 
of GHD is currently made. Given that provocative GH 
testing is both arbitrary and nonphysiologic and that in-
herent variability in GH radioimmunoassays exists, it is 
not surprising that the correlation between IGF-1 levels 
and provocative GH levels is imperfect. These points are 
further supported by observations with radioimmunoas-
says for IGFBP-3.

IGF Receptors

In the early 1970s, it became apparent that the IGFs 
could bind (although generally with low affinity) to insu-
lin receptors, thus providing an explanation for their  
insulin-like activity.237 Shortly thereafter, Megyesi and 
associates238 identified distinct receptors for insulin and 
IGF in rat hepatic membranes. Specificity studies, em-
ploying radiolabeled IGF preparations, demonstrated 
that at least two classes of IGF receptors existed. Insulin, 
at high concentrations, could compete for occupancy of 
one form of IGF receptor but had essentially no affinity 
for the second form of receptor.

The development of methodologies for structural 
characterization of these receptors enabled the clear dis-
crimination of two receptor forms239-242 (see Figure 10-17). 
The type 1 IGF receptor is closely related to the insulin 
receptor. Both are heterotetramers composed of two 
membrane-spanning alpha subunits of apparent molecu-
lar weight of 130 kd and two intracellular beta subunits 
of apparent molecular weight of 90 kd. The alpha  
subunits contain the binding sites for IGF-1 and are 
linked by disulfide bonds. The beta subunits contain a 
transmembrane domain, an adenosine triphosphate 
(ATP)-binding site, and a tyrosine kinase domain, which 
constitutes the presumed signal transduction mechanism 
for the receptor. Whereas each alpha-beta heterodimer 
appears capable of binding one molecule of ligand, it  
appears that 1 mole of the full heterotetrameric receptor 
binds only 1 mole of ligand.

Although the type 1 IGF receptor has been com-
monly referred to as the “IGF-1 receptor,” studies indi-
cate that the receptor is capable of binding IGF-1 and 
IGF-2 with high affinity—and both IGF peptides appear 
capable of activating tyrosine kinase by binding to this 
receptor. Affinity of the type 1 receptor for insulin is 
generally 100-fold less, thereby providing a mechanism 
for the relatively weak mitogenic effect commonly ob-
served with insulin. Ullrich and coworkers243 deduced 
the complete primary structure of the human type 1 IGF 
receptor from cDNA cloned from a human placental  
library. The mature peptide constitutes 1,337 amino  
acids, with a predicted molecular mass of 152 kd.

The translated alpha-beta heterodimer is subsequently 
cleaved at an Arg-Lys-Arg-Arg sequence at positions 707 
to 710. As is the case with the insulin receptor, the beta 
subunit has the expected hydrophobic transmembrane do-
main and the intracellular tyrosine kinase domain and ATP 
binding site. Although it appears reasonable to presume 
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that insulin and IGF-1 receptors have both evolved from  
a common ancestor protein, they are encoded by genes  
on separate chromosomes (chromosome 15 q26.3 for the 
type 1 IGF receptor and chromosome 19 for the insulin 
receptor).

IGF-1 acts primarily through IGF1R but can bind 
with lower affinity to the highly homologous insulin re-
ceptor and to IGF1R/IR heterodimers. Vice versa, insulin 
is able to signal through the IGF1R.244,245 Signs of such 
alternative signaling can become apparent in pathologic 
states of IGF-1 or insulin secretion.

The type 1 IGF receptor mediates IGF actions on all 
cell types, and these actions are diverse and tissue specific. 
In general, it is believed that all of the effects of IGF recep-
tor activation are mediated by tyrosine kinase activation 
and phosphorylation of substrates—which activate specific 
cellular pathways, leading to various biologic actions. 
Among these effects is induction of cell growth through 
activation of the cell cycle machinery, maintenance of cell 
survival (prevention of apoptosis) mediated by effects on 
the bcl family members, and induction of cellular differen-
tiation, which occurs by as yet incompletely characterized 
mechanisms.

The substrates, which are phosphorylated by the IGF 
receptor, include the members of the insulin receptor 
substrate family (particularly IRS-1 and IRS-2) because 
both of the knockout mice models for these genes result 
in poor growth (as well as insulin resistance).246 Other 
IRS molecules may have a negative feedback role in 
regulating IGF action.247 In addition, several other sig-
naling molecules respond to IGF receptor activation. 
Blockade of the IGF-I receptor has been proposed as a 
cancer therapy, and clinical studies show promise in early 
trials.248

It is of particular note that a prototypic molecule for 
the IGF-1/insulin receptor in nematodes (termed Daf2) 
is related to longevity, such that mutations of this gene 
extend the life expectancy of these organisms. This ex-
tension of life expectancy in nematodes has also been 
shown for other components of the GH-IGF system, as 
well as being demonstrated in several other species in-
cluding flies and mice.249 It is unclear, however, what 
relevance the IGF-1/insulin receptor has for human lon-
gevity. Data have suggested that genetic alterations in the 
human IGF1R that result in altered IGF signaling confer 
an increase in proclivity for human longevity, suggesting 
a role of this pathway in modulating human life span.250 

The type 2 IGF receptor, however, bears no structural 
homology with either the insulin or the type 1 IGF  
receptors. On sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis, the type 2 IGF-R has been demonstrated 
to migrate at an apparent molecular weight of 220 kd 
under nonreducing conditions and 250 kd after reduction—
indicating that it is a monomeric protein.

The cloned human type 2 receptor has a predicted mo-
lecular mass of 271 kd and is characterized by a lengthy 
extracellular domain containing 15 repeat sequences of 
147 residues each,251 followed by a 23-residue transmem-
brane domain and a small cytoplasmic domain consisting 
of only 164 residues. The receptor does not contain an 
intrinsic tyrosine kinase domain or any other recognizable 
signal transduction mechanism. Surprisingly, the type 2 

IGF receptor has been found to be identical to the cation-
independent mannose-6-phosphate (CIM6P) receptor—a 
protein involved in the intracellular lysosomal targeting of 
a variety of acid hydrolases and other mannosylated pro-
teins.252,253 The majority of these receptors are located on 
intracellular membranes, where they are in equilibrium 
with receptors on the plasma membrane.254

Why this receptor binds IGF-2 and mannose-6- 
phosphate–containing lysosomal enzymes remains unre-
solved. Unlike the type 1 IGF receptor, which binds 
both IGF peptides with high affinity and insulin with 
100-fold lower affinity, the type 2 receptor only binds 
IGF-2 with high affinity. IGF-1 binds with substantially 
lower affinity, and insulin not at all.254 One mole of 
IGF-2 binds per mole of receptor. The binding sites for 
IGF-2 and mannose-6-phosphate appear to reside in dif-
ferent portions of the receptor. Nevertheless, the two 
classes of ligand do show some reciprocal inhibitory ef-
fects on receptor binding—suggesting a potential effect 
of IGF-2 on the sorting of lysosomal enzymes.

Most studies have indicated that the classic mito-
genic and metabolic actions of IGF-1 and IGF-2 are 
mediated through the type 1 IGF receptor, with its ty-
rosine kinase signal transduction mechanism. Conover 
and coworkers255 and Furlanetto and associates256 have 
demonstrated that monoclonal antibodies directed 
against the IGF-1 binding site on the type 1 IGF recep-
tor inhibit the ability of IGF-1 and IGF-2 to stimulate 
thymidine incorporation and cell replication. Similarly, 
several groups have shown that polyclonal antibodies 
capable of blocking IGF-2 binding to the type 2 IGF/
mannose-6-phosphate receptor do not block IGF-2  
actions.257-259

More direct evidence for the role of the type 1 IGF 
receptor in mediating classic IGF actions of IGF-2 
comes from the use of IGF-2 analogues as probes of re-
ceptor function. IGF-2 analogs with decreased affinity 
for the type 1 receptor but preserved affinity for the type 
2 receptor were markedly less potent than IGF-2 in 
stimulating DNA synthesis.260 In further support of the 
concept that the type 2 IGF receptor does not mediate 
the mitogenic actions of IGF-2, it has been shown that 
the mannose-6-phosphate receptor in hepatic tissues 
from chicken261 or frogs262 does not bind IGF-2. Presum-
ably, IGF-2 mitogenic actions in these species are medi-
ated solely through the type 1 IGF receptor.

Nevertheless, a number of observations are consis-
tent with the possibility of an IGF-2 action mediated via 
the type 2 IGF receptor. Rogers and Hammerman263 
have suggested that the type 2 receptor is involved in 
production of inositol triphosphate and diacylglycerol 
in proximal tubule preparations and canine kidney 
membranes. Tally and coworkers264 have reported that 
IGF-2 stimulates the growth of a subclone of the K562 
human erythroleukemia cell line, an action not dupli-
cated by either IGF-1 or insulin. Minniti and cowork-
ers265 reported that IGF-2 appears capable of acting as 
an autocrine growth factor and cell motility factor for 
human rhabdomyosarcoma cells, actions apparently 
mediated through the type 2 receptor. It has been sug-
gested that IGF-2 can activate a calcium-permeable 
cation channel by means of the type 2 IGF receptor, 
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perhaps through coupling to a pertussis toxin–sensitive 
guanine nucleotide–binding protein (Gi protein).266

It now appears that the type 2 IGF receptor binds sev-
eral other molecules in addition to IGF-2. The ability of 
this receptor to bind mannose-6-phosphate–containing 
enzymes (such as cathepsin and urokinase) is well recog-
nized and may be important in its ability to remove these 
enzymes from the cellular environment, thus modulating 
tissue remodeling.267 In addition, reports indicate that the 
type 2 IGF receptor binds retinoic acid and may mediate 
some of the growth inhibitory effects of retinoids.268 
Knocking out the gene for type 2 IGF receptor results in 
excessive growth, as subsequently detailed. It appears that 
this receptor acts as a growth inhibitory component of  
the IGF system responding to and mediating multiple 
antimitogenic systems.269

The occasional observation of seemingly anomalous 
competitive binding results270 has led to the suggestion 
that variant or atypical insulin and IGF receptors might 
exist.271 One possible explanation for such findings is the 
existence of hybrid receptors composed of 1 alpha-beta 
dimer of the insulin receptor and 1 alpha-beta dimer of the 
type 1 IGF receptor.272 Ligand-dependent formation of 
hybrid IGF/insulin receptors has been reported by Tread-
way and associates,273 and studies with monoclonal anti-
bodies specific for the insulin or type 1 IGF receptor have 
suggested that such receptors may develop spontaneously 
in cells with abundant native receptors.274 The physiologic 
significance of such hybrid receptors, however, is entirely 
speculative.

IGF-Binding Protein Superfamily

Although insulin and the IGFs share significant struc-
tural homology, and despite the structural-functional 
similarity of the insulin and type 1 IGF receptors, the 
IGFs differ from insulin in one important respect.  
In contrast to insulin, the IGFs circulate in plasma  
complexed to a family of binding proteins.275-277 These 

carrier proteins extend the serum half-life of the IGF 
peptides, transport the IGFs to target cells, and modu-
late the interaction of the IGFs with their surface mem-
brane receptors.

The existence of IGFBPs was initially inferred from 
chromatographic studies of size distribution of IGF pep-
tides in serum,278 but the complexity of the interactions 
among the IGFs, IGFBPs, and IGF receptors has been 
fully appreciated only recently. The identification and 
characterization of IGFBPs in body fluids and in condi-
tioned media from cultured cells have been facilitated by 
the development of a number of biochemical and assay 
techniques, including gel chromatography, radiorecep-
tor assays, affinity cross-linking, Western ligand blot-
ting,279 immunoblotting, and specific radioimmunoassay 
and ELISA assays. It has been the study of the molecular 
biology of the IGFBPs that has provided the most infor-
mation concerning their structural interrelationship, 
however.

Six distinct human and rodent IGFBPs have been 
cloned and sequenced.276,277,280 Their structural character-
istics are summarized in Figure 10-20. The determination 
of the primary amino acid sequences from the cloned 
cDNAs of the IGFBPs has revealed important structural 
relationships among the IGFBPs. Probably the most im-
pressive similarity in structure is the conservation of the 
number and placement of the cysteine residues. The total 
number of cysteines varies from 16 to 20, and each of the 
IGFBPs has cysteine-rich regions at the amino and car-
boxyl termini of the protein. Conservation of the spatial 
order of the cysteines presumably indicates that the sec-
ondary structure of the IGFBPs, which is dependent on 
disulfide bonding, must also be well maintained. Disulfide 
bonding establishes the IGF-binding site of each IGFBP. 
Reduction of the binding proteins results in loss of IGF 
binding.

Analysis of the amino acid sequences of the IGFBPs 
also reveals the presence of an arginine-glycine-aspartic 
acid (RGD) positioned near the carboxyl terminus of 

FIGURE 10-20 n  Schematic representation of the insulin-like growth factor (IGF)–binding proteins. (Adapted from Lamson, G., Giudice, L., 
& Rosenfeld, R. G. (1991). Insulin-like growth factor binding protein and molecular relationship. Growth Factors, 5, 19.)
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IGFBP-1 and IGFBP-2.281 This sequence has been dem-
onstrated to be the minimum required in many extracel-
lular matrix proteins for their binding by membrane  
receptors of the integrin protein family. It has been sug-
gested that IGFBPs may associate with the cell surface 
through such amino acid sequences. On the other hand, 
IGFBP-3 (which lacks an RGD sequence) also appears 
capable of specific binding to cell membrane recep-
tors.282,283 Membrane proteins capable of specifically 
binding IGFBP-3 have been proposed.284

Under most conditions, the IGFBPs appear to inhibit 
IGF action—presumably by competing with IGF recep-
tors for IGF peptides.285 This conclusion is supported by 
the observation that IGF analogues with decreased affinity 
for IGFBPs generally appear to have increased biologic 
potency.286-288 In many studies involving transfection of 
the hIGFBP-3 gene into cells, expression of IGFBP-3  
resulted in an inhibition of cell growth even in the absence 
of added IGF—suggesting a direct inhibitory role of the 
binding protein.289 Under specific conditions, however, 
several of the IGFBPs apparently are capable of enhancing 
IGF action—perhaps by facilitating IGF delivery to target 
receptors.290

Of interest is the discovery of several groups of  
cysteine-rich proteins that contain domains strikingly  
similar to the amino-terminal domain of the IGFBPs. 
This has led to the proposal of an IGFBP superfam-
ily,291 which includes the family of six high-affinity 
IGFBPs—as well as a number of families of IGFBP-
related proteins (IGFBP-rPs). Three of the IGFBP-rPs 
(Mac25/IGFBP-rP1; connective tissue growth factor, 
CTGF/IGFBP-rP2; NovH/IGFBP-rP3) have been 
shown to bind IGFs, although with considerably lower 
affinity than in the case of IGFBPs. Like the IGFBPs, 
the IGFBP-rPs are modular proteins—and the highly 
preserved aminoterminal domain appears to represent 
the consequence of exon shuffling of an ancestral gene. 
It is not clear what role, if any, the IGFBP-rPs play in 
normal IGF physiology. However, it is likely that they 
can influence cell growth by IGF-independent (and 
perhaps IGF-dependent) mechanisms.

Evidence indicates that IGFBPs are essentially bio-
active molecules that in addition to binding IGF have a 
variety of IGF-independent functions. These clearly 
include growth inhibition in some cell types,292 growth 
stimulation in other tissues,293 direct induction of apop-
tosis,294 and modulation of the effects of other non-
IGF growth factors. These effects of IGFBPs are medi-
ated, undoubtedly, by binding to their own receptors. 
These IGFBP-signaling pathways are being unraveled 
and involve the interaction of IGFBPs with nuclear 
retinoid receptors as well as with other molecules on 
the cell surface and in the cytoplasm.295 Because 
IGFBP-3 is regulated by GH, it is intriguing that in 
vivo IGFBP-3 enhances IGF-I action when given to 
hypophysectomized rats (rather than inhibiting it).296 
The mechanisms involved in this effect have not been 
elucidated but may explain the limited effects of IGF-1 
therapy on the growth of Laron patients (discussed 
later in the chapter).

Analysis of IGFBPs is further complicated by the pres-
ence of IGFBP proteases, capable of various levels of 

IGFBP degradation.297,298 Initially reported in the serum 
of pregnant women,297,298 proteases for IGFBP-3, -4, 
and -5 have already been demonstrated in a variety of 
biologic fluids—including serum, seminal plasma,67 cere-
brospinal fluid,299 and urine.300 Proteolysis of IGFBPs 
complicates their assay by both Western ligand blotting 
and radioimmunoassay methodologies and must be taken 
into consideration when concentrations of the various 
IGFBPs in biologic fluids are reported.301 The physio-
logic significance of limited proteolysis of IGFBPs re-
mains to be determined, although evidence suggests that 
protease activity results in decreased affinity of the 
IGFBP for IGF peptides.

The relative amounts of each of the IGFBPs vary 
among biologic fluids. IGFBP-1 is the major IGFBP in 
human amniotic fluid.302 IGFBP-2 is prominent in cere-
brospinal fluid303 and seminal plasma.304 IGFBP-3 is the 
major IGFBP in normal human serum and demonstrates 
clear GH dependence.305 Among the IGFBPs, IGFBP-3 
and IGFBP-5 are unique in that they normally circulates 
in adult serum as part of a ternary complex consisting of 
IGFBP-3 or IGFBP-5, an IGF peptide, and an acid- 
labile subunit.306

Specific immunoassays have been developed for  
the IGFBPs, including IGFBP-1,302,307,308 IGFBP-2,309 
and IGFBP-3.301,310,311 Currently, measurement of 
IGFBP-3 appears to have the greatest potential clini-
cal value because this IGFBP appears to be directly 
GH dependent (Figure 10-21). Blum and associates45 
have suggested that radioimmunoassay determination 
of serum concentrations of IGFBP-3 might be more 
specific (but less sensitive) than IGF-1 assays in the 
diagnosis of GHD because normal concentrations  
of IGF-1 are so low in young children and many “nor-
mal” short children have low concentrations of IGF-1. 
Because IGFBP-3 determinations reflect not only 
IGF-1 levels but IGF-2 concentrations, their age de-
pendency is not nearly as striking as that of IGF-1. 
Even in young children, normal concentrations are at 
least above 500 ng/mL. The use of IGFBP assays in 
the evaluation of IGF deficiency and GHD is discussed 
later in this chapter.

Targeted Disruption of Components of the 
IGF System

The critical role of the IGF system in fetal and post-
natal growth was demonstrated in a series of elegant 
gene knockout studies in mice.312 Unlike GH and 
GHR knockouts,213 which are near normal size at 
birth, Igf1 null mice have a birth weight 60% of nor-
mal.110 Postnatal growth is abnormal, and the surviv-
ing mice are only 30% of normal size by 2 months of 
age. A similar prenatal and postnatal growth pheno-
type has been observed in a reported human case of an 
IGF-1 gene deletion.313

Igf2 null mice (or heterozygous mice carrying a pater-
nally derived mutated Igf2 gene) also have birth weights 
60% of normal and remain about 60% of normal size 
throughout life.314 When the gene for the IGF-1 recep-
tor is knocked out (Igf1r null mice), the mice are severely 
growth retarded with a birth weight only 45% of normal 
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and die soon after birth—apparently of respiratory  
failure.315 The addition of an Igf1 knockout to the Igf1r 
knockout does not change the growth characteristics  
significantly, consistent with the hypothesis that IGF-1 is 
signaling exclusively (at least from the perspective of 
growth) through the IGF-1 receptor. On the other hand, 
the combination of Igf2 and Igf1r knockouts results in 
further growth retardation (birth weight 30% of nor-
mal)—indicating that IGF-2 is signaling through the 
IGF-1 receptor and a second receptor (probably the insu-
lin receptor).

The relationship between GH and IGF-1 in control-
ling postnatal growth was analyzed in mouse mutants 
lacking GHR, IGF-1, or both.182 This demonstrated 
that GH and IGF-1 promote postnatal growth by inde-
pendent and common functions because the growth 
retardation of double GHR/IGF-1 null mice is more 
severe than that observed with either class of single 
mutant. In fact, the body weight of these double-mutant 
mice is only approximately 17% of normal—indicating 
IGF-independent GH actions. Thus, the growth control 
pathway in which the components of the GH/IGF-1 
signaling systems participate constitutes the major de-
terminant of body size.

The Igf2 gene has been shown to be maternally im-
printed in mice and humans (only the paternal gene is 
expressed). On the other hand, the gene for the IGF-2 
receptor (Igf2r) is paternally imprinted (although only 
in mice).316 The phenotypes of Igf2r null mice or of 
heterozygous mice inheriting a mutated maternal gene 
are indistinguishable and demonstrate overgrowth, 
with birth weights 140% of normal. Because this recep-
tor normally degrades IGF-2, increased growth reflects 
excess IGF-2 acting through the IGF-1 receptor. As 
mentioned previously, mice with deletions in GH and 
GH-receptor-related genes (as well as IGF-1R and 
downstream signaling genes) display increased life span 
and reduced oxidative stress. The human counterparts 
of these mutations in mice are now known to occur in 
humans and are discussed in detail later.

Other Growth Factors
The FGF Family of Peptides and Receptors

Fibroblast growth factors (FGFs) constitute an expand-
ing family of peptide cytokine growth factors, which are 
important in the physiologic regulation of many tissues. 
In the early 2000s, a large amount of data from both ani-
mal and human studies confirmed that these pluripotent 
FGFs are involved in angiogenesis, wound healing, and 
proliferation and differentiation of a wide variety of cells 
and tissues.317 Initially, it was suggested that FGFs may 
be specific for cells of stromal lineage. However, it ap-
pears that many other cell types respond to FGFs; their 
multifunctional nature includes both morphologic and 
endocrine/autocrine/paracrine effects, and they have a 
mitogenic role as well. There are 22 different members 
of the FGF family identified in humans so far.318 FGF1 
through FGF10 are all structurally related and bind to 
one of four fibroblast growth factor receptors (FGFRs). 
This group includes the better characterized FGF1 
(acidic FGF oraFGF), FGF2 (basic FGF or bFGF), and 
keratinocyte growth factor (KGF or FGF-7).318 In addi-
tion to these FGFs, FGF11 to FGF14 are also known  
as FGF homologous factors 1 to 4 (FHF1 to FHF4). 
Although these peptides are structurally homologous to 
the other FGFs, they do not bind to the FGFRs, which 
results in their different intracellular function. FGF15 is 
only found in mice and is the orthologue of human 
FGF19—both play a role in the intestinal-to-liver signal-
ing of bile acid regulation.319 FGF16 to FGF23 have 
been discovered and studied more recently, and some of 
these peptides appear to have more systemic endocrine-
like effects.

The FGFs mediate their actions by binding to one of 
four receptors320 (FGFR1, FGFR2, FGFR3, and FGFR4), 
which have distinct tissue distributions.321 FGFRs have 
three extracellular domains, one transmembrane domain, 
and an intracellular tyrosine kinase domain. Alternative 
FGFR mRNA splicing leads to several FGFR variants  
on the cell surface, which determines both specific  
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ligand-receptor interaction and function for the different 
FGFs. For the most part, FGFs appear to be autocrine-
paracrine growth factors that participate in organ growth 
and differentiation (as well as in carcinogenesis) but not  
in somatic growth. In contrast, FGF23, a phosphatonin, is 
a crucial factor—in an endocrine manner—in the patho-
physiology of hypophosphatemic disorders leading to  
osteomalacia and rickets.322 Another exception to this rule 
is the observation that several genetic forms of skeletal 
dysplasia (achondroplasia, hypochondroplasia, thanato-
phoric dysplasia) are caused by activating mutations in the 
FGFR3 gene, suggesting that normal FGFR3 signaling is 
essential to the normal growth of long bones.323,324 A hu-
man mutation in the FGFR2 gene causes craniosynostosis, 
a condition characterized by abnormal closure of the bones 
in the skull, and FGFR2 appears to be a major regulator of 
bone formation during embryologic development.325 Other 
craniosynostosis syndromes have now been associated with 
mutations that enhance FGFR2 function, and mutations 
leading to diminished FGFR2 function have also been 
documented, including distinct forms of perinatal lethal 
skeletal dysplasia.326 These clinical conditions in humans 
together with targeted disruptions of several murine FGF 
and FGFR genes underscore the importance of the FGFs 
on a multitude of developmental systems and processes, 
including, but not limited to, angiogenesis, neurogenesis, 
limb development, and many other functions.

The EGF System

Epidermal growth factors (EGFs) and their receptors 
are ubiquitous in many tissues and participate in devel-
opmental processes in mice, such as precocious eyelid 
opening and tooth eruption. EGF itself it the best stud-
ied polypeptide in the larger family of EGF proteins, 
which further include transforming growth factor  
alpha (TGF-a), epiregulin, neuregulin, and betacellu-
lin among several other proteins. The mitogenic ac-
tions of EGF have been extensively explored in cell 
culture systems, and the receptor for EGF (EGFR) was 
characterized as a prototype model for signal transduc-
tion involving tyrosine kinases. EGFR, a transmem-
brane glycoprotein, is one of four members of the erbB 
family of tyrosine kinase receptors.

The extensive in vitro data indicate multiple cellular 
functions of EGF. EGF has been identified in most body 
fluids of several mammalian species. EGF-EGFR interac-
tion promotes cellular proliferation, differentiation, and 
survival. However, neither EGF antibody administration 
to newborn animals nor gene targeting of EGF has caused 
major deleterious effects—as might have been expected 
from the in vitro studies.327

The EGF family of growth factors appears to be im-
portant in mammalian development and function, al-
though the precise roles and significance are not entirely 
clear. Members of the EGF family may have a role in 
embryogenesis and fetal growth because receptors have 
been identified in fetal tissues. It has been proposed that 
abnormal EGF-EGF receptor interactions may be instru-
mental in the development of cancer, but it appears that 
they are not involved in somatic growth. It has long been 
documented that EGFR is overexpressed in a number of 

tumor cell lines. This may worsen tumor prognosis and 
patient survival, because EGFR may affect the tumors’ 
resistance to chemo- and radiation therapies. For this 
reason, newer anticancer therapies have been developed 
to interfere with EGFR signaling, either by blocking  
ligand-EGFR binding (monoclonal antibodies) or by  
inhibiting the intracellular signal transduction cascade 
(such as with small molecule inhibitors). These treat-
ments have allowed tumor arrest and even regression, as 
well as strengthened the effect of standard anticancer 
treatment modalities.328

Other Growth-Promoting Peptides

An ever-growing number of growth factors are being 
recognized, and multiple hormones and peptides are be-
ing characterized as having growth-promoting activities 
in certain cell types. In general, these molecules appear to 
lack somatic growth-promoting effects but play important 
autocrine-paracrine and endocrine roles. Notable among 
these molecules are groups of growth factors that have 
tissue-specific effects. Endothelin, platelet-derived growth 
factor (PDGF), and vascular-epithelial growth factor 
(VEGF) all regulate angiogenesis and other vascular  
processes in addition to modulating the function of nu-
merous cultured cells. A variety of hematopoietic growth  
factors—such as the granulocyte and macrophage colony-
stimulating factors (GCSF, MCSF), erythropoietin, and 
thrombopoietin—promote the growth of the different 
lineages of the hematopoietic cells.

The growth of various cells of the immune system is 
stimulated by an array of cytokines, including interleu-
kins (ILs) and interferons (IFNs). Up to 35 different 
human interleukins, small cell-signaling molecules that 
organize communication between immune system cells, 
have been described, each with a variety of target recep-
tors. Their functions are highly variable and involve 
differentiation of immune response and modulation of 
inflammation, proliferation of myeloid progenitor cells, 
and they serve a regulatory role in the differentiation  
and proliferation of multiple other cell types (osteoclasts, 
keratinocytes, etc.). ILs are being used in cancer  
immunotherapy and immunomodulation of transplant 
patients.329 About 10 different IFNs have been identified 
in mammals; 7 of these are believed to be important in 
humans. Based on which receptor they signal through, 
the IFNs are further subdivided in three major sub-
classes (IFNs types I to III). The major function of IFNs 
relates to (1) their antiviral effect and (2) their tumor 
fighting ability (most often for hematologic malignan-
cies). This is attributed to their antiproliferative, apop-
totic, and antiangiogenic action, as well as their ability to 
modulate immune responsiveness.330 In 2012, more than 
10 pharmaceutical formulations of IFNs were available 
for variable therapeutic usage.

The complex array of cells that constitute the ner-
vous system is under the regulatory influence of specific 
growth factors, such as nerve growth factor (NGF), the 
neurotrophins, and brain- and glial-derived neuro-
trophic factors (BDNF, GDNF). Other growth factors 
that have been attributed to specific tissues (e.g., hepa-
tocyte growth factor [HGF]) are being recognized as 
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having a general growth-promoting effect in numerous 
tissues, and additional organ-specific growth regulatory 
processes have been described in the gastrointestinal 
tract and kidneys.

Growth Inhibitory Peptides

Of particular interest is a class of cytokines that can 
negatively modulate cellular growth. Transforming 
growth factor-beta (TGF-b) is a protein that comes in 
at least three isoforms and is part of the superfamily of 
proteins known as the transforming growth factor beta 
superfamily. Other members include inhibin, activin,  
and anti-Mullerian hormone. TGF-b mediates cellular 
growth and malignant transformation and can function 
as a growth inhibitory substance with the potential of  
arresting the growth of both normal and neoplastic cells. 
Abnormal TGF-b signaling also appears to play a role in 
disorders such as Marfan syndrome (possibly through 
abnormal TGF-b sequestration) and Loeys-Dietz 
syndrome (TGF-b receptor mutation). Tumor necrosis 
factors (TNFs) and other compounds have been reported 
to have similar effects to TGF-b.

All these molecules may regulate the entry of cells into 
programmed cell death (apoptosis). The growth inhibi-
tory processes of TGF- b and other cytokines may prove 
to be of great importance in the development of cancer 
treatments. A family of genes/proteins, of which the most 
important is p53, is also critical to growth and tumor  
suppression.331 These genes/proteins that function as 
tumor suppressors may also be involved in fetal growth.

Sex Steroids
Whereas androgens and estrogens do not contribute 
substantially to normal growth before the onset of pu-
berty, the rise in serum sex steroid concentrations during 
adolescence is an important part of the pubertal growth 
spurt. States of androgen or estrogen excess before 
epiphyseal fusion are invariably characterized by rapid 
linear growth and skeletal maturation. Thus, just as 
growth deceleration requires further evaluation, growth 
acceleration can be just as abnormal and may be a sign of 
increased sex steroid production or action, as observed  
in precocious puberty and with the virilizing effects of 
congenital adrenal hyperplasia.

A GH-replete state is obligatory for a normal growth 
response to sex steroids. Children with GHD do not have 
a normal growth response to either endogenous or exog-
enous androgens. Although androgens work at least in part 
by enhancing GH secretion, they must also have a direct 
effect on IGF-1 production—as observed with the rise in 
serum IGF-1 concentrations and pubertal growth spurt 
characteristic of children with mutations of the GHR.110

Androgens and estrogens have been shown to increase 
skeletal maturation. Advancement of skeletal age and 
epiphyseal fusion appear to be estrogen-mediated, as indi-
cated by the report of tall stature with open epiphyses in a 
patient with a mutation of the estrogen receptor.17 Similar 
findings are noted in those with inactivating mutations of 
the gene regulating the aromatase enzyme that normally 
converts androgens to estrogens.332 Whichever the 

mechanism, however, clinical states of androgen or estro-
gen excess are characterized by disproportionate skeletal 
maturation and premature epiphyseal fusion. Interestingly, 
a condition of aromatase excess has been described, result-
ing from mutations in the promoter region of the gene and 
leading to early epiphysial closure and gynecomastia.333

Thyroid Hormone
Thyroid hormone is also a major contributor to postna-
tal growth, although, like GH, it is of relatively little 
importance to growth of the fetus. Hypothyroidism oc-
curring postnatally can, however, result in profound 
growth failure and virtual arrest of skeletal maturation. 
In addition to a direct effect on epiphyseal cartilage, 
thyroid hormone appears to have a permissive effect on 
GH secretion. Patients with hypothyroidism have de-
creased spontaneous GH secretion and have a blunted 
response to GH provocative tests. Treatment with thy-
roid hormone results in rapid “catch-up” growth, which is 
typically accompanied by marked skeletal maturation—
potentially resulting in overly rapid epiphyseal fusion 
and compromise of adult height.

GROWTH RETARDATION

Systems for classification of growth disorders are prob-
lematic because diagnostic categories have not always 
been sharply defined and frequently overlap. Genetic 
short stature, for example, may often be associated with 
constitutional delay of growth and maturation—and both 
disorders fall under the umbrella of idiopathic short stat-
ure (ISS). Because diagnostic criteria for GHD have been 
problematic, overlap has frequently existed among ge-
netic short stature, constitutional delay, and the vague 
category of “partial” GHD. In addition, the cause of 
growth failure in intrauterine growth retardation (IUGR) 
and various syndromes associated with poor growth has 
generally remained obscure.

Box 10-1 represents an effort at classification of 
growth retardation. Growth disorders have been subdi-
vided into primary growth abnormalities, in which the 
defect(s) appears to be intrinsic to the growth plate, ge-
netic short stature, and secondary growth disorders (i.e., 
growth failure resulting from chronic disease or endo-
crine disorders). The category of “IGF deficiency 
(IGFD)” has become accepted as an overall category en-
compassing disorders that can result from various causes 
of GH deficiency (sometimes called secondary IGFD) or 
GH insensitivity (sometimes referred to as primary 
IGFD). The category of “IGF deficiency” takes on  
special meaning in light of recommendations for reevalu-
ation of the diagnosis of GHD and primary IGFD.

Primary Growth Abnormalities
Osteochondrodysplasias

The osteochondrodysplasias represent a heterogeneous 
group of disorders characterized by intrinsic abnormalities 
of cartilage or bone.334 The conditions share the following 
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features: genetic transmission; abnormalities in the size or 
shape of bones of the limbs, spine, or skull; and radiologic 
abnormalities of the bones (generally). More than 100 os-
teochondrodysplastic conditions have been identified, 
based on physical features and radiologic characteristics. 
The ongoing characterization of biochemical and molecu-
lar abnormalities in these conditions will undoubtedly lead 
to an increase in the number of these disorders.

An international classification for the osteochondro-
dysplasias was developed.335 Box 10-2 provides a brief 
summary of this classification. Of note, the category of 
dysostoses has been dropped from the classification—
which now focuses on developmental disorders of chondro-
osseous tissues. Diagnosis of osteochondrodysplasias can 
be problematic and often relies on careful radiologic 
evaluation. Although progress has been made in identi-
fying the underlying molecular and biochemical defects 
in many of these conditions, clinical and radiologic 
evaluation remains central to the diagnosis at this time. 
Frequently, the clinical features are obvious—and the 
diagnosis can then be made at birth (or even prenatally) 
by ultrasound.

The family history is obviously critical. However, many 
cases represent fresh mutations—as is generally the case in 
the classic autosomal-dominant achondroplasia and hypo-
chondroplasia. Careful measurement of body proportions 
is necessary, including arm span, sitting height, upper/
lower body segments, and head circumference. Clinical 
and radiologic evaluation should be used to determine 
whether involvement is of the long bones, skull, or  
vertebrae—and whether abnormalities are primarily at the 
epiphyses, metaphyses, or diaphyses. Two of the more 
common forms (achondroplasia and hypochondroplasia) 
of the more than 100 defined osteochondrodysplasias are 
discussed in the following sections.

Achondroplasia.  This is the most common of the os-
teochondrodysplasias, with a frequency of approximately 
1:26,000 births. Although transmitted as an autosomal-
dominant disorder, 90% of cases apparently represent 
new mutations. Studies have indicated that achondropla-
sia is caused by a mutation of the gene for fibroblast 
growth factor receptor 3 (FGFR3), located on the short 
arm of chromosome 4.336 The overwhelming majority of 
cases identified represent mutations at a “hot spot” at 
nucleotide 1138 of FGFR3, and because these mutations 
create new recognition sites for restriction enzymes, it is 
easy to test for the mutation.

Infants homozygous for this condition have severe dis-
ease, typically dying in infancy of respiratory insufficiency 

BOX 10-1 Classification of Growth 
Retardation

I.  PrImary Growth abnormalItIes

 A. Osteochondrodysplasias
 B. Chromosomal abnormalities

II.  secondary Growth dIsorders

 A. Malnutrition
 B. Chronic disease
 C. Intrauterine growth retardation
 D. Endocrine disorders

• Hypothyroidism
• Cushing syndrome
• Pseudohypoparathyroidism
• Vitamin D deficient or resistant rickets

III.  IGF defIcIency

 A. Secondary IGFD
• GH deficiency due to hypothalamic dysfunction
• GH deficiency due to pituitary GH deficiency

 B. Primary IGFD (GH insensitivity)
• Primary GH insensitivity-GH receptor defects
• Secondary GH insensitivity (Stat-5b)-GHR signal 

transduction defects
• Primary defects of IGF synthesis
• Primary defects of IGF transport/clearance (ALS)

 C. IGF resistance
• Defects of the IGF-1 receptor
• Postreceptor defects

IV.  IdIoPathIc short stature (ISS)
 A. Constitutional delay of growth and puberty with 

normal height prediction
 B. ISS with delayed bone age and tempo of puberty
 C. ISS with normal bone age and tempo of puberty
 D. ISS with a familial component
 E. ISS without a familial component

GH, growth hormone; IGF, insulin-like growth factor.

BOX 10-2 Classification of 
Osteochondrodysplasias876

• Defects of tubular (and flat) bones or axial skeleton
• Achondroplasia group

• Achondrogenesis
• Spondylodysplastic group (perinatally lethal)
• Metatropic dysplasia group
• Short rib dysplasia group (with/without polydactyly)
• Atelosteogenesis/diastrophic dysplasia group
• Kniest-Stickler dysplasia group
• Spondyloepiphyseal dysplasia group
• Other spondyloepi(meta)physeal dysplasias
• Dysostosis multiplex group
• Spondylometaphyseal dysplasias
• Epiphyseal dysplasias
• Chondrodysplasia punctata (stippled epiphyses) 

group
• Metaphyseal dysplasias
• Brachrachia (short spine dysplasia)
• Mesomelic dysplasias
• Acromelic/acromesomelic dysplasias
• Dysplasias with significant (but not exclusive) 

membranous bone involvement
• Bent bone dysplasia group
• Multiple dislocations with dysplasias
• Osteodysplastic primordial dwarfism group
• Dysplasias with increased bone density
• Dysplasias with defective mineralization
• Dysplasias with increased bone density
• Disorganized development of cartilaginous and fibrous 

components of the skeleton
• Idiopathic osteolyses
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resulting from the small thorax. Short stature may not be 
evident until after 2 years of age, although the deviation 
from the normal growth curve is progressive. Mean adult 
height in males and females is 131 and 124 cm, respec-
tively. Growth curves for achondroplasia have been devel-
oped and are of great value in following patients.12

With increasing age, the diagnosis of achondroplasia 
becomes easier because in addition to short stature these 
patients have other abnormalities of the skeleton—  
including megalocephaly, low nasal bridge, lumbar lordo-
sis, short trident hand, and rhizomelia (shortness of the 
proximal legs and arms). Radiologic abnormalities include 
small cuboid-shaped vertebral bodies with short pedicles 
and progressive narrowing of the lumbar interpedicular 
distance. The iliac wings are small, with narrow sciatic 
notches. The small foramen magnum may lead to hydro-
cephalus, and spinal cord or root compression may result 
from kyphosis, stenosis of the spinal canal, or disk lesions. 
Acanthosis nigricans may be present.337

Hypochondroplasia.  Hypochondroplasia has been de-
scribed as a “milder form” of achondroplasia. However, 
although the two disorders are both transmitted as auto-
somal-dominant traits due to mutations in the same gene 
(FGFR3), they have not been reported to occur in the 
same family. Hypochondroplasia, however, has been 
shown to result from a different mutation (Asn540Lys)  
of the FGFR3 gene. The facial features characteristic  
of achondroplasia are absent, and the short stature and 
rhizomelia are less pronounced.

Adult heights are typically in the 120- to 150-cm range. 
As in the case of achondroplasia, short stature may not be 
evident until after 2 years of age—but stature then deviates 
progressively from normal. Outward bowing of the legs 
accompanied by genu varum is frequently observed. Lum-
bar interpedicular distances diminish between L1 and L5, 
and as with achondroplasia there may be flaring of the 
pelvis and narrow sciatic notches.

Chromosomal Abnormalities

Abnormalities of the autosomes and sex chromosomes may 
be characterized by growth retardation. In general, these 
disorders are also associated with somatic abnormalities 
and mental retardation—as in deletion of chromosome 5 or 
trisomy 18 or 13. Such abnormalities, however, may be 
subtle—and, for example, the diagnosis of Turner syn-
drome must be considered in any girl with unexplained 
short stature. In many cases, the precise cause of growth 
failure in these chromosomal abnormalities is unclear be-
cause the genetic defects do not appear to affect known 
components of the GH-IGF system. It is presumed, then, 
that the chromosomal defect influences normal cell prolif-
eration and tissue growth or development or indirectly  
affects the responsiveness to IGF or to other growth factors 
yet to be identified.

Down Syndrome.  Trisomy 21, or Down syndrome, is 
probably the most common chromosomal disorder asso-
ciated with growth retardation, affecting approximately  
1 in 600 live births. On average, newborns with Down 
syndrome have birth weights 500 g below normal and are 

2 to 3 cm shorter. Growth failure continues postnatally 
and is typically associated with delayed skeletal matura-
tion and a poor delayed pubertal growth spurt. Adult 
heights range from 135 to 170 cm in males and 127 to 
158 cm in females.338 The cause of growth failure in 
Down syndrome and in other autosomal defects is un-
known. Attempts to find underlying hormonal explana-
tions for growth retardation have been unsuccessful, even 
though hypothyroidism is more common than normal in 
Down syndrome and should be excluded. It is likely that 
growth failure in such conditions reflects a generalized 
biochemical abnormality of the epiphyseal growth plate.

Turner Syndrome.  Short stature is the single most 
common feature of Turner syndrome, occurring more 
frequently than delayed puberty, cubitus valgus, and web-
bing of the neck.339-341 Reviews of large series of Turner 
syndrome individuals have indicated that short stature 
occurs in 95% to 100% of girls with a 45,X karyotype. 
Ranke and colleagues identified several distinct phases of 
growth in girls with Turner syndrome,342 including mild 
IUGR, with mean birth weights and heights of 2,800 g 
and 48.3 cm, respectively; normal height gain from birth 
until 3 years of age; progressive decline in height velocity 
from 3 years of age until approximately 14 years of age, 
resulting in a gradual and progressive deviation from 
normal height percentiles; and a prolonged adolescent 
growth phase characterized by a partial return toward 
normal height, followed by delayed epiphyseal fusion.

More recent detailed analyses of longitudinal and 
cross-sectional growth data from several centers have 
indicated that growth in girls with Turner syndrome is 
frequently abnormal in infancy and early childhood and 
that most cases of Turner syndrome diagnosed before 
adult life have fallen off the normal growth curve by 2 to 
3 years of age.343,344 Investigations of Turner syndrome 
from the United States and Europe have indicated mean 
adult heights ranging from 142 to 146.8 cm (lower in Asia). 
Parental height can influence final height significantly.  
(see Chapter 16).

The cause of growth failure in Turner syndrome is 
multifactorial, although the loss of one copy of the 
homeobox gene—SHOX (short stature homeobox-
containing gene)—is the major contributor.345 The 
SHOX gene covers a 40-kb region of the pseudoauto-
somal region of the X chromosome, escapes X inactiva-
tion, and is highly expressed in osteogenic tissue.  
Haploinsufficiency for SHOX has been implicated in 
the short stature of Turner syndrome, as well as several 
other somatic features. In addition, SHOX mutations 
appear responsible for the mesomelic growth retar-
dation and Madelung deformity characteristic of  
Leri-Weil dyschondrosteosis—and complete absence of 
SHOX is associated with Langer mesomelic dysplasia. 
Girls with Turner syndrome are more likely to manifest 
autoimmune hypothyroidism and inflammatory bowel 
disease, both of which can also impact on growth.

The majority of patients have normal GH concentra-
tions during childhood. Reports of low GH concentra-
tions in adolescents with Turner syndrome are likely as-
cribable to low serum concentrations of sex steroids.346 
Nevertheless, GH therapy is capable of accelerating 
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short-term growth and increasing adult height in both 
Turner syndrome and SHOX haplo-insufficiency.230,347-349 
Indeed, early initiation of GH therapy at appropriate 
dosages appears to enable most girls with Turner syn-
drome to attain heights within the normal adult 
range.348,349 Turner syndrome is described in greater de-
tail in Chapter 16. The point is worth repeating, how-
ever, that the diagnosis of Turner syndrome should be 
considered in any phenotypic female with unexplained 
growth failure.

18q Deletions.  Deletion of the long arm of chromo-
some 18 has an estimated prevalence of 1 in 40,000 live 
births. In one review of 50 cases, 64% of children (mean 
age 5.8 years) had heights greater than 2 SD below the 
mean.350 Fifteen percent had serum IGF-1 concentra-
tions below 2 SD, and 9% had IGFBP-3 concentrations 
below 2 SD. Seventy-two percent of children had re-
duced GH responses to provocative testing, although 
such testing was not always rigorous.

Intrauterine Growth Retardation

Despite the critical importance of the endocrine system in 
postnatal growth, normal intrauterine growth is largely 
independent of fetal pituitary hormones.351,352 Athyreotic 
and agonadal infants are of normal length and weight at 
birth. Based on the normal size of anencephalic fetuses, it 
has been proposed that even the pituitary is unnecessary 
for fetal growth.353,354 Careful documentation of birth size 
of rats with congenital GHD355 and of human newborns 
with mutations of the GH or GHR gene110 has indicated, 
however, that fetal pituitary-derived GH makes a small 
but statistically significant contribution to birth size.

These observations should not be interpreted to mean 
that the IGF axis is irrelevant in fetal growth. Gene knock-
out studies have shown that elimination of paracrine/ 
autocrine production of IGF-1 has a major impact on  
fetal and postnatal growth.356 A human with an IGF-1 
gene deletion had the same growth characteristics as  
observed in the murine IGF-1 knockout, namely IUGR 
and postnatal growth failure that was unresponsive to  
GH administration.357 Similarly, several reports of IGF-1 
receptor defects associated with IUGR and postnatal 
growth retardation have appeared, and a family with  
bioinactive IGF-1 has also been reported.351,352

Thus, although the fetus may be largely GH indepen-
dent, the production and activity of IGF-1 are clearly 
critical for normal intrauterine (as well as postnatal) 
growth. Human cord lymphocytes have been demon-
strated to have increased numbers of IGF receptors358 
and mRNAs because IGF-1 and IGF-2 are abundant in 
fetal tissues.359,360 Similarly, the IGFBPs are identifiable 
in serum and other biologic fluids, although it is of note 
that the relative serum concentrations of various IGFBPs 
are different in the fetus and newborn than in the older 
child or adult.361 In particular, serum concentrations of 
IGFBP-3 and acid-labile subunit (ALS)—which together 
comprise the major serum carriers of IGF peptides in the 
adult—are much lower in the fetus and newborn.

IUGR is defined on the basis of a birth weight or birth 
length more than 2 SD below the mean for gestational 

age. Although the majority of such infants show good 
catch-up growth during the first few years of life, ap-
proximately 15% of such children fail to have sufficient 
catch-up growth to bring them into the normal height 
range by 4 years of age.351,352,362 Whereas several studies 
have demonstrated that infants with IUGR tend to have 
low serum concentrations of IGF-1 and IGFBP-3 at 
birth,361 it is not entirely clear whether failure of catch-up 
growth represents the effects of subtle persistent abnor-
malities of the GH-IGF axis. Barker and colleagues have 
proposed that in the process of adapting to a limited sup-
ply of nutrients in utero IUGR fetuses permanently alter 
their physiology and metabolism, a reprogramming pro-
cess that results in physiologic consequences in later 
life—such as increased risk of coronary artery disease, 
stroke, hypertension, and type 2 diabetes mellitus.363,364

IUGR can arise from intrinsic abnormalities in  
the fetus, placental insufficiency, or maternal disorders 
(Box 10-3). Although it is understandable why uterine 
constraint or twin pregnancies might result in limited 
fetal growth, the biochemical and cellular basis for ab-
normal fetal growth in most cases of IUGR is unclear.  

BOX 10-3 Etiology of Intrauterine Growth 
Retardation

IntrInsIc fetal abnormalItIes

• Chromosomal disorders
• Syndromes associated with primary growth failure

• Russell-Silver syndrome
• Seckel syndrome
• Noonan syndrome
• Progeria
• Cockayne syndrome
• Bloom syndrome
• Prader-Willi syndrome
• Rubinstein-Taybi syndrome

• Congenital infections
• Congenital anomalies
• Primary abnormalities of insulin-like growth factor 

axis

Placental abnormalItIes

• Abnormal implantation of the placenta
• Placental vascular insufficiency; infarction
• Vascular malformations

maternal dIsorders

• Malnutrition
• Constraints on uterine growth
• Vascular disorders

• Hypertension
• Toxemia
• Severe diabetes mellitus

• Uterine malformations
• Drug ingestion

• Tobacco
• Alcohol
• Narcotics

Adapted from Underwood, L. E., & Van Wyk, J. J. (1992). Normal  
and aberrant growth. In J. D. Wilson, & D. W. Foster (Eds.),  
Williams textbook of endocrinology (8th ed.) (p.1110). 
Philadelphia: WB Saunders.
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It has been proposed that such cases result from reduced 
cell number or cell size, but the mechanisms for such 
abnormalities remain to be elucidated. Intrinsic fetal 
endocrine abnormalities are unlikely explanations for 
IUGR in most cases.

Congenital thyroid or GH deficiencies are typically 
characterized by near-normal birth size. Recently recog-
nized human mutations in IGF-1 and IGF-1 receptors 
are associated with IUGR, but serum IGF-1 concentra-
tions in IUGR children are highly variable—indicating 
that there is a large clinical diversity in this condition. 
Infants with IUGR frequently exhibit poor postnatal 
growth, particularly when the abnormalities are intrinsic 
to the fetus. Such conditions have frequently been cate-
gorized as “primordial growth failure.”

Russell-Silver Syndrome (RSS).  This condition was 
independently described by Russell,365 and later by Silver 
and associates, in the early 1950s. Although this syn-
drome probably represents a heterogeneous group of 
patients, the “common” findings include IUGR, postna-
tal growth failure, congenital hemihypertrophy, and 
small triangular facies. Because no genetic or biochemical 
basis for this disorder has been identified until recently, 
Russell-Silver syndrome was often used improperly as a 
designation for IUGR of unknown cause. Other com-
mon nonspecific findings include clinodactyly, preco-
cious puberty, delayed closure of the fontanelles, and 
delayed bone age. A genetic basis to RSS has now been 
described. Maternal uniparental disomy for chromosome 
7 (mUPD7) is found in 5% to 10% of patients with RSS. 
More commonly, epigenetic changes in the form of DNA 
hypomethylation at the telomeric imprinting control re-
gion (ICR1) on chromosome 11p15, involving the H19 
and IGF2 genes, have been identified in up to 60% of 
cases of RSS. These changes result in relaxation of im-
printing and biallelic expression of H19 and down-
regulation of IGF-2.366 Attempts to relate genotype to 
phenotype suggest that prominent forehead, relative 
macrocephaly, body asymmetry, and a low body mass 
index (BMI) were significantly associated with ICR hypo-
methylation.367 Bruce and colleagues368 identified hypo-
methylation of H19 ICR in 62% of a cohort of RSS  
patients and found that these patients manifested a more 
severe phenotype than those with maternal UPD7. Ad-
ditionally, the degree of hypomethylation correlated with 
the phenotype; the most severe degree of hypomethyl-
ation was associated with the asymmetry, skeletal, and 
urogenital abnormalities. In another study by Binder  
and coworkers, patients with hypomethylation of 11p15, 
but not other causes of RSS or SGA, showed increased 
IGF-1- and IGFBP-3 concentrations, suggesting that 
there may be counterregulation by IGF-1 or resistance to 
some actions of IGF-1.369 

Maternally inherited mutations in CDKN1C (also 
known as P57KIP2) have been implicated in the etiology 
of IMAGe syndrome, characterized by IUGR, metaphy-
seal dysplasia, adrenal hypoplasia congenita, and genital 
abnormalities. CDKN1C is an imprinted gene that is ma-
ternally expressed, and the protein inhibits cell cycle 
progression. Loss of function alterations in the gene have 
previously been associated with Beckwith-Wiedemann 

syndrome. In contrast, mutations associated with IMAGe 
syndrome cause gain in function.370

Seckel Syndrome.  Although originally described by 
Mann and Russell in 1959,371 this condition is most 
commonly termed Seckel syndrome or Seckel birdheaded 
dwarfism.372 A genetically heterogeneous autosomal-
recessive condition, this syndrome is caused by muta-
tions in ATR, RBBP8, CENPJ, CEP152, and CEP63, 
Seckel syndrome is characterized by IUGR and severe 
postnatal growth failure combined with microcephaly, 
prominent nose, and micrognathia. Final height is typi-
cally 91.4 to 106.7 cm, with moderate to severe mental 
retardation.

Noonan Syndrome.  Although this condition shares 
certain phenotypic features with Turner syndrome, the 
two disorders are clearly distinct.373 In Noonan syn-
drome, several genes have been implicated—including 
KRAS (Kirsten rat sarcoma 2 viral oncogene homolog), 
SOS1 (Son of Sevenless 1), RAF1, NRAS, and BRAF —but 
the majority of cases are caused by PTP11 (protein tyro-
sine phosphatase nonreceptor type 11) mutations. Both 
males and females may be affected, explaining the mis-
leading names “Turner-like syndrome” and “male Turner 
syndrome.” As in Turner syndrome, patients typically 
have webbing of the neck, a low posterior hairline, ptosis, 
cubitus valgus, and malformed ears.

Cardiac abnormalities are, however, primarily right-
sided (pulmonary valve)—rather than the left-sided le-
sions (aorta, aortic valve) characteristic of Turner syn-
drome. Microphallus and cryptorchidism are common, 
and puberty is frequently delayed or incomplete. There is 
an increased risk of malignancies such as leukemia. Men-
tal retardation is observed in approximately 25% to 50% 
of patients. In a manner similar to Turner syndrome, 
Noonan syndrome responds to GH therapy—and this 
treatment has been approved by the U.S. Food and Drug 
Administration (FDA).

Progeria.  The senile appearance characteristic of 
progeria (Hutchinson-Gilford syndrome) typically ap-
pears by 2 years of age.374 There is a progressive loss 
of subcutaneous fat, accompanied by alopecia, hypo-
plasia of the nails, joint limitation, and early onset of 
atherosclerosis—typically followed by angina, myocar-
dial infarction, hypertension, and congestive heart 
failure. Skeletal hypoplasia results in severe growth 
retardation, which typically becomes evident by 6 to 
18 months of age. The molecular basis of this syn-
drome, as well as that of the Cockayne syndrome, is 
described at www.ncbi.nlm.nih.gov/omim.

Cockayne Syndrome.  Cockayne syndrome, like proge-
ria, is characterized by a premature senile appearance.375 
Patients also have retinal degeneration, photosensitivity 
of the skin, and impaired hearing. Growth failure typi-
cally appears at 2 to 4 years of age. Transmission is as an 
autosomal-recessive disorder.

Microcephalic Osteodysplastic Primordial Dwarfism.  
This is characterized by severe growth failure, microcephaly, 

http://www.ncbi.nlm.nih.gov/omim
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facial dwarfism, and skeletal abnormalities. The condi-
tion is genetically heterogeneous and mutations in genes, 
including NU4ATAC, encoding a small nuclear RNA 
(snRNA) component of the U12-dependent (minor) 
spliceosome, and PCNT, encoding pericentrin, have 
been identified in a proportion of cases.

Prader-Willi Syndrome.  Growth failure may be evi-
dent at birth but is generally more impressive postna-
tally. The neonatal period is characterized by hypotonia, 
and in the male by cryptorchidism and microphallus. 
With advancing age, hyperphagia and obesity become 
prominent. Hypogonadism may persist into adult life. 
The cause of growth failure is unclear. Low serum GH 
concentrations may reflect the impact of obesity and are 
not necessarily etiologic. On the other hand, low GH 
secretion and hypogonadism may reflect subtle defects 
of hypothalamic-pituitary function—and these patients 
respond well to GH therapy.376-378 Blunted cortisol re-
sponses to CRH have been reported in some patients.379 

Patients with Prader-Willi syndrome have been found to 
have deletions of the paternal short arm of chromosome 
15, or uniparental disomy of the maternal imprinted 
region of chromosome 15—a situation equivalent to 
paternal deletion of that region.

Other Genetic Causes of Short Stature

A variety of other syndromes may be associated with 
moderate-profound growth failure. These include Bloom 
syndrome, de Lange syndrome, leprechaunism (mutations 
of the insulin receptor gene), Ellis-van Creveld syndrome, 
Aarskog syndrome, Rubinstein-Taybi syndrome, Mulibrey 
nanism (Perheentupa syndrome), Dubowitz syndrome, 
and Johanson-Blizzard syndrome. The syndromes dis-
cussed in this section are described in greater detail in 
Online Mendelian Inheritance in Man (OMIM), a Na-
tional Institutes of Health–supported regularly updated 
website that publishes information on genetic conditions 
(www.ncbi.nim.nih.gov/omim).

Placental insufficiency and maternal factors may also 
contribute to poor fetal growth. Whereas such infants 
have a better growth potential than do cases of “primor-
dial growth failure,” postnatal growth is not always nor-
mal. Maternal nutrition is an important contributor to 
fetal growth, impacting not only the size of the fetus but 
growth during the first year of life.380 Fetal growth retar-
dation may also result from alcohol consumption during 
pregnancy,381-383 as well as from use of cocaine,384,385 
marijuana,385 and tobacco.386 The mechanisms for such 
drug-induced fetal growth retardation are unclear but 
probably include uterine vasoconstriction and vascular 
insufficiency, as well as placental abruption and prema-
ture rupture of membranes. Although maternal tobacco 
use is statistically a major contributor to reduced fetal 
size, it is unlikely by itself to result in severe IUGR,  
although it has been shown to impact on the GH-IGF-1 
axis.387

The implications of IUGR may extend beyond de-
creased fetal size. In a retrospective study of 47 children 
evaluated before puberty for growth failure secondary  
to IUGR, 23 boys had an adult height of 162 cm and  

24 girls an adult height of only 148 cm388 in the United 
States and Europe. Being SGA and failing to catch up are 
indications for GH therapy. More recent studies have 
indicated that small-for-gestational-age infants have an 
increased risk of hypertension, maturity-onset diabetes 
mellitus, and cardiovascular disease.389 It remains un-
clear, however, whether IUGR is causally related to these 
disorders or is a symptom of an underlying inborn meta-
bolic disorder.

Regulation of skeletal growth involves multiple fac-
tors, including hormones and growth factors, nutrition, 
general health, and a wide variety of other environmen-
tal factors. Even when evaluating hereditary aspects of 
skeletal growth, it is clear that control of growth in 
childhood (as well as final height) is polygenic by nature. 
Numerous genome-wide association studies have been 
done in an attempt to explain the genetic basis of 
growth, but to date they explain only 2.9% to 3.7%  
of the variance in adult height. Nevertheless, a direct 
impact of familial height on an individual subject’s  
growth is normally evident, and evaluation of a child’s 
growth pattern must be placed in the context of  
familial growth and stature. As described previously,  
formulas have been developed for determination of a 
person’s target height based on parental heights—and 
growth curves that relate a child’s height to parental 
height are available.390 As a general rule, a child who is 
growing at a rate that is clearly inconsistent with that of 
siblings or parents warrants further evaluation.

Many organic diseases characterized by growth retar-
dation are genetically transmitted. This list includes many 
endocrine causes, such as GHI resulting from mutations 
of the GHR gene, GH-1 gene mutations and deletions, 
mutations of the PROP1 and POU1F1 gene, pseudohy-
poparathyroidism, and familial thyroid hormone defi-
ciency. Many other nonendocrine diseases characterized 
by short stature may be genetically transmitted, such as 
osteochondrodysplasias, dysmorphic syndromes associ-
ated with IUGR, diabetes mellitus, metabolic disorders, 
renal disease, thalassemia, and others. Identifying short 
stature as genetically transmitted thus does not by itself 
relieve the physician of responsibility for determining the 
underlying cause of growth failure.

Secondary Growth Disorders
Malnutrition

Given the worldwide presence of undernutrition, it is not 
surprising that inadequate caloric or protein intake repre-
sents by far the most common cause of growth failure.391 
Marasmus refers to cases with a global deficiency of calo-
ries, although often accompanied by protein insufficiency. 
Kwashiorkor, on the other hand, refers to inadequate 
protein intake—although it may also be characterized by 
caloric undernutrition. Frequently, the two conditions 
overlap.

The impaired growth characteristic of protein- 
energy malnutrition is frequently characterized by ele-
vated basal or stimulated serum GH concentrations.392 
In generalized malnutrition (marasmus), however, GH 
concentrations may be normal or even low.393 In both 

http://www.ncbi.nim.nih.gov/omim
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conditions, nevertheless, serum IGF-1 concentrations 
are typically reduced.394,395 Malnutrition may, conse-
quently, be considered a form of GHI in cases in which 
serum IGF-1 concentrations are reduced in the pres-
ence of normal or elevated GH levels. It has been  
suggested that elevated serum GH concentrations  
represent an adaptive response whereby protein is 
spared by the lipolytic and anti-insulin actions of  
GH. Reduced serum IGF-1 concentrations may repre-
sent a mechanism by which precious calories are shifted 
from use in growth to survival requirements of the  
organism. These adaptive mechanisms may be further 
enacted by changes in serum IGFBPs during periods  
of malnutrition.396

Inadequate caloric or protein intake may also compli-
cate many chronic diseases characterized by growth 
failure. Anorexia is a common feature of renal failure 
and inflammatory bowel disease but may also be associ-
ated with cyanotic heart disease, congestive heart failure, 
central nervous system (CNS) disease, and other  
illnesses. Some of these conditions may, furthermore, be 
characterized by deficiencies of specific dietary compo-
nents—such as zinc, iron, and various vitamins necessary 
for normal growth and development.

Undernutrition may also be voluntary, as is the case 
with dieting and food fads.397 Caloric restriction is es-
pecially common in girls (such as among gymnasts and 
ballet dancers) during adolescence, when it may be as-
sociated with anxiety concerning obesity. Anorexia 
nervosa and bulimia represent extremes of “voluntary” 
caloric deprivation and are commonly associated with 
impaired growth if undernutrition occurs before 
epiphyseal fusion. Even later in adolescence, these 
conditions may be characterized by delayed puberty or 
menarche and a variety of metabolic alterations.

Chronic Diseases

Malabsorption. Intestinal disorders associated with in-
adequate absorption of calories or protein are typically 
associated with growth failure for many of the reasons 
cited previously.398-401 It is not uncommon for growth 
retardation to predate many of the other manifestations 
of malabsorption or chronic inflammatory bowel disease. 
Accordingly, such conditions—especially gluten-induced 
enteropathy (celiac disease) and regional enteritis (Crohn 
disease)—must be in the differential diagnosis of unex-
plained growth failure. Serum concentrations of IGF-1 
may be reduced,402 reflecting the malnutrition. It is 
therefore all the more critical to discriminate these con-
ditions from GHD or related disorders.

Documentation of malabsorption requires demonstra-
tion of fecal wasting of calories, especially fecal fat. The 
diagnosis of celiac disease ultimately requires a biopsy of 
the small intestine and demonstration of the characteris-
tic flattening of the mucosa. Normalization of jejunal 
mucosa after gluten withdrawal and reappearance of ab-
normalities on gluten challenge are necessary to confirm 
the diagnosis. The use of antigliadin autoantibodies has 
been disappointing in the diagnosis of celiac disease be-
cause of its low specificity, but tissue transglutaminase 
antibodies are very useful.

On the other hand, whereas some have recommended 
jejunal biopsy to rule out celiac disease in all cases of unex-
plained growth failure during the first 5 years of life, this 
aggressive an approach is not usually necessary.403 Gener-
ally, an alternative would be to reserve biopsies for  
children with a history of diarrhea or steatorrhea in the 
first 2 years of life, abnormal D-xylose absorption tests, 
and positive transglutaminase antibodies.404 The growth 
failure characteristic of Crohn’s disease probably repre-
sents a combination of malabsorption, anorexia, chronic 
inflammation, inadequacy of trace minerals, and use of 
glucocorticoids.405 As stated previously, growth retarda-
tion may precede other clinical manifestations such as  
fever, abdominal pain, and diarrhea. An elevated erythro-
cyte sedimentation rate is a useful clue, although diagnosis 
ultimately requires endoscopy and biopsy.

Cardiovascular Disease.  Cyanotic heart disease and 
congestive heart failure may be associated with growth 
failure.406,407 Because cardiac defects are usually congeni-
tal, many infants have syndromes associated with dys-
morphic features and IUGR. Postnatal growth failure is 
usually attributable to hypoxia and the increased energy 
demands of a failing heart. These conditions are often 
accompanied by feeding difficulties that exacerbate the 
poor growth.

Corrective surgery often results in restoration of  
normal growth, frequently with a phase of “catch-up” 
growth. Unfortunately, surgery must on occasion be  
delayed until the infant has reached an appropriate size—
resulting in the conundrum that surgery corrects growth 
failure but cannot be performed because the infant is too 
small. In these situations, meticulous attention to caloric 
support and alleviation of hypoxia and heart failure is 
necessary to maximize growth before surgery.

Renal Disease.  A wide variety of clinical conditions 
that affect renal function can result in significant growth 
retardation.408,409 Uremia, Fanconi syndrome, and renal 
tubular acidosis can all lead to growth failure before 
other clinical manifestations become evident. It is prob-
able that renal disease leads to growth retardation 
through multiple mechanisms, including decreased ca-
loric intake, loss of electrolytes necessary for normal 
growth, metabolic acidosis, protein wasting, inadequate 
formation of 1,25-dihydroxycholecalciferol, insulin re-
sistance, chronic anemia, and compromised cardiac 
function.

Although earlier studies suggested a decrease in serum 
IGF concentrations in uremia, it is now evident that 
these erroneous determinations reflected inadequate sep-
aration of IGF peptides from IGFBPs before assay.215 
Serum IGF-1 and IGF-2 concentrations are in general 
within normal limits, but increases in serum IGFBPs 
(especially IGFBP-1) may lead to inhibition of IGF  
action. The use of chronic glucocorticoid therapy in the 
treatment of a variety of nephritic and nephrotic condi-
tions can exacerbate the growth retardation characteristic 
of renal disease.

The age at onset of renal dysfunction is a factor in the 
resultant growth failure. Impairment of renal function at 
an early age typically results in a greater degree of growth 
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failure, probably owing at least in part to the cumulative 
effects of growth retardation over many years. Subse-
quent correction of renal failure does not always allow for 
full catch-up growth. In a study in which renal transplan-
tation was performed before 15 years of age (with a mean 
age at onset of hemodialysis of 10.6 years and at initial 
transplantation of 11.8 years), height SD scores did not 
significantly improve.410 In patients with renal disorders, 
approximately 75% of subjects had adult heights below 
the third percentile.

Although GH or IGF deficiency does not cause the 
growth failure of renal disease, GH therapy has proven 
useful in accelerating skeletal growth. It is likely that such 
treatment increases the molar ratio of IGF peptides to 
IGFBPs, potentially overriding the inhibitory actions of 
IGFBPs.

Hematologic Disorders.  Chronic anemias, such as 
sickle cell disease, are characterized by growth  
failure.411-413 In these disorders, the causes of growth 
retardation probably include impaired oxygen delivery 
to tissues, increased work of the cardiovascular system, 
energy demands of increased hematopoiesis, and im-
paired nutrition. Thalassemia, in addition to the conse-
quences of chronic anemia, can also be characterized by 
endocrine deficiencies resulting from chronic transfu-
sions and accompanying hemosiderosis.414,415 Despite 
vigorous efforts to maintain hemoglobin near normal 
and to employ chelation therapy, growth failure has 
remained a common feature of thalassemia—especially 
in adolescents. It is likely that impaired IGF-1 synthe-
sis,416,417 hypothyroidism, gonadal failure, and hypogo-
nadotropic hypogonadism—combined with chronic  
anemia—all contribute to growth failure.

Diabetes Mellitus.  Growth failure can be observed 
in children whose diabetes is under chronically poor  
control.94 The so-called Mauriac syndrome418 describes 
children with diabetes mellitus, severe growth failure, and 
hepatomegaly resulting from excess hepatic glycogen  
deposition. This type of striking growth retardation is 
unusual in diabetes, and in general growth failure is mod-
est. As with other chronic diseases, growth retardation 
probably represents a combination of pathophysiologic 
processes—such as calorie wasting from hyperglycemia or 
malabsorption secondary to celiac sprue, chronic acidosis, 
increased glucocorticoid production, hypothyroidism, and 
delayed puberty. Modern treatment modalities, when 
available and applied, have markedly reduced the preva-
lence of delayed puberty and poor growth in children with 
diabetes mellitus.

Because IGFBP-1 is normally suppressed by insulin, 
chronic hypoinsulinemia results in elevated serum 
IGFBP-1 concentrations—which may inhibit IGF action. 
In addition, insulin regulates the expression of the GHR—
and hypoinsulinemia commonly leads to low IGF-1 levels 
through this mechanism.419 Nevertheless, the correlation 
between glycemic control and skeletal growth is surpris-
ingly unreliable—and many children with apparently 
marginal control appear to grow well.420 One can only 
surmise that such patients are able to attain normal intra-
cellular nutrition despite seeming hypoinsulinemia. It is 

likely, however, that progress in improving glycemic  
control in diabetes will improve growth in these children.

Inborn Errors of Metabolism.  Inborn errors of protein, 
carbohydrate, and lipid metabolism are often accompanied 
by growth failure—which can be pronounced. Glycogen 
storage disease, the mucopolysaccharidoses, glycopro-
teinoses, and mucolipidoses may all be characterized by 
poor growth. Many inborn metabolic disorders are also 
associated with significant skeletal dysplasia.

Pulmonary Disease.  Cystic fibrosis is the classic ex-
ample of growth failure associated with pulmonary 
disease, although poor growth undoubtedly represents 
the combined effects of pulmonary and pancreatic dys-
function.238 The Cystic Fibrosis Foundation reports 
that 18% of patients with cystic fibrosis fall below the 
5th percentile in height, and 23% fall below the 5th 
percentile in weight. In addition, the appearance of 
diabetes, the use of steroids, and the presence of fre-
quent infections all contribute to the poor growth 
cystic fibrosis. Any condition associated with chronic 
hypoxemia may result in growth retardation. In children 
with chronic asthma, the long-term use of glucocorti-
coids undoubtedly contributes significantly to growth 
failure. Children with asthma often have associated 
growth delay with catch-up during puberty.

Chronic Infection.  In many developing countries, 
chronic infestation with intestinal and systemic parasites 
(such as schistosomiasis, hookworm, and roundworm) 
contributes to nutritional debilitation and growth  
failure.421

Endocrine Disorders

Hypothyroidism. Many of the clinical features charac-
teristic of adult myxedema are lacking in pediatric pa-
tients with acquired hypothyroidism. The most common 
and prominent manifestation of chronic acquired hypo-
thyroidism is growth failure, which may be profound.422 
Postnatal growth retardation may also be observed in the 
infant with congenital hypothyroidism, but the develop-
ment of newborn screening programs for hypothyroid-
ism have generally resulted in prompt diagnosis and 
treatment of such patients. In acquired hypothyroidism, 
growth retardation may take several years to become 
clinically evident. However, once present growth failure 
is typically severe and progressive.

Rivkees and associates422 have reported a mean 
4.2-year delay between documentation of growth decel-
eration and the diagnosis of hypothyroidism. At diagno-
sis, girls were 4.04 6 0.5 SD and boys 3.15 6 0.4S D 
below the mean heights for age, respectively. (This is one 
of several situations in which the diagnosis of short stat-
ure is more delayed in girls than in boys.) Although 
chronic hypothyroidism is generally characterized by 
delayed puberty, precocious puberty and even premature 
menarche can occur in hypothyroid children—an entity 
called Van Wyk–Grumbach syndrome. However, in 
males with this clinical presentation, the testes may be 
enlarged with relatively minimal virilization, possibly due 
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to a predominant effect on the FSH receptor. In some 
females with severe primary hypothyroidism, large recur-
rent ovarian cysts may manifest.423 Skeletal age is usually 
markedly delayed in both sexes. High serum TSH (with 
prepubertal LH concentrations) is consistent with Van 
Wyk–Grumbach syndrome, in which the high TSH may 
act directly on the FSH receptor to mediate the preco-
cious puberty.

Confirmation of the diagnosis of primary hypothy-
roidism is usually straightforward. Serum concentrations 
of T4 are reduced, and TSH concentrations are elevated. 
The presence of antithyroid antibodies is consistent with 
a diagnosis of Hashimoto thyroiditis, the most common 
cause of acquired hypothyroidism in the United States. 
Isolated secondary and tertiary hypothyroidism, caused 
by TSH and TRH deficiency (respectively), are very rare 
causes of acquired hypothyroidism. Mutations in the 
genes encoding TSHb or the TRH receptor have been 
identified in a proportion of cases.

Replacement therapy with levothyroxine is associated 
with a period of rapid catch-up growth. Despite this 
gratifying response, however, accelerated growth often 
does not result in restoration of full growth potential—
largely because of the rapid increase in skeletal age dur-
ing the first 18 months of treatment, often with rapid 
progression through puberty. In the study of Rivkees and 
associates,422 children treated at an initial mean chrono-
logic age of 11 years had adult heights approximately 2 
SD below the means for sex. These final heights were 
significantly lower than midparental heights or initial 
predicted adult heights based on data of Bayley and Pin-
neau. The deficit in adult stature correlated significantly 
with the duration of hypothyroidism before initiation of 
treatment. Accordingly, it may be appropriate to use 
lower than usual replacement dosages of levothyroxine  
or to consider delaying puberty and epiphyseal fusion 
pharmacologically.

Cushing Syndrome.  Glucocorticoid excess has a pro-
found effect on skeletal growth423,424 whether the cause of 
Cushing syndrome is hypersecretion of ACTH, a pri-
mary adrenal tumor, or glucocorticoid therapy. It is as-
sumed that the effects of glucocorticoids are directly at 
the epiphysis because GH secretion is typically normal 
and serum concentrations of IGF peptides and IGFBPs 
are not generally affected. This is supported by the ob-
servation that treatment with GH cannot completely 
overcome the growth inhibiting effects of excess gluco-
corticoids. The “toxic” actions of glucocorticoids on the 
epiphysis often persist at least in part after termination of 
chronic glucocorticoid excess, and patients frequently do 
not attain their target heights.425

The longer the duration and the greater the intensity 
of glucocorticoid excess, the less likely the patient will 
experience complete catch-up growth. It is therefore 
important to limit exposure to excess glucocorticoids  
as much as the underlying condition being treated will 
allow. This may in part be accomplished by the use of 
alternate-day steroid therapy. The characteristic signs of 
Cushing syndrome (such as truncal obesity, decreased 
muscle mass, striae, easy bruising, thin skin, hyperten-
sion, and osteoporosis) are well known. Adrenal tumors 

secreting large amounts of glucocorticoids frequently 
also produce excess androgens, which may mask the 
growth inhibitory effects of glucocorticoids, but also ad-
vance epiphyseal fusion.

It is also important to note that Cushing syndrome in 
children may be lacking many of the clinical signs and 
symptoms associated with the disorder in adults and may 
present exclusively with growth arrest. On the other 
hand, Cushing syndrome is an unlikely diagnosis in chil-
dren presenting with obesity because exogenous obesity 
is associated with normal or even accelerated skeletal 
growth—whereas in Cushing syndrome growth deceler-
ation is generally evident by the time other signs appear.

Pseudohypoparathyroidism.  This condition is discussed 
in more detail elsewhere, but it is included here because at 
time of presentation growth failure is a frequent feature.426 
In its classic form, this condition combines growth failure 
and characteristic dysmorphic features with hypocalcemia 
and hyperphosphatemia secondary to end organ resistance 
to parathyroid hormone (PTH). Children with pseudohy-
poparathyroidism are short and truncally obese, with  
short metacarpals, subcutaneous calcifications, round  
facies, and mental retardation. Resistance to TSH with 
ensuing mild hypothyroidism may compound the subopti-
mal growth.

Rickets.  Hypovitaminosis D is historically a major cause 
of abnormal skeletal growth and short stature. Often it is 
associated with other causes of growth failure, such as 
malnutrition, prematurity, malabsorption, hepatic dis-
ease, and chronic renal failure. When vitamin D defi-
ciency occurs by itself, typically when infants have poor 
exposure to sunlight and are not being nutritionally 
supplemented with vitamin D, the characteristic skeletal 
manifestations of rickets are evident: frontal bossing, 
craniotabes, rachitic rosary, and bowing of the legs.

Vitamin D–Resistant (Hypophosphatemic) Rickets.  
This condition results from decreased renal tubular reab-
sorption of phosphate. Clinical features are generally 
more severe in males and include short stature and 
prominent bowing of the legs, but other rachitic signs 
may be present.427 The metabolic and skeletal abnor-
malities cannot be overcome by vitamin D therapy alone, 
thus the name “vitamin D–resistant rickets.” Treatment 
requires oral phosphate replacement, but such therapy 
often results in poor calcium absorption from the intes-
tine. The addition of vitamin D, especially 1,25 (OH)2 
VitD (calcitriol), to oral phosphate increases intestinal 
phosphate absorption and prevents hypocalcemia. Pre-
liminary studies with GH therapy have indicated (at least 
in the short term) an enhancement of skeletal growth.

IGF Deficiency.  Thyroid hormone and IGF-1 appear 
to be the major mediators of skeletal growth. Studies 
involving targeted disruption of genes for various com-
ponents of the IGF system have established the critical 
role of the IGF axis in prenatal and postnatal growth.428 
Given the critical role of the IGFs in both intrauterine 
and postnatal growth, in 1996 Rosenfeld proposed that a 
critical factor in the diagnostic evaluation for a child with 
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growth failure was the identification of “IGF deficiency.” 
Deficiency of IGF-1 could result from hypothalamic 
dysfunction, pituitary GHD, or primary or secondary 
GHI. It is not always possible to completely discriminate 
between hypothalamic and pituitary dysfunction because 
both organs may be involved in the same pathologic pro-
cess. In addition, embryonic development of the hypo-
thalamus and pituitary appears to be codependent.30-34

A number of factors produced in the developing ventral 
diencephalon function as molecular signals for initial for-
mation and development of Rathke’s pouch. Subsequent 
differentiation of each of the various anterior pituitary cell 
types appears to be primarily regulated by a strict temporal 
and spatial pattern of pituitary transcription factors.

It thus becomes somewhat of a semantic issue as to 
whether to label some of the molecular defects “hypotha-
lamic” or “pituitary.” Nevertheless, some arbitrary clas-
sification decisions have been made. Table 10-3 presents 
our current classification of molecular defects of the GH-
IGF axis, and sites of established and hypothetical defects 
are shown in Figure 10-22. Interestingly, many of the 
“hypothetical” molecular defects proposed in 1996 have 
subsequently been identified, such as abnormalities of 

GH signal transduction, IGF synthesis, IGF transport 
and IGF receptors. Figure 10-23 provides a “decision 
tree” for investigation of genetic defects in patients with 
IGF deficiency. Significant developments are likely in 
our understanding of these defects so that this classifica-
tion will require updating and modification.

Hypothalamic Dysfunction.  Hypothalamic dysfunc-
tion can arise from congenital malformations of the brain 
or hypothalamus, trauma, infections, sarcoid, tumors, or 
cranial irradiation. Anencephaly results in a pituitary 
gland that is small or abnormally formed and frequently 
ectopic. Holoprosencephaly, resulting from abnormal 
midline development of the embryonic brain, is also 
typically associated with hypothalamic insufficiency.429,430 
The clinical spectrum of holoprosencephaly can range 
from cyclopia to hypertelorism, accompanied by absence 
of the philtrum or nasal septum and midline clefts of the 
palate or lip. In these situations, the classic endocrine 
feature is diabetes insipidus, often accompanied by GH, 
TSH and ACTH deficiencies.

Debate continues as to whether the incidence of GHD 
is increased in cases of simple clefts of the lip or palate 

Mutant Gene Inheritance Phenotype

HPA Developmental abnormalities
HESX1 AR Septo-optic dysplasia; variable involvement of pituitary hormones
PROP1 AR GH, PRL, TSH, LH, FSH deficiencies; variable ACTH deficiency
POU1F1 (Pit1) AR, AD GH, PRL deficiency; variable degree of TSH deficiency
RIEG AD Rieger syndrome
LHX3 AR GH, TSH, LH, FSH, prolactin deficiencies
LHX4 AD GH, TSH, ACTH deficiencies
SOX3 XL GH deficiency, mental retardation
GLI2 AD Holoprosencephaly, hypopituitarism
GLI3 AD Pallister-Hall syndrome, hypopituitarism
Isolated GHD
GHRHR AR IGHD, type IB form of IGHD
GHS-R AD GHD and ISS
GH1 AR Type IA form of IGHD

AR Type IB form IGHD
AD Type II form of IGHD

X-linked Type III form of IGHD; hypogammaglobulinemia
AD Bioinactive GH molecule

GHI
GHR
Extracellular domain AR, AD IGF-I deficiency; decreased or normal GHBP
Transmembrane AR IGF-I deficiency; normal or increased GHBP
Intracellular domain AD IGF-I deficiency; normal or increased GHBP
IGF
IGF1 (see also Box 10-4) AR IGF-I deficiency; IUGR and postnatal growth failure
STAT 5 b (see also 

Table 10-5)
AR IGF-I deficiency, variable immune defect, hyperprolactinemia, 

chronic pulmonary infections, recurrent eczema
ALS (see also Table 10-6) AR IGF-I deficiency; variable postnatal growth failure, delayed puberty

TABLE 10-3 Established Genetic Defects of the GH-IGF Axis Resulting in IGF Deficiency

HPA, hypothalamic pituitary; ACTH, adrenocorticotropic hormone (corticotropin); AD, autosomal dominant; AR, autosomal recessive; 
FSH, follicle-stimulating hormone; GH, growth hormone; GHBP, GH-binding protein; GHRHR, GH-releasing hormone receptor;  
IGF, insulin-like growth factor; IGHD, isolated GHD; IUGR, intrauterine growth retardation; LH, luteinizing hormone; PRL, prolactin; 
TSH, thyroid-stimulating hormone; and ALS, acid labile subunit.
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FIGURE 10-22 n  Schematic diagram of the GH–IGF axis, showing 
identified and theoretical defects: (a) defects of the extracellular 
domain of the GHR, affecting binding of GH; (b) defects in GHR 
dimerization; (c) defects of the transmembrane domain of the 
GHR; (d) defects of the intracellular domain of the GHR; (e) de-
fects of JAK2 (theoretical at this time); (f) defects of STAT5b; (g) 
defects of STAT5a (theoretical at this time); (h) defects of tran-
scriptional regulation of IGF-I (theoretical at this time); (i) defects 
of the IGF-I gene; (j) defects of IGFBPs, affecting IGF availability 
(theoretical at this time); (k) defects of the IGF receptor; (l) de-
fects of IGF receptor signal transduction (theoretical at this time); 
and (m) defects at the epiphyseal growth plate, potentially 
affecting IGF action. GH, growth hormone; GHR, growth hormone 
receptor; JAK2, janus-family tyrosine kinase 2; PI3K, phosphati-
dylinositol-3 kinase; ERK, extracellular signal-regulated kinase; 
STAT, signal transducer and activator of transcription; ISRE, in-
terferon-stimulated response element; GAS, interferon-gamma-
activated sequences; IGF, insulin-like growth factor; IGFBP, IGF 
binding proteins; IGF-IR, IGF-I receptor; and IRS, insulin receptor 
substrate. (Used with permission from Rosenfeld, R. G., & Hwa, V. 
(2004). New molecular mechanisms of GH resistance. Eur J Endocri-
nol, 151, S11–S15.)

alone.431,432 Clearly, children with clefts who are growing 
abnormally certainly require further evaluation, and both 
GHD and combined pituitary hormone deficiencies 
(CPHD) are more frequent in this cohort. Septo-optic 
dysplasia (SOD) is a rare congenital heterogeneous anom-
aly with a prevalence ranging from 6.3 to 10.9 per 
100,000.433,434 The condition is defined by presence of any 
two of three features: midline forebrain defects such as 
absence of the septum pellucidum or corpus callosum, 
optic nerve hypoplasia (ONH) and hypopituitarism due to 
hypothalamo-pituitary maldevelopment.48,435 De Morsier, 
in 1956, described the postmortem findings of optic nerve 
hypoplasia (ONH) and agenesis of the septum pellucidum 
and coined the term “septo-optic dysplasia,” also known as 
De Morsier’s syndrome. Approximately 30% of patients 
with SOD manifest the complete clinical triad, 62% of 
patients have some degree of hypopituitarism, and 60% 
have an absent septum pellucidum.436,437 The condition 
is equally prevalent in males and females. ONH may be 
unilateral or bilateral and may be the first presenting  
feature, with the later onset of endocrine dysfunction.  
Bilateral ONH is more common (88% as compared with 
12% unilateral cases). Additionally, there appears to be 

little correlation between the size of the optic nerve and its 
visual function. Neuroradiologic abnormalities are present 
in from 75% to 80% of patients with ONH.438,439 Pituitary 
hypoplasia may manifest as endocrine deficits varying 
from isolated GH deficiency to panhypopituitarism. There 
has been some suggestion that abnormalities of the septum 
pellucidum and hypothalamo-pituitary axis on neuroimag-
ing can predict the severity of endocrine dysfunction.439 

A decrease in growth rate due to GH deficiency is the 
most common feature, with hypoglycemia and polyuria 
and polydipsia being less common. Either sexual precocity 
or failure to develop in puberty may occur. Abnormal hypo-
thalamic neuroanatomy or function and diabetes insipidus 
may be features. The endocrinopathy may be evolving with 
a progressive loss of endocrine function over time. The 
most common endocrinopathy is GH deficiency followed 
by TSH and ACTH deficiency. Gonadotropin secretion 
may be retained in the face of other pituitary hormone de-
ficiencies.440 Neurologic deficit is common, but not invari-
ably so, and in one study it was documented in 15 of  
24 children with a severe degree of optic nerve hypoplasia. 
The deficit ranged from global retardation to focal deficits 
such as epilepsy or hemiparesis. Other neuroanatomic ab-
normalities include cavum septum pellucidum, cerebellar 
hypoplasia, schizencephaly, and aplasia of the fornix. An  
association between SOD and other congenital anomalies 
such as digital abnormalities is not uncommon.441

The etiology of SOD has remained largely unknown 
until recently. Both genetic and environmental factors 
have been implicated in the etiology of the condition.442,443 

Environmental agents such as viral infections, vascular or 
degenerative changes, and exposure to alcohol or drugs 
have been implicated in the etiology of SOD. The condi-
tion presents more commonly in children born to younger 
mothers and clusters in geographic areas with a high  
frequency of teenage pregnancies.433,443 As forebrain and 
pituitary development occur as early as 3 to 6 weeks gesta-
tion in the human embryo, and are closely linked, any 
insult at this critical stage of development could account 
for the features of SOD. First indications of a genetic 
etiology came from the targeted mutagenesis of the tran-
scription factor Hesx1 in mice. Hesx1 is a paired-like 
homeodomain transcriptional repressor that is expressed 
in the prospective cephalic region earlier during gastrulation. 
Later, it can be found throughout the prosencephalon—
but it is restricted ultimately to Rathke’s pouch. Its  
expression is switched off at E13.5 in the mouse.444,445 
The phenotype of these mice included a reduction in the 
prospective forebrain tissue, absence of developing optic 
vesicles, markedly decreased head size, and severe mi-
crophthalmia reminiscent of the syndrome of SOD in 
humans. Other abnormalities included absence of the 
optic cups, the olfactory placodes and Rathke’s pouch, 
reduced telencephalic vesicles, hypothalamic abnormali-
ties, and aberrant morphogenesis of Rathke’s pouch.  
In 5% of null mutants, the phenotype was characterized 
by complete lack of the pituitary gland. In the majority  
of mutant mice, they were characterized by formation of 
multiple oral ectodermal invaginations and hence multi-
ple pituitary glands. In the light of the phenotype demon-
strated in Hesx1 null mutant mice, the human homologue 
of the gene was screened for mutations in patients with 
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SOD. A homozygous missense mutation (Arg160Cys) 
was found in the homeobox of HESX1 in two siblings 
within a highly consanguineous family in which the  
affected siblings presented with optic nerve hypoplasia, 
absence of the corpus callosum, and hypoplasia of the 
anterior pituitary gland with panhypopituitarism.361 The 
parents were heterozygous for the mutation and pheno-
typically normal. Screening of extended members of the 
family revealed another nine phenotypically normal hetero-
zygotes within this highly consanguineous pedigree, con-
sistent with an autosomal recessive inheritance. The mu-
tation led to a complete loss of DNA binding. Subsequently, 
HESX1 mutations have been identified in association 
with isolated growth hormone deficiency (IGHD) or 
combined pituitary hormone deficiency (CPHD), in addi-
tion to SOD. These patients exhibit variable magnetic 
resonance imaging (MRI) abnormalities ranging from  
a structurally normal pituitary to a more severe  
radiologic phenotype characterized by anterior pituitary 
hypoplasia or aplasia, an undescended or ectopic posterior 
pituitary, optic nerve hypoplasia, and agenesis of the  
corpus callosum.446 Mutations in HESX1 can result in 
hypopituitarism without midline defects or optic nerve 
anomalies, as the pituitary is believed to be more sensitive 
to Hesx1 dosage than the developing brain.447 In addition 
to recessive mutations, dominant mutations in HESX1 
have been described. Haplotype analysis using markers 
that closely flanked HESX1 revealed that such heterozy-
gous HESX1 mutations are associated with a dominant 
inheritance that is incompletely penetrant, although a  

de novo heterozygous insertion mutation has also been 
described. The phenotypes associated with heterozygous 
mutations are, on the whole, milder, classically character-
ized by isolated GHD with an ectopic/undescended pos-
terior pituitary. The overall frequency of HESX1 muta-
tions in SOD has, however, been low, suggesting that 
mutations in other known or unknown genes may  
contribute to this complex disorder.448,449

Mutations in orthodenticle homeobox 2 (OTX2) have 
been identified in patients with SOD. Otx2 is a transcrip-
tion factor whose role in hypothalamo-pituitary develop-
ment remains largely unclear. Expression in mice is re-
stricted to developing neural and sensory structures such 
as the brain, eyes, nose, and ears. Studies show that Otx2 
is expressed in the ventral diencephalon (VD) by E10.5 
where it may affect Fgf8 or Bmp induction of RP forma-
tion.450 Its expression at the same time in RP suggests an 
intrinsic role in RP development as well, which is consis-
tent with its proposed ability to activate Hesx1 expres-
sion. By E12.5, Otx2 mRNA expression is undetectable 
in RP (however, it is still detectable in the VD), although 
the protein persists through to E14.5. By E16.5, 
Otx2/Otx2 is absent from both RP and the VD. Homo-
zygous-null mutant mice, which die midgestation, exhibit 
severe malformations of the forebrain structures as well 
as the eyes due to impaired gastrulation. Heterozygous 
mice present with variable eye phenotypes ranging from 
normal to severe (anophthalmia/microphthalmia) and 
brain structural abnormalities (holoprosencephaly or an-
encephaly). Its potential role in pituitary development 

FIGURE 10-23 n  Decision tree for investigation of genetic defects in patients with insulin-like growth factor (IGF) deficiency. Hypothetical 
genetic defects are presented in parentheses. Abnormalities in other organs and structures besides the hypothalamus-pituitary-IGF 
axis are expected to occur as a result of these genetic defects. ACTH, adrenocorticotropic hormone; CPHD, combined pituitary hor-
mone deficiencies; FSH, follicle-stimulating hormone; GH, growth hormone; GHR, growth hormone receptor; GHRHR, GH-releasing 
hormone receptor; IGFIR,IGF-1 receptor; LH, luteinizing hormone; PRL, prolactin; STAT5, signal transducer and activator of transcrip-
tion 5; TSH, thyroid-stimulating hormone. (From Lopez-Bermejo, A., Buckway, C. K., & Rosenfeld, R. G. (2000). Genetic defects of the 
growth hormone–insulin-like growth factor axis. Trends Endocrinol, 11, 43.)
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was suggested in a report looking at Prop1-mutant 
mice.450 In these animals, Otx2 expression in RP persists 
through to E16.5, which is 4 days after peak expression 
of Prop1. This suggested that Prop1 may regulate genetic 
expression of factors that may suppress Otx2 expression 
and implies a role for Otx2 in murine pituitary develop-
ment. Further evidence of a role in hypothalamo- 
pituitary development was shown in GnRH-neuron-Otx2 
knockout mice that exhibited gonadotropic hypogonad-
ism.451 These data are consistent with human OTX2 
phenotypes, which can encompass highly variable hypo-
pituitary phenotypes (ranging from isolated growth  
hormone deficiency to panhypopituitarism) and hypogo-
nadotrophic hypogonadism, both of which are most 
commonly detected in association with severe eye abnor-
malities including anophthalmia or microphthalmia. To 
date, OTX2 mutations, of which 20 have been described, 
account for 2% to 3% of severe eye abnormalities. Two 
complete deletions and 12 heterozygous intragenic mu-
tations (of which 6 have been shown to be associated with 
functional compromise) have been associated with severe 
ocular and CNS phenotypes including developmental 
delay and seizures. The association of deletions of 14q22-23 
(which also includes the candidate genes BMP4, RTN1, 
SIX6, SIX1, and SIX4) with anophthalmia, hypopituita-
rism, and ear abnormalities452 originally led to the inves-
tigation of the role of OTX2 in hypothalamo-pituitary 
development. Subsequently, mutations were identified  
in association with eye defects (e.g., bilateral anophthal-
mia), CNS defects such as developmental delay and sei-
zures, and variable hypopituitarism associated with a 
small anterior pituitary gland, an ectopic/undescended 
posterior pituitary, and an absent infundibulum.453-455 
Because Otx2 appears to regulate the expression of 
Hesx1, it is possible that mutations in the protein com-
promise the development of the forebrain and ventral 
diencephalon, in addition to any direct effect within RP.

The sonic hedgehog (SHH) signaling pathway has 
been implicated in more complex disorders of pituitary 
development. Mutations within SHH are associated with 
holoprosencephaly.456 Three members of the Gli gene 
family of transcription factors have been implicated in 
the mediation of SHH signals, and heterozygous loss-of-
function mutations within GLI2 have been identified in 
patients with holoprosencephaly.457 Phenotypic pene-
trance was variable, with the disorder transmitted through 
a parent carrying the mutation but showing no obvious 
phenotype in one family. In all affected individuals with 
GLI2 mutations, pituitary gland function was abnormal, 
accompanied by variable craniofacial abnormalities. 
Other features included postaxial polydactyly, single  
nares, single central incisor, and partial agenesis of the 
corpus callosum. Mutations in GLI2 have been associated 
with hypopituitarism in the absence of any midline  
defects.458

SOX2 and SOX3 are members of the SOX (SRY- 
related high mobility group [HMG] box) family of tran-
scription factors and are early markers of progenitor cells; 
their expression is down-regulated as cells differentiate. 
Strong SOX2 expression is detected within RP in human 
embryos (4.5 to 9 weeks of development), which is main-
tained throughout anterior pituitary development as well 

as in the overlying diencephalon. However, there is no 
SOX2 expression in the infundibulum or posterior pitu-
itary. Initially SOX2 mutations had been associated with 
bilateral anophthalmia, severe microphthalmia, learning 
difficulties, esophageal atresia, and genital abnormalities. 
However, further phenotypic characterization has revealed 
the presence of anterior pituitary hypoplasia, hypogonado-
trophic hypogonadism, and variable GHD, often with  
accompanying phenotypes such as hippocampal abnor-
malities, corpus callosum agenesis, esophageal atresia,  
hypothalamic hamartoma, and sensorineural hearing 
loss.459,460 Although in the majority of patients the MRI 
reveals a small anterior pituitary, in occasional cases, the 
pituitary is enlarged and remains so for years.461

The definitive Rathke’s pouch comprises proliferative 
progenitors that will gradually relocate ventrally, away 
from the lumen as they differentiate. A proliferative zone 
containing progenitors is maintained in the embryo in a 
periluminal area and was found to persist in the adult.49 
During pituitary development, SOX2 is expressed in  
the early ectoderm and maintained throughout the 
pouch. Its expression is down-regulated as endocrine cell 
differentiation proceeds. Expression is maintained in the 
prospective progenitor proliferative zone, around the 
Rathke’s pouch lumen, during embryogenesis but also in 
the mature gland.49 It is also expressed in the VD.

Normal hypothalamo-pituitary development is criti-
cally dependent on the dosage of SOX3; over- or under-
dosage can lead to hypopituitarism or infundibular  
hypoplasia. Sox3 null mutant mice have a variable phe-
notype showing poor growth, craniofacial defects, and 
variable endocrine deficits. In humans, SOX3 duplica-
tions or mutations are associated with variable pheno-
types including either IGHD or panhypopituitarism. 
There is variable developmental delay, and MRI usually 
reveals a small anterior pituitary, an ectopic/undescended 
posterior pituitary, and dysgenesis of the corpus callo-
sum.462,463 A SOX3 variant that leads to a deletion within 
a polyalanine tract has been associated with hypopituita-
rism in a heterozygous female patient; the variant has 
been shown to be associated with a gain in function  
as opposed to the previously described polyalanine  
expansions that led to loss of function.464

Molecular Defects of GHRH or the GHRH Receptor.  
No cases of mutations of the GHRH gene in humans have 
been identified,465 a somewhat surprising observation, and 
the GHRH gene must still be considered a candidate gene 
for familial forms of isolated GHD. Abnormalities of the 
gene for the GHRH receptor (GHRHR), on the other 
hand, have been found in number of pedigrees.466-469 The 
GHRH receptor consists of a 423-amino-acid peptide, 
which contains an N-terminal extracellular domain, seven 
transmembrane domains, and an intracellular C-terminal 
domain. GHRHR is a 13-exon gene located on chromo-
some 7p14, and its expression requires the presence of  
the pituitary-specific transcription factor 1 (Pou1F1). The 
implication of growth-hormone-releasing hormone re-
ceptor in the etiology of isolated growth hormone defi-
ciency stemmed from observations in a spontaneously  
occurring dwarf mouse model (termed the “little mouse”) 
that has a homozygous missense mutation (Asp60Gly) in 
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the extracellular domain of the receptor gene. Although the 
development of the anterior pituitary is not affected in  
the little mouse, it shows severe anterior pituitary hypoplasia, 
with an almost 10-fold decrease in the number of somato-
trophs and pituitary growth hormone content. In 1996, 
Wajnrajch and colleagues reported on two patients of a 
consanguineous pedigree who had severe isolated growth 
hormone deficiency resulting from a homozygous muta-
tion in the GHRHR that caused premature termination 
of translation (Glu72X, where X represents a stop codon 
after amino acid 72); this would result in a truncated pro-
tein without transmembrane and intracellular domains.466 

An apparently identical mutation has been identified in 
a family from Sri Lanka468 and in 17 members 
of an inbred kindred in Sindh (Pakistan).467 Since then, 
homozygous or compound heterozygous mutations have 
been reported in GHRHR (missense, nonsense, splice site, 
deletions or regulatory mutations), leading to type IB  
isolated growth hormone deficiency. The largest kindred 
with a mutation of GHRHR has been identified in  
Brazil.469 A donor splice mutation in position 1 of exon 
1 results in a severely truncated GHRHR protein.

Missense mutations seem to predominantly affect ligand 
binding, but not cell surface expression of the receptor470 
whereas nonsense and splice site mutations result in trun-
cated, nonfunctioning receptor products.

GHRHR mutations are identified in about 10% of 
patients with familial recessive isolated growth hormone 
deficiency,471 and in about 3% of a selected cohort 
of patients with isolated growth hormone deficiency.472 
Patients are of consanguineous pedigrees or from certain 
ethnic backgrounds, such as from the Indian subconti-
nent and Brazil. Nevertheless, compound heterozygous 
GHRHR mutations have been described in patients from 
nonconsanguineous families. Children with mutations in 
GHRHR have severe growth hormone deficiency and 
short stature, but midfacial hypoplasia, neonatal hypo-
glycemia, and microphallus, as found in those with reces-
sive GH1 mutations, are rare. The anterior pituitary may 
rarely be normal; in the majority, it is hypoplastic. The 
posterior pituitary and the pituitary stalk are within the 
normal range.

Trauma of the Brain or Hypothalamus.  Traumatic 
brain injury (TBI) has been recognized as a cause of ac-
quired hypopituitarism in a number of adult studies. 
Data on pediatric patients are still sporadic, but there is 
a growing awareness that hypopituitarism after TBI is 
underdiagnosed with possible negative effects on growth 
and development.473 Although the pituitary gland is pro-
tected within the sella turcica, the rich vascular network 
of the hypothalamus and pituitary and the structure of 
the pituitary stalk make it vulnerable to the effects of 
traumatic brain injury. The hypothalamus and pituitary 
have a complex vascular supply consisting of long hy-
pophyseal vessels and a rich network of portal capillaries 
that surround the pituitary and infundibulum. The 
pathophysiology of hypopituitarism related to TBI is 
not clearly defined, but it is thought that it is the result 
of direct trauma or of vascular injury resulting in isch-
emia and infarction.474,475 This is supported by the 
anatomic findings of autopsies following head trauma, 

which include anterior lobe necrosis, pituitary fibrosis, 
hemorrhage, infarction, or necrosis of the pituitary 
stalk.476

It is of note that the peripheral layer of anterior pitu-
itary cells, under the capsule, receives arterial blood from 
the capsule and not from the system of portal veins, and 
this may explain why these cells and those in a small area 
adjacent to the posterior lobe are the only surviving cells 
in cases of pure anterior lobe necrosis.477 Somatotrope 
cells are located in the wings of the pituitary gland, their 
vascular supply comes from portal vessels, and they are 
vulnerable to the disruption of blood supply after head 
injury. On the other hand, ACTH and TSH secreting 
cells are located in the medial portion of the pituitary and 
receive blood supply from portal vessels and the anterior 
pituitary artery. This may explain why GHD is the most 
common deficiency seen after TBI.478 Hormone defi-
ciencies may be identified in the first days to weeks post 
trauma (acute phase) or may develop over time (late  
effect). As there is overlap between the symptoms and signs 
of hypopituitarism and those of neurologic-psychological 
sequelae of TBI, it is possible that late evolving or partial 
deficiencies can remain undiagnosed for a long period  
(in different studies the time to diagnosis ranges from 1 
to 40 years).

In the acute phase alterations in endocrine function 
may reflect an adaptive response to acute illness.  
The clinically significant alterations involve mainly  
the regulation of fluid and electrolyte balance (diabetes 
insipidus, syndrome of inappropriate antidiuretic hor-
mone secretion [SIADH], cerebral salt wasting) and the 
hypothalamo-pituitary adrenal axis. Most of the pitu-
itary hormone changes observed in the acute phase are 
transient, and their development cannot predict the 
development of permanent hypopituitarism.479 It has 
been suggested that trauma severity may be the only 
predictor of permanent hypopituitarism,480 although 
not all studies have arrived at this conclusion. It would 
appear that the majority of patients show a degree of 
pituitary hormone dysfunction in the first days after 
TBI (53% to 76%); there is, however, wide variation  
in the reported hormone responses, which reflects the 
differences in patient selection and time of testing.481 
All anterior pituitary hormones can be affected. Pitu-
itary hormone deficiencies present in the acute phase 
are usually transient, but they may persist or appear and 
evolve over time. In adults, the incidence of permanent 
hypopituitarism ranges between 23% and 69% depend-
ing on the study. The growth hormone axis is the most 
frequently affected (10% to 33%), followed by the go-
nadal (8% to 23%), adrenal (5% to 23%), and thyroid 
(2% to 22%) axes. The prevalence of permanent DI 
varies between 0% and 6%.482-485

There have been only sporadic reports of hypopituita-
rism following TBI in children, but prospective studies 
designed to address the problem in the pediatric and  
adolescent population are in progress. The incidence of 
hypopituitarism is reported to range from 10% to 60%, 
and although this is lower in children as compared with 
adults, it is not uncommon.486-488 In general, the long-
term outcome of TBI seems to be more favorable in 
children. Growth hormone deficiency appears to be the 
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main endocrine manifestation, followed by gonadotropin 
deficiency. GHD can present as growth failure, whereas 
delayed or arrested puberty and secondary amenorrhea 
may present in adolescents and in patients in the transi-
tion phase. Hypopituitarism may contribute to the lack 
of energy, fatigability, and reduced bone mineral density 
that can occur after severe head trauma.489 In a number 
of case reports, central precocious puberty has also been 
described in association with head injury presenting 0.4 
to 1.6 years after the event.490 Patients with hypopituita-
rism after head injury may have no clinical signs and 
symptoms suggestive of this disorder, and prompt diag-
nosis requires a high degree of suspicion. A consensus 
guideline on the screening of patients post TBI suggests 
that all patients who had TBI, regardless of its severity, 
should undergo baseline endocrine evaluation 3 and  
12 months after the event or discharge from hospital.491 
For children and adolescents, an algorithm for endocrine 
assessment and follow-up has also been suggested.473 
However, one study reported that permanent hypopitu-
itarism is uncommon after severe brain injury in young 
children when stringent clinical criteria for pituitary  
insufficiency are used. Routine testing of pituitary func-
tion, as suggested for adults, may not be necessary in 
children and will lead to a high number of abnormal test 
results.

Perinatal trauma to the brain, hypothalamus, pitu-
itary stalk, or anterior pituitary may result in isolated 
GHD or in multiple deficiencies of the anterior pitu-
itary, as may child abuse.492,493 Many published series 
of patients with GHD indicate an increased incidence of 
birth trauma, such as breech deliveries, extensive use of 
forceps, prolonged labor, or abrupt delivery.493 Debate 
continues as to whether GHD is the consequence of  
difficult delivery or merely reflects the perinatal conse-
quences of fetal pituitary insufficiency.

Inflammation of the Brain or Hypothalamus.  Inflam-
mation of the brain (resulting from bacterial, viral, or 
fungal infections) may result in hypothalamic/pituitary 
insufficiency.494,495 Hypothalamo-pituitary dysfunction 
has been reported after infectious diseases of the central 
nervous system (i.e., meningitis or encephalitis), with 
most cases being reported as isolated case reports. De-
spite the bias in the selection of cases, one can assume 
that the incidence of endocrine deficiencies depends on 
the virulence of the infectious organism, the severity and 
localization of the disease, and the immune status of the 
host. In a study of 19 adult patients who were investi-
gated 10 to 56 months following CNS infection, 21% 
had ACTH deficiency and 11% had gonadotropin defi-
ciency, whereas no GHD or DI was reported.496 Hypopi-
tuitarism has been reported following infection by a variety 
of agents, including group B streptococcus, Haemophilus 
influenza, and Mycobacterium tuberculosis. The hypothala-
mus or pituitary may also be involved in sarcoidosis.497 
Sarcoidosis is a multisystem granulomatous disease  
of unknown etiology that clinically affects the central 
nervous system in 5% to 10% of cases.498 The effects 
of sarcoidosis on the hypothalamo-pituitary axis are the 
result of infiltration by granulomatous tissue: on MR 
imaging the lesion may infiltrate the hypothalamus  

and pituitary, enhances with gadolinium, and there is 
thickening of the pituitary stalk. The most frequently 
reported endocrine abnormality is diabetes insipidus, 
reported in 25% to 50% of patients with neurosarcoid-
osis.499,500 This is followed by hyperprolactinemia, 
although anterior pituitary dysfunction with hypogonad-
ism has also been reported.501 Sarcoidosis of the nervous 
system has a poor prognosis but long-term remissions 
have been reported with high-dose intravenous pulse 
methyl-prednisolone therapy. Hormonal defects of less 
than 1-year duration may respond to steroid treatment, 
but longer-standing deficits usually persist.502

Hypophysitis is an inflammation of the pituitary gland 
that can be either primary or secondary resulting from 
infection, systemic disease, or irritation from adjacent 
lesions. This inflammatory process mimics, clinically and 
radiologically, tumors of the pituitary area. There are 
three histologic types of primary hypophysitis: lympho-
cytic, granulomatous, and xanthomatous. Lymphocytic 
hypophysitis is the most common type; it involves the 
anterior pituitary and may infiltrate the infundibulum 
and posterior lobe. Lymphocytic hypophysitis occurs 
mainly in young women and is associated with pregnancy 
or the presence of autoimmune diseases including Hashi-
moto’s thyroiditis, Graves’ disease, type I diabetes, and 
SLE.503 There are rare case reports of hypophysitis in 
children and adolescents, and in most cases diagnosis has 
been made only after biopsy and histologic examination. 
In many cases, hypophysitis presented with DI and hypo-
pituitarism and preceded the diagnosis of an intracranial 
tumor, such as germinoma.504-506 In other reports, it pre-
sented with diabetes insipidus and hypogonadotropic 
hypogonadism,507 or in association with common vari-
able immunodeficiency.508 Once the diagnosis is estab-
lished, management is generally conservative, unless 
there are signs of increased intracranial pressure or optic 
nerve compression.

Langerhans cell histiocytosis (LCH) is characterized 
by clonal proliferation and an accumulation of abnormal 
dendritic cells that can affect either a single site or many 
systems causing multiorgan dysfunction.509 In children, 
the median age of diagnosis ranges between 1.8 and  
3.4 years.510,511 LCH infiltrates the hypothalamo-pituitary 
area in 15% to 35% of patients with subsequent develop-
ment of at least one pituitary hormone deficiency.512-514 
In a multicenter French national study of 589 pediatric 
patients with LCH, 145 patients (25%) had pituitary 
dysfunction. In 60 patients, pituitary involvement was 
already present at the time of diagnosis and in 20 of them 
it was the first manifestation of the disease. Patients  
at high risk of pituitary involvement seem to be those 
with multisystem disease involving skull and facial bones, 
mastoid, sinuses, and mucous membranes (i.e. gums, ear, 
nose, and throat region). Furthermore, compared to  
patients without pituitary involvement, patients with  
pituitary involvement have a higher rate of relapse (10% 
at 5 years versus 4.8% at 5 years) and a higher incidence 
of neurodegenerative LCH.515

Diabetes insipidus is the most frequently reported 
permanent consequence of LCH and the most common 
endocrinopathy; almost all patients with pituitary in-
volvement have DI. Diabetes insipidus usually presents 
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early in the course of the disease, within the first 3 to  
5 years, and occasionally may precede the diagnosis of 
LCH. Children with LCH and DI may also have anterior 
pituitary hormone deficiencies, with most deficits devel-
oping in the 6 years following the diagnosis of DI. The 
second most common endocrinopathy is growth hor-
mone deficiency, which occurs in 14% of all patients with 
LCH and in more than 40% of patients who have pitu-
itary involvement.513,514 In the majority of patients, GHD 
is associated with DI, with a median interval of 2.9 to  
3.5 years between the diagnosis of DI and development 
of GHD.516,517 Isolated GHD, or the association of GHD 
with other anterior pituitary hormone deficiencies, occurs 
less commonly.

Pituitary MRI findings in patients with LCH include 
thickening of the pituitary stalk, suggestive of the infil-
trative process, enhancing changes in the pituitary gland 
and hypothalamus, and absence of the bright signal of the 
posterior pituitary in T1-weighted mages, caused by the 
loss of the phospholipid rich ADH secretory granules. 
The latter is an invariable feature of patients who develop 
DI.518,519 Although at the time of diagnosis of DI, 75% 
show a thickened pituitary stalk, only 24% have persis-
tent stalk thickening after 5 years. These changes are 
variable and do not correlate with treatment or with 
clinical recovery as DI persists in all cases.520 The role of 
MRI in predicting the development of anterior hormone 
deficiencies is uncertain. It has been reported that pa-
tients who will become GHD are more likely to have a 
smaller anterior pituitary, whereas the size of the stalk 
and posterior pituitary are not significantly different.

Tumors of the Brain or Hypothalamus.  Tumors of the 
CNS are a major cause of hypothalamic insufficiency.521 
This is especially true for midline brain tumors, such as 
germinomas, meningiomas, gliomas, colloid cysts of the 
third ventricle, ependymomas, and gliomas of the optic 
nerve. Although metastasis from extracranial carcinomas 
is rarely found in children, hypothalamic insufficiency 
may result from local extension of craniopharyngeal car-
cinoma or Hodgkin’s disease of the nasopharynx. Pituitary 
adenomas represent less than 3% of supratentorial tumors 
in childhood and about 3.5% to 6% of all surgically 
treated pediatric pituitary tumors. In most cases they are 
hormonally active, arising from any of the five cell types 
of the anterior pituitary, and may produce prolactin (pro-
lactinomas, 52%), ACTH leading to Cushing’s disease 
(corticotropinomas 33.3%), GH (somatotropinomas 8%), 
or, rarely, TSH (thyrotropinomas). Nonfunctioning pitu-
itary adenomas are rare in children (2.7%) compared to 
adults, where they represent almost 20% of pituitary ad-
enomas. Although the majority of childhood pituitary 
adenomas are prolactinomas presenting in adolescence, 
corticotropinomas are the most common tumors in pre 
pubertal children.522,523 Pituitary adenomas occur in isola-
tion or may be part of a genetic syndrome such as multiple 
endocrine neoplasia type 1 (MEN1), McCune-Albright 
syndrome, or Carney complex. Their pathogenesis is not 
clear, but there is increasing evidence that dysregulation 
in hormone receptor signaling, changes in molecules that 
regulate cell cycle or are important for adhesion to extra-
cellular matrix, as well as changes in growth factors may 

be implicated.524 Their clinical presentation results from 
pituitary hormone hypersecretion or deficiencies, disrup-
tion of growth and sexual maturation, and pressure  
effects. On MRI, pituitary adenomas show slow uptake of 
gadolinium and appear as hypoenhancing lesions that may 
displace the pituitary stalk.

Optic Gliomas

Tumors of the optic pathway represent 4% to 6% of all 
pediatric intracranial tumors and among these the most 
common are optic gliomas (65%). Most optic gliomas  
are low-grade lesions with favorable prognosis if treated 
optimally.525 Gliomas confined to the optic nerve have a 
predilection for females (60% to 70%) and are associated 
with neurofibromatosis type 1 (NF-1) in more than half of 
cases, whereas 38% are sporadic. Children with sporadic 
gliomas were more likely to manifest increased intracranial 
pressure, decreased visual activity and more commonly 
documented endocrine complications.526 The most frequent 
symptoms at presentation are visual defects (diminished 
vision, optic atrophy, strabismus, nystagmus, proptosis), 
ataxia and precocious puberty.527

Because of their close anatomic relation to the hypo-
thalamus and pituitary, dysregulation of the HP axis is 
common and is due either to the tumor itself or secondary 
to treatment. Premature sexual maturation (PSM) is a fre-
quently presenting symptom, whereas the most common 
defect of postcranial irradiation is GHD.528

Cystic Lesions

Cystic lesions in the pituitary area include Rathke’s cleft 
cysts, arachnoidal cysts, and cystic adenomas and cranio-
pharyngiomas. Rathke’s cleft cysts are benign cystic rem-
nants of the Rathke’s pouch. They are usually small (less 
than 5 mm), asymptomatic, and are found in almost 20% 
of routine autopsies.529 Rathke’s cleft cysts consist of 
well-differentiated columnar or cuboidal epithelial cells, 
and the content of the cysts varies. Rathke’s cleft cysts can 
grow gradually and become symptomatic, especially if 
they have suprasellar extension. Symptoms include head-
ache, visual defects, and pituitary dysfunction ranging 
from increased prolactin to pituitary hormone deficien-
cies. Differential diagnosis from other cystic lesions in 
the area is not always easy, as on MRI the cyst fluid shows 
variable signal intensities and therefore cysts can appear 
as hypodense or hyperdense. Almost 50% of Rathke’s 
cleft cysts show rim enhancement. Recurrence of the cyst 
after treatment is rare (2 of 14 patients in one series), and 
it is recommended that treatment should include both 
fluid drainage and cyst wall removal in order to avoid 
relapses.530

Arachnoid cysts consist of a collection of CSF-like 
fluid surrounded by a wall made of arachnoid structures. 
They are mainly suprasellar, with only rare cases being 
intrasellar. Suprasellar cysts are usually diagnosed follow-
ing nonendocrine symptoms such as neurologic deficits, 
macrocephaly, and visual symptoms. Due to the proximity 
of the lesion to the hypothalamo-pituitary area, arachnoid 
cysts may cause central precocious puberty, amenorrhea, 
and hyperprolactinemia, in addition to thyrotropin, 
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ACTH, or GH deficiency. Craniopharyngiomas may result 
in hypothalamic dysfunction and are discussed in greater 
detail under “Pituitary GH Deficiency.”

Irradiation of the Brain or Hypothalamus.  Cranial 
irradiation continues to emerge as an increasing cause  
of hypothalamic/pituitary dysfunction.531-534 Irradiation 
may directly impair hypothalamic and pituitary function, 
and it is not always easy to discriminate between damage 
at each of these levels. In addition, thyroidal and gonadal 
function may also be directly affected if total body irra-
diation or craniospinal irradiation is administered. The 
degree of pituitary impairment is related to the dose of 
radiation received. Low doses typically result in isolated 
GHD. With higher doses, multiple pituitary hormone 
deficiencies are observed. Two to 5 years after irradiation, 
100% of children receiving more than 3000 cGy over  
3 weeks to the hypothalamic-pituitary axis showed sub-
normal GH responses to insulin-provocative tests.535

The degree of pituitary deficiency observed is also di-
rectly correlated to the length of time since irradiation. 
Children who test normally at 1 year post irradiation may 
still develop pituitary deficiencies at later times. Even 
when serum GH concentrations after provocative testing 
are normal, measures of spontaneous GH secretion may 
indicate impairment. As little as 1800 cGy has been shown 
to affect spontaneous GH secretion in pubertal children.

Decreased GH secretion may be further complicated 
by the impact of irradiation on spinal growth, which can 
result in short stature and skeletal disproportion. Sur-
prisingly, cranial irradiation can also result in precocious 
puberty, now believed to be the result of inhibition of 
the normal restraint of puberty imparted by the product 
of the MKRN3 gene—the gene encoding makorin ring-
finger protein 3, which is a paternally expressed, im-
printed gene located in the Prader-Willi syndrome critical 
region (chromosome 15q11-q13).536 This earlier occur-
rence of puberty has the consequence that epiphyseal 
fusion occurs at an earlier age than is ideal from the 
perspective of maximizing growth. Gonadotropin- 
releasing hormone (GnRH) analogs may be necessary  
to delay pubertal progression. The endocrinologist  
observing the child who has received craniospinal irra-
diation must weigh these three factors: evolving hypopi-
tuitarism, decreased spinal growth potential, and early 
puberty and premature epiphyseal fusion. Care must be 
taken to maximize the growth potential of the patient 
without causing skeletal disproportion and without  
delaying puberty excessively or allowing growth to  
terminate too early.

Pituitary GH Deficiency.  As discussed previously, many 
of the disease processes that affect hypothalamic regula-
tion of GH secretion also impact pituitary function. 
Given current diagnostic limitations, it is not in fact al-
ways possible to completely discriminate between hypo-
thalamic and pituitary dysfunction. Furthermore, it is 
likely that many cases of so-called idiopathic GHD will be 
found to have a molecular basis for the disorder. Indeed, 
there has been an explosion of information concerning 
genes critically involved in pituitary somatotrope differ-
entiation and function (Tables 10-2 and 10-3).

At this time, however, a clear cause for pituitary GHD 
is often not identified—hence the term idiopathic. An in-
cidence of pituitary GHD of 1:60,000 live births was re-
ported from the United Kingdom.537 A more recent 
survey of 48,000 Scottish schoolchildren has indicated an 
incidence as high as 1:4000,538 whereas the best estimate 
available in the United States population is at least 
1:3480.539

It is likely, however, that childhood GHD is an over-
diagnosed condition. In particular, the diagnosis of  
acquired idiopathic isolated GHD should always be  
suspect. Although one may argue that destructive or in-
flammatory lesions of the hypothalamus or pituitary may 
only affect GH secretion, that isolated GHD caused by 
a mild mutation/deletion of the GHRH receptor gene 
or GH gene may appear late, or that combined pituitary 
hormone deficiency (CPHD) may first present with 
what appears to be isolated GHD, such circumstances 
appear to be rare. In the absence of anatomic abnor-
malities evident on imaging studies or biochemical  
evidence of CPHD, the diagnosis of acquired isolated 
idiopathic GHD demands careful and thorough docu-
mentation.

Genetic Abnormalities Resulting in Combined  
Pituitary Hormone Deficiency.  Septo-optic dysplasia 
and its relationship to HESX1 was discussed previously.  
Recessive mutations in LHX3 have been identified in 
13 patients from eight unrelated consanguineous fami-
lies, in addition to a single patient who was found to be 
compound heterozygous for two missense mutations 
within the gene. These patients usually present with a 
multiple anterior pituitary hormone deficit, with sparing 
of ACTH in the majority of cases, although patients with 
ACTH deficiency have also been described.540 Pituitary 
morphology is variable between patients with LHX3 
mutations: most patients have a hypoplastic anterior pi-
tuitary with a normal posterior pituitary and midline 
structures540-542; conversely, an enlarged anterior pitu-
itary has also been reported in a patient that was not  
evident in a previous MRI scan performed 10 years ear-
lier.541 Additionally, a patient with a hypointense lesion in 
the anterior pituitary consistent with a microadenoma 
has also been described.543

The majority of patients with LHX3 mutations re-
ported to date have also exhibited a short rigid cervical 
spine with limited neck rotation and trunk movement. 
Again, the skeletal phenotypes can vary, and a single pa-
tient with normal neck rotation and no other syndromic 
features has been reported.542 Analysis of LHX3 expression 
during human development shows a pattern of expression 
in the developing embryonic pituitary highly similar to 
that observed in the mouse. Expression is detected within 
Rathke’s pouch at 5 weeks of development and later in the 
anterior and intermediate region of the pituitary, but not 
in the posterior lobe. Expression of LHX3 is also observed 
in specific regions of the spinal cord corresponding to  
interneuron and motor neuron populations.544 The under-
lying mechanism of the vertebral and skeletal defects in 
patients with LHX3 mutations is unclear because expres-
sion is not detected in the sclerotome or myotome, the 
tissues giving rise to the vertebrae and skeletal muscle.544 
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More recently, an additional phenotype of sensorineural 
deafness has been reported in association with homozy-
gous loss of LHX3.540 The severity of hearing loss is also 
highly variable and can range from profound to very mild 
and may be missed in some cases. A direct role may be 
implicated here because LHX3 is expressed in specific  
regions of the inner ear in a pattern highly conserved  
between humans and mice, and it is likely to have a role in 
cochlea hair cell development.540

To date, four separate reports have described six het-
erozygous mutations within LHX4, with all patients 
exhibiting GH deficiency and associated short stature 
on presentation, again with variable additional endo-
crine deficits and extrapituitary abnormalities. A het-
erozygous intronic mutation that abolishes normal 
splicing of LHX4 was initially reported by Machinis 
and colleagues545 in a three-generation family segregat-
ing in a dominant and fully penetrant manner. The 
probands presented with short stature and were found 
to be GH, TSH, and ACTH deficient, with anterior 
pituitary hypoplasia, an undescended posterior pitu-
itary, and absent pituitary stalk on MRI. Other affected 
family members presented with short stature associated 
with IGHD and a normal posterior pituitary. Additional 
manifestations included a poorly formed sella turcica 
and pointed cerebellar tonsils. A second, de novo muta-
tion, producing a p.P366T substitution, was associated 
with a more severe panhypopituitary phenotype. MRI 
demonstrated a hypoplastic anterior pituitary, an unde-
scended posterior lobe, a poorly developed sella turcica, 
and a Chiari malformation. In a screen of 253 patients, 
Pfaeffle and colleagues546 identified an additional three 
heterozygous missense mutations—one occurring be-
tween the two LIM domains of the protein (p.R84C) 
and two within the homeodomain (p.L190R, p.A210P). 
The p.A210P mutation was identified in two female 
siblings presenting with short stature and GH deficiency; 
MRI showed that both had a hypoplastic anterior lobe 
with cystic lesions but a eutopic posterior pituitary. One 
sister had a more severe hypopituitary phenotype with 
additional TSH, ACTH, and gonadotropin deficien-
cies, whereas the other had only partial TSH deficiency. 
The mutation was inherited from their father who had 
short stature and low GH but no evidence of other hor-
mone deficiencies. The p.R84C mutation was identified 
in a single male patient presenting with short stature 
and was found to be GH and TSH deficient, later de-
veloping gonadotropin deficiency with pubertal failure. 
The p.L190R mutation was associated with GH, TSH, 
and ACTH deficiency. Patients with both of the latter 
mutations had a small anterior pituitary and an unde-
scended posterior pituitary on imaging, with no abnor-
malities in other regions of the brain. More recently, 
two brothers have been described with a single base 
insertion in exon 3 (c.293_294insC) resulting in a 
frameshift after codon 99. Both siblings presented  
with GH and TSH deficiencies with pituitary hypopla-
sia and a poorly developed sella turcica. The youngest 
brother also had a hypoplastic corpus callosum and an 
undescended posterior pituitary. Their father, who also 
harbored the mutation, was GH deficient and had  
experienced delayed puberty.547

The gene PROP1 (standing for prophet of Pit1) is 
involved in the early determination and differentiation of 
multiple anterior pituitary cell lineages.548,549 Abnormali-
ties of PROP1 result in CPHD, characterized by variable 
degrees of deficiency of GH, prolactin, TSH, follicle-
stimulating hormone (FSH), luteinizing hormone, and 
occasionally ACTH.549-553

As a result of the identification of Prop1 as the gene 
underlying the Ames dwarf phenotype, the first muta-
tions in PROP1 were identified in human patients with 
hypopituitarism characterized by GH, TSH, and PRL 
deficiencies in addition to reduced gonadotrophins and 
failure to enter spontaneous puberty.551 Subsequently, 
more than 26 distinct mutations have been identified in 
more than 180 patients from over 21 different countries, 
implicating PROP1 mutations as the most common 
genetic cause of CPHD accounting for approximately 
50% of familial cases,549-553 although the incidence 
in sporadic cases is much lower.554,555 All affected indi-
viduals exhibit recessive inheritance, and the majority  
of mutations identified involve the DNA binding home-
odomain, which is highly conserved between human 
and mouse, showing 91% identity at the nucleotide 
level.551,556 The mutations in PROP1 identified to date 
include nonsense, missense, frameshift, intronic, and 
deletion mutations. The majority of the mutations  
are predicted to result in complete loss of function by 
ablating DNA binding and transcriptional activation, 
although some missense mutations retain partial activ-
ity.557,558 By far the most common mutation, accounting 
for 50% to 72% of all familial PROP1 mutations in 
multiple unrelated families,549 is a 2-bp deletion within 
exon 2 resulting in a frameshift at codon 101 and the 
introduction of a termination codon at position 109 
(often referred to as p.S109X). The deletion occurs 
within three tandem GA repeats, so the 2 bp deleted 
cannot be defined; consequently this mutation has been 
referred to as c.296delGA and c.301_302delAG in  
different reports. This mutation is likely to represent a 
mutational hot spot within the gene, rather than a  
common founder mutation, and combined with the  
incidence of the c.150delA mutation it accounts for 
more than 90% of all known PROP1 mutations.

Homozygosity for mutations in PROP1 is typically 
associated with a deficit of GH, TSH, PRL, and gonado-
trophins, although the time of onset and severity of hor-
mone deficiency varies. Most patients present with early-
onset GH deficiency and growth retardation; however, 
normal growth in early childhood has been reported in a 
patient who attained normal final height without GH 
replacement therapy.559,560 Patients may present with 
gonadotropin deficiency with the evolution of other  
hormone deficiencies later in life. TSH deficiency is also 
highly variable and has been reported as the initial pre-
senting symptom in some cases, whereas other patients 
show delayed onset. Onset of ACTH deficiency is  
significantly correlated with increasing age, and most 
patients exhibit normal ACTH and cortisol levels in early 
life561-564; however, patients as young as 6 years have been 
described with cortisol deficiency emphasizing the neces-
sity for complete and continued clinical assessment of 
patients with PROP1 mutations.565,566



SECTION III Endocrine Disorders in Children and Adolescents342

Although PROP1 has been shown to play a critical 
role in mouse gonadotrope differentiation, the spectrum 
of human gonadotropin deficiency is extremely variable 
in patients with PROP1 mutations, ranging from early 
hypogonadism with a micropenis and undescended testes 
and complete lack of pubertal development to spontane-
ous, albeit often delayed, onset of puberty with subse-
quent deficiency of gonadotropins, requiring hormone 
replacement therapy. Variation in the timing and severity 
of gonadotropin deficiency could mean that hypogonad-
ism in patients with PROP1 mutations is acquired and 
late evolving rather than early congenital, consistent with 
a role for PROP1 in maintenance or terminal differentia-
tion of gonadotropes rather than initial specification. 
However, a number of individuals with mutations may 
have congenital gonadotropin deficiency, given the pres-
ence of a micropenis and bilaterally undescended testes  
at birth.

The pituitary morphology in patients with PROP1 
mutations is unpredictable; most cases show a hypoplas-
tic or normal-sized anterior pituitary gland on imaging, 
with a normal pituitary stalk and posterior lobe, although 
some reports have documented an enlarged anterior 
gland.551,561 Longitudinal analyses of anterior pituitary 
size over time have revealed that several patients with an 
enlarged anterior gland at initial scanning in childhood 
show spontaneous regression and involution, so that 
MRI in older patients often demonstrates anterior pitu-
itary hypoplasia, although the size of the pituitary can 
wax and wane during this time.555 The pituitary enlarge-
ment consists of a mass lesion interposed between the 
anterior and posterior lobes, possibly originating from 
the intermediate lobe567 or Rathke’s pouch remnant in 
the cleft, although the underlying mechanism for the 
mass remains unknown. Evidence from the mouse (dis-
cussed previously) suggests that PROP1 regulates the 
migration of progenitor cells from Rathke’s pouch into 
the developing anterior pituitary, and in the absence of 
functional PROP1, undifferentiated cells are trapped  
in the periluminal area resulting in enlargement of the 
anterior pituitary followed by apoptosis.568 Such a mech-
anism would be an attractive explanation for the human 
imaging findings, but, of course, would be difficult to 
establish and cannot account for the waxing and waning 
of the mass. Earlier biopsies of such a mass failed to  
reveal any definitive histopathology, with no cell types 
identified,569 and such material is now likely to prove 
elusive, as these masses no longer require surgical re-
moval in patients with identified PROP1 mutations.

The evolving nature of hormone insufficiencies in  
patients with PROP1 mutations suggests a progressive 
decline in the anterior pituitary axis, so such patients re-
quire regular monitoring for the development of hormone 
deficits that may not be apparent on initial presentation. 
The highly variable nature of the phenotype associated 
with PROP1 mutations, even between siblings within the 
same family carrying identical mutations, together with 
the observation of phenotypic differences in Prop1 mutant 
mice on different genetic backgrounds again implicate 
unidentified genetic modifiers playing a role in the severity 
and onset of disease pathogenesis.

POU1F1 is the human homologue of the mouse gene 
pit1 and encodes a transcription factor involved in activa-
tion of GH and prolactin genes, regulation of the TSH-b 
promoter, and specification, proliferation, and survival of 
the corresponding cell lineages.92,570 Mutations within 
POU1F1 (PIT1) were first reported in 1992 by four inde-
pendent groups571-575 and are generally associated with 
GH, PRL, and TSH deficiencies with variable anterior 
pituitary hypoplasia, consistent with the phenotype of 
Snell and Jackson dwarf mice, which harbor a point mu-
tation and a genetic rearrangement of Pit1 respectively. 
Deficiencies of GH and PRL are generally complete and 
present early in life, whereas TSH deficiency can be 
highly variable. The majority of cases present with early 
TSH deficiency; however, in some cases hypothyroidism 
occurs later in childhood.571,576 MRI of patients with 
POU1F1 mutations demonstrates a small or normal-
sized anterior pituitary gland with a normal posterior 
pituitary and infundibulum, but with no extrapituitary 
abnormalities. More than 28 mutations in POU1F1 have 
been described to date; 23 of these show recessive in-
heritance, including a complete gene deletion as well as 
splice site mutations, whereas 5 are dominant mutations, 
found in more than 60 patients from several countries. 
Of these, the amino acid substitution p.R271W is the 
most frequent having been identified in several unrelated 
patients from a variety of ethnic backgrounds. The 
R271W substitution results in production of a protein 
that remains capable of binding to DNA but acts as a 
dominant negative inhibitor of transcription.572

Studies of POU1F1 in CPHD patient cohorts suggest 
that the incidence of mutations in cases of sporadic 
CPHD is quite low (approximately 3% to 6%), whereas 
the incidence among familial patients with hypopituita-
rism is much greater (25%).576 Overall, screening studies 
suggest that abnormalities of POU1F1 are less common 
causes of CPHD than are abnormalities of the PROP1 
gene.549,570

Haploinsufficiency of the homeobox gene RIEG results 
in Rieger syndrome, an autosomal-dominant disorder that 
involves abnormal development of the anterior chamber of 
the eye, teeth, and umbilicus—with an occasional associa-
tion with GHD.577,578 The rieg/pitx2 null mouse has been 
shown to be characterized by multiple pituitary hormone 
deficiency (MPHD).

Genetic Abnormalities of GH Production 
or Secretion Resulting in isolated GHD

It has been reported that up to 30% of patients with iso-
lated GHD have an affected parent or sibling. In addition 
to the abnormalities of the PROP1 and POU1F1 genes 
described previously, in which abnormalities of GH se-
cretion are associated with decreased secretion of other 
anterior pituitary hormones, four Mendelian forms of 
isolated GHD have been reported579,580 (see Table 10-3).

Isolated GHD IA results from deletions (6.7, 7, 7.6, and 
45 kb deletions have been reported) or mutations of the 
GH1 gene that totally block GH synthesis or secre-
tion.581-583 Transmission of isolated GHDIA is autosomal 
recessive, and patients have profound congenital GHD. 
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Because GH has never been produced by the patient, even 
in fetal life, patients are immunologically intolerant of GH 
and typically develop anti-GH antibodies when treated 
with pituitary-derived or recombinant DNA–derived GH, 
although development of growth-attenuating antibodies 
appears to be less frequent with the newer synthetic GH 
preparations.

When antibodies prevent a patient from responding 
to GH, GHDIA can be viewed as a form of GHI and the 
patient is a candidate for IGF-1 therapy. The less severe 
form of autosomal-recessive GHD (isolated GHDIB) is 
likely to also be the result of mutations or rearrange-
ments of the GH1 gene, presumably resulting in a GH 
molecule that retains some function but is perhaps un-
stable.584 Additionally, mutations in the GHRHR also 
lead to GHD1B. To date, however, most patients with 
presumed isolated GHDIB have not demonstrated an 
alteration of the GH1 and GHRHR genes and the cause 
of their GHD remains unclear. These patients generally 
respond to GH therapy, and development of clinically 
significant anti-GH antibodies is unusual.

Isolated GHDII is transmitted as an autosomal domi-
nant. Such patients usually have abnormalities of the 
GH1 gene that function in a dominant negative manner. 
The most common causes of this disorder appear to be 
splice site and intronic mutations that inactivate the 
59-splice donor site of intron 3, resulting in skipping of 
exon 3 with generation of the 17.5-kDa isoform of 
growth hormone that exerts a dominant-negative effect 
on the secretion of the 22-kDa molecule. McGuiness 
and colleagues demonstrated that transgenic mice that 
overexpress the 17.5-kDa isoform have a defect in the 
maturation of the growth hormone-containing secretory 
vesicles and display anterior pituitary hypoplasia.572 
More important, genetically modified mouse strains that 
express multiple copies of the exon 3-deleted allele had 
a more severe phenotype, almost undetectable growth 
hormone levels and profound pituitary hypoplasia, with 
loss of somatotrophs and macrophage invasion, com-
pared with mice expressing fewer copies of the allele. 
Unexpectedly, the most severely affected animals also 
developed deficiencies in TSH, prolactin, and luteiniz-
ing hormone. Thus, the activated macrophages possibly 
accelerate the loss of somatotrophs, and other cell types 
may be destroyed as a consequence of a “bystander”  
effect.585

At the cellular level, the 17.5-kDa isoform lacks the 
protein linker domain and a cysteine residue (Cys53) in-
volved in the formation of a disulfide bond between the 
first two helices of growth hormone and is, therefore, 
retained in the endoplasmic reticulum. This retention 
triggers a misfolded protein response and disrupts the 
secretory pathway and trafficking of growth hormone 
and other hormones, including adrenocorticotropic hor-
mone (ACTH). The amount of the 17.5-kDa product 
has to reach a critical threshold to exert its dose-depen-
dent effects, with increasing amounts leading to reduced 
cell proliferation and apoptosis of somatotrophs.586-588

Exon 3 skipping and the generation of the 17-kDa 
isoform can also result from mutations other than in the 
conserved consensus splice sites. The first seven bases of 

exon 3 are crucial for correct GH1 splicing as they con-
tain an exonic splice enhancer motif (eSe1, which has the 
sequence GAAGAAG) that strengthens the use of the 
weak 39-splice site upstream of exon 3 and suppresses a 
downstream cryptic splice site.589 The first mutation in 
eSe1 was reported by Moseley and colleagues590 in the 
fifth nucleotide of exon 3 (e3 1 5A . G); although this 
mutation results in an amino acid change from glutamate 
to glycine (Glu33Gly), its mechanism of action has been 
shown to occur via its effect on splicing. In vitro transient 
expression assays demonstrated that, in addition to  
complete exon skipping, the mutation resulted in the 
activation of the downstream cryptic splice site at nucleo-
tide 45 of the exon (e3 1 45) causing loss of amino acids 
32 to 46 of the growth hormone molecule, which leads  
to the production of a 20-kDa isoform. The 22-kDa iso-
form represented only 11% of transcripts, whereas the 
majority comprised the 17.5-kDa (62%) and 20-kDa 
(27%) products. In fact, mutations in any of the bases of 
eSe1 lead to either complete or partial skipping of exon 
3, resulting in the generation of both the 17.5-kDa and 
20-kDa isoforms at various concentrations (35% to 68% 
and 20% to 37%, respectively). Exon 3 skipping can also 
result from disruption of sequences in IvS3 downstream 
of the consensus splice sites that affect intronic splice 
enhancers or the branching point site. These findings 
support the notion that the size of intron 3 is important 
for the integrity of the splicing mechanism.

Missense mutations that affect growth hormone secre-
tion or action can also cause autosomal dominant isolated 
growth hormone deficiency. Patients with the Arg183His 
mutation have impaired release of growth hormone as, at 
the cellular level, the secretory granules that contain the 
mutant Arg183His protein are not exocytosed as effec-
tively as those containing the wild-type hormone.591 Other 
mutations (for example, Pro89leu) can cause more pro-
found and early disturbances in the secretory pathway by 
alteration of the orientation of the growth hormone heli-
ces and an effect on the correct folding of the molecule.592

Patients with autosomal dominant isolated growth hor-
mone deficiency have substantial variation in the severity of 
growth hormone deficiency. They present with low but 
detectable serum growth hormone levels, variable height 
deficit, and can show anterior pituitary hypoplasia on MRI 
(38% to 50%).593,594 Data on pedigrees with the Arg183His 
or e311G.A mutations highlight the fact that patients 
with the same mutation can vary considerably in height  
(# –4 SDS to normal) and even attain normal adult height 
without treatment. Patients with splice site mutations are 
thought to be more severely affected than those with mis-
sense mutations595; however, patients with the IvS311 
or IvS312 splice site or the Pro89leu mutations can de-
velop additional pituitary hormone deficiencies, including 
ACTH, prolactin, TSH, or gonadotropin deficiency.596,597 
This evolving phenotype is unpredictable and dictates the 
need for lifelong follow-up of affected individuals. Another 
intriguing observation is that, even in patients with a  
genetic cause (for example, Glu32Ala), growth hormone 
deficiency seems to reverse when they are retested at  
the end of growth, in the transition period before transfer 
from pediatric to adult services. However, this effect is 
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temporary, observed in patients tested at the time of transi-
tion who should not be discharged from follow-up.598

Isolated GHDIII is transmitted in an X-linked man-
ner. Little is known about the etiology of this condition, 
although rare mutations in SOX3 can be associated with 
IGHD with or without learning difficulties.

Congenital Abnormalities of the Pituitary

A number of reports have described the association of 
“idiopathic” GHD with an ectopic neurohypophysis.599-601 
Magnetic resonance imaging (MRI) findings have been 
described in several series of patients with idiopathic 
dwarfism. Abrahams and associates600 studied 35 patients 
with idiopathic GHD and found that those with MRI 
findings could be divided into two groups: 43% had an 
ectopic neurohypophysis (neurohypophysis located near 
the median eminence), absent infundibulum, and an ab-
sence of the normal posterior pituitary bright spot, and 
43% had a small anterior pituitary as an isolated finding 
or combined with an ectopic neurohypophysis.

All in all, an ectopic neurohypophysis was found in 
87% of cases with multiple pituitary hormone defi-
ciencies but in only 10% of cases with isolated GHD. 
Kuroiwa and coworkers601 suggested that the ectopic 
neurohypophysis, typically visualized as a bright spot 
at the median eminence, might be the consequence of 
perinatal asphyxia.

In other studies, however, high-resolution MRI find-
ings of one or more of the following have been suggested 
to be sensitive or specific indicators of hypopituitarism: a 
small anterior pituitary, attenuated pituitary stalk, and 
ectopic posterior pituitary. In one study,602 pituitary ab-
normalities were found in 80% with isolated GHD and 
93% with MPHD. In patients whose peak growth hormone 
level was less than 3 ng/mL, 90% had MRI findings—
compared with 39% of those with growth hormone levels 
3 ng/mL or greater. In another study,603 the stalk was 
abnormal in 90% of patients with IGHD and was absent 
in 96% of patients with MPHD. Thus, MRI abnormali-
ties are common in children with isolated GHD and 
MPHD and are closely associated with the severity of 
GHD. Patients with structural abnormalities will need 
lifelong follow-up as adults due to the risk of developing 
other pituitary hormone deficiencies. Patients with an 
ectopic posterior pituitary, however, can also show rever-
sal of their growth hormone deficiency on retesting at the 
time of transition from pediatric to adult services or in 
adulthood.604,605

Tumors Involving the Pituitary.  Many of the tumors 
that affect hypothalamic function also directly impact 
pituitary secretion of GH.521 In particular, craniopha-
ryngiomas comprise a major cause of pituitary insuffi-
ciency.606,607 Some consider this tumor a congenital 
malformation because it is believed to be present at 
birth, gradually growing over the ensuing years and 
decades. Craniopharyngiomas are rare epithelial tu-
mors of embryonal origin, derived from remnants of 
Rathke’s pouch.608 The tumor arises from rests of squa-
mous cells at the junction of the adenohypophysis and 
neurohypophysis. As it enlarges, it forms a cyst that 

contains degenerated cells and that may calcify but 
does not undergo malignant degeneration. In children, 
craniopharyngiomas represent 5% to 15% of intracra-
nial tumors and are the most common neoplasm of the 
hypothalamo-pituitary area, accounting for up to 80% 
of tumors in this location.609,610 Their incidence in the 
United States is 1.3 per million per year, and almost 
28% affect children younger than 14 years.611 Data 
from the UK registry show that there are 15 new cases 
per year in children under 15 years of age. There is a 
bimodal peak in incidence: the first peak occurs in chil-
dren between 5 to 14 years and the second peak in 
adults older than 50 years. Patients can, however, be 
diagnosed at any age and have even been reported in 
the neonatal period.

At presentation, most craniopharyngiomas have a 
combined intra and suprasellar location (74.2%) and 
almost half have hypothalamic involvement (51.6%).  
A smaller percentage is exclusively suprasellar (22.6%) 
or confined within the sella turcica (6% to 3%). Almost 
one third invade the floor of the third ventricle and may 
cause obstructive hydrocephalus.612,613 In pediatric pa-
tients, craniopharyngiomas are predominantly cystic 
(56.7%), multicystic (16.7%), predominantly solid 
(13.3%), purely solid (10%), or purely cystic (3.3%). 
The cystic fluid is viscous and rich in cholesterol and 
the incidence of calcification is much higher in children 
(83.3%) compared to adults.614

There are two main histologic types: the most  
common is the adamantinomatous type and consists of 
epithelial neoplastic cells that resemble those found in 
lesions of the jaw; the papillary type is much more rare 
and is found almost exclusively in adults. Although  
craniopharyngiomas are histologically benign, they can 
extend from their initial site, develop papillae, and invade 
vital surrounding tissues including the hypothalamus and 
optic chiasm. This attachment makes their complete  
excision difficult, if not impossible, and contributes to 
tumor recurrence and morbidity.

Craniopharyngiomas are typically sporadic tumors. 
There have been, however, rare case reports of affected 
family members suggesting recessive inheritance. Ge-
netic studies of craniopharyngiomas have suggested a 
role for the Wnt signaling pathway; there is evidence that 
the activation of beta-catenin may have a role in the 
pathogenesis of adamantinomatous craniopharyngiomas. 
Beta-catenin is a cytoplasmic protein important for cell-
cell adhesion and association with cadherins. It is also a 
downstream component of the Wnt signaling pathway 
that regulates many developmental processes such as cell 
proliferation, axis orientation, and organ development. 
Sekine and colleagues found mutations in beta-catenin in 
all adamantinomatous craniopharyngiomas they exam-
ined.615 Although further studies confirmed that it is the 
adamantinomatous, and not papillary, craniopharyngio-
mas that have heterozygous missense mutations in beta-
catenin, the reported rate was lower (16%, 7 of the  
43 examined).616 Overactivation of the Wnt signaling 
pathway in the pituitary in a mouse model has led to the 
development of tumors that are highly reminiscent of 
craniopharyngioma and offers further hope for possible 
medical therapy.41
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Clinical signs and symptoms of craniopharyngiomas 
can arise at any age, from infancy to adulthood, but most 
typically occur in mid-childhood. The most common 
presentation is with symptoms of increased intracranial 
pressure (up to 75%), such as headaches, vomiting, or 
oculomotor abnormalities. Impaired vision is common. 
Visual field defects may result from compression of the 
optic chiasm, and papilledema or optic atrophy may be 
observed. Visual and olfactory hallucinations have been 
reported, as have seizures and dementia.

It is estimated that 70% to 80% of children have evi-
dence of endocrine deficiencies at presentation and that 
growth failure is observed in 32% to 52% of children 
prior to diagnosis. Low concentrations of IGF-1 have 
been reported in 80% of children at time of diagnosis. 
GH deficiency is the most common hormone deficiency, 
documented in 75% to 100% of those tested before 
treatment. It is followed by ACTH (20% to 70%) and 
TSH (3% to 30%) deficiencies. Compression of the  
pituitary stalk or damage of hypothalamic dopaminergic 
neurons results in elevated PRL concentrations,  
observed in 8% to 20% of children at diagnosis. The 
incidence of diabetes insipidus at presentation varies be-
tween 10% and 29% of patients depending on the study.  
However, in one study almost half of patients had DI at 
presentation. The authors suggested that the incidence 
of DI is either underestimated or may be masked by the 
simultaneous presence of ACTH deficiency.617 In adoles-
cence in particular, craniopharyngiomas present with 
delayed puberty or pubertal arrest: in a series of 56 patients, 
all adolescents complained of delayed puberty.617 Rare 
presentations include precocious puberty39 and syndrome 
of inappropriate antidiuretic hormone secretion.

Lateral skull films often demonstrate enlargement or 
distortion of the sella turcica, frequently accompanied by 
suprasellar calcification(s). Nevertheless, some children 
with craniopharyngiomas will have normal plain films 
(and alternative radiologic techniques are recommended). 
Computed tomography is a sensitive technique for iden-
tification of small amounts of calcification or cystic  
abnormalities. MRI is probably the most sensitive  
technique.

Craniopharyngiomas appear as mass lesions in the sel-
lar or suprasellar area that may extend to the hypothala-
mus and invade the third ventricle. Adamantinomatous 
craniopharyngiomas are predominantly cystic and the 
cystic portion of the lesion appears hyperintense in T1 
and T2 images. The solid part of the tumor shows areas 
of high and low signal intensity that represent areas of 
calcification and hemosiderin deposits. In the majority of 
cases (58% to 76%), the size of craniopharyngiomas, as 
estimated by MRI or computed tomography (CT), has 
been reported to be 2 to 4 cm, whereas it is smaller than 
2 cm in 4% to 28% cases and more than 4 cm in 14% to 
20%.610,614

The management of craniopharyngiomas is complex, 
controversial, and it is best achieved by a multidisci-
plinary approach. Aims of the treatment are to relieve 
acute signs and symptoms of compression (raised intra-
cranial pressure, threatening visual failure), to preserve 
hypothalamic function, thus reducing later morbidity 
and mortality, and to provide long-term control and 

prevent recurrence. What has been evident from differ-
ent studies is that the extent of surgical resection is 
probably the most important factor that influences the 
recurrence of craniopharyngioma.618 In patients who 
had surgery only, the 10-year recurrence free survival 
rate was 83% after total removal, 50.5% after subtotal 
removal, and 15.6% after partial removal. Tumor recur-
rence usually occurs in the first 5 years and is relatively 
rare thereafter. However, even after complete resection 
confirmed radiologically, relapses occur in up to 15% to 
25% of patients. In older series, however, when patients 
were treated with radical and repeated surgical resec-
tions, mortality was high (25% to 50%) and hypotha-
lamic, visual, and cognitive morbidity occurred in the 
majority (75%), especially in craniopharyngiomas with 
suprasellar or retro-chiasmatic extension.612

Guidelines for the multidisciplinary management  
of children with craniopharyngioma have been pub-
lished.619,620 It is now suggested that patients can be cat-
egorized in two risk groups with respect to management 
and prognosis. The good risk group includes older chil-
dren with small tumors (2 to 4 cm) and no hypothalamic 
syndrome or hydrocephalus. Younger children, with 
larger tumors (. 2 to 4 cm) and hypothalamic syndrome 
or hydrocephalus are in the poor risk group. Complete 
radical resection, with or without adjuvant radiotherapy, 
is suggested for the good risk group, whereas limited 
surgery and immediate or delayed radiotherapy is the 
treatment of choice for the poor risk group.

Psychosocial Dwarfism.  An extreme form of “failure to 
thrive” is observed in a condition labeled “psychosocial 
dwarfism” or “emotional deprivation dwarfism.”621-623 
Most cases of failure to thrive can be traced back to a 
poor home environment and inadequate parenting, with 
improved weight gain and growth observed on removal 
of the infant from the dysfunctional home. In 1967,  
Powell and coworkers622 described a group of children 
with dramatic behavioral manifestations beyond those 
observed in the typical infant with failure to thrive. Be-
havior was characterized by bizarre eating and drinking 
habits (such as drinking from toilets), social withdrawal, 
and primitive speech. GH secretion was abnormally low 
after provocative testing but returned to normal on re-
moval from the home. Concomitantly, when eating and 
behavioral habits normalized children experienced a  
period of catch-up growth.

The neuroendocrinologic mechanisms involved in 
psychosocial dwarfism remain to be elucidated; however, 
GH secretion is abnormal, and ACTH and TSH activity 
may also be reduced—although some patients have been 
reported to be hypercortisolemic. Even though GH  
secretion is reduced, treatment with GH is not usually of 
benefit until the psychosocial situation is improved. It is 
our experience that whereas failure to thrive is a common 
cause of poor growth in infancy, the constellation of find-
ings described in psychosocial dwarfism is, fortunately, 
rare.

GH Neurosecretory Dysfunction.  Because of concerns 
that tests of GH secretion after pharmacologic provoca-
tion do not accurately reflect normal GH secretion, it has 
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been argued that there exists a group of children with 
“GH neurosecretory dysfunction”—identified by frequent 
serum sampling over a 12- to 24-hour period or by con-
tinuous serum withdrawal over a similar period of 
time.624,625 GH neurosecretory dysfunction is character-
ized by short stature and poor growth, normal provocative 
serum GH concentrations, reduced 24-hour serum GH 
concentrations, and low serum IGF-1 concentrations. 
There appears to be little doubt that some children should 
be considered GH deficient, even if they pass provocative 
GH testing, although whether such patients should be 
identified by 24-hour GH sampling or by measures of the 
IGF axis remains controversial. This subject is discussed 
later in the chapter.

Acquired Idiopathic Isolated GHD.  In most pediatric 
endocrine centers, many children receiving GH carry a 
diagnosis of acquired idiopathic isolated GHD. As stated 
previously, this diagnosis should always be considered 
somewhat suspect—although it is clear that some of these 
patients may actually have undiagnosed gene defects in 
GH production/secretion or have first manifestations of 
combined pituitary hormone deficiencies. Tauber and 
colleagues626 performed GH stimulation tests on 131 
young adults who carried the diagnosis of childhood-
onset GHD. Of 10 subjects with organic GHD, 90% had 
peak GH concentration less than 5 ng/mL. On the other 
hand, 67% of 121 subjects carrying a diagnosis of idio-
pathic GHD had a peak GH concentration that was 
greater than 10 ng/mL and only 17% had a peak concen-
tration that was less than 5 ng/mL.

This study also compared retesting results when sub-
jects were divided into complete GHD (defined by an 
initial peak), stimulated GH level less than 5 ng/mL, and 
partial GHD (defined by a peak GH level after two 
stimulation tests of between 5 and 10 ng/mL or one test 
below 10 ng/mL and a 24-hour GH level below 2.5 ng/
mL). Subjects with partial GHD were twice as likely to 
have normal GH responses on retesting than were those 
with complete GHD (71% versus 36%, respectively).

In a similar study, Maghnie and coworkers627 reinves-
tigated 35 young adults with childhood-onset GHD di-
vided into four groups according to their first pituitary 
MRI: isolated GHD and normal pituitary volume; iso-
lated GHD and small pituitary volume; isolated GHD or 
MPHD, together with hypothalamic-pituitary abnor-
malities on MRI such as pituitary hypoplasia, pituitary 
stalk agenesis, and posterior pituitary ectopia; and 
MPHDs secondary to craniopharyngioma. On retesting, 
all subjects in the first and second groups had normal GH 
responses to provocative testing, regardless of pituitary 
size. On the other hand, all subjects in the third and 
fourth groups had peak GH responses less than 3 ng/mL. 
These findings and those of a number of similar stud-
ies628 have indicated that the likelihood of sustained 
GHD is much greater in cases of MPHDs or structural 
abnormalities of the hypothalamus/pituitary.

Bio-inactive GH.  Serum GH exists in multiple molecu-
lar forms, representing alternative posttranscriptional or 
posttranslational processing of the mRNA or protein, re-
spectively. It is conceivable that different molecular forms 

of GH may have varying potency in stimulating skeletal 
growth, although this remains to be rigorously demon-
strated. It has been suggested that some cases of short 
stature may be characterized by serum GH forms that 
have normal immunopotency but reduced biopotency.629 
No completely convincing cases of “bio-inactive GH” had 
been demonstrated until 1996, when Takahashi and col-
leagues630,631 reported two cases that were heterozygous 
for point mutations in GH1. One patient was character-
ized by a R77C mutant GH molecule that bound with 
high affinity to the GHBP but abnormally to the GHR.

The mutant molecule appeared to behave in a domi-
nant negative fashion and could inhibit tyrosine phos-
phorylation through the GHR. The affected patient had 
a partial clinical response to GH, and the father (who was 
heterozygous for the same mutation) was phenotypically 
normal—thereby raising some questions about the phys-
iologic significance of this mutation. A second patient, 
with a D112G mutation, produced a GH molecule that 
apparently inhibits GHR dimerization. This patient, 
however, was able to respond to exogenous GH by in-
creasing serum IGF-1 and accelerating growth. Although 
searches will continue for other examples of GH variants 
with decreased activity, it seems likely that true “bio- 
inactive GH” is a rare cause of growth failure.

Primary IGFD and GH Insensitivity(GHI).  It is im-
portant to consider growth in the context of both GH 
secretion and GH sensitivity, each of which can operate 
alone or in combination in a variety of patients—including 
those with ISS (Figure 10-24). GHI describes patients 
with the phenotype of GHD but with normal or elevated 
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FIGURE 10-24 n  Dual contributions of GH secretion and action to 
growth. (From Cohen, P. (2006). Controversy in clinical endocrinol-
ogy: problems with reclassification of IGF-1 production and action 
disorders. J Clin Endocrinol Metab, 91, 4235–4236.)
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serum GH concentrations110,632 (Box 10-4). Primary 
GHI implies abnormalities of the GHR, including the 
extracellular GH binding site, the extracellular GHR 
dimerization site, the transmembrane domain, or the 
intracellular site; post-receptor abnormalities of GH 
signal transduction; and primary defects of IGF-1 bio-
synthesis. The term “Laron syndrome” is commonly 
applied to these entities. Secondary GHI is an acquired 
condition and includes circulating antibodies to GH, 
antibodies to the GHR, malnutrition, and hepatic dis-
ease. As Boxes 10-1 and 10-4 and Table 10-3 show, a 
growing number of genes have been identified in the 
distal portion of the GH-IGF axis, and defects of each 
one have specific phenotypic and biochemical character-
istics (Table 10-4). Additionally, different mutations 
of the same gene may result in significant variability in 
the phenotype. This has led to the concept of a contin-
uum of GH insensitivity, ranging from severe (with 
heights as low as 210 SD and undetectable serum IGF-I 
concentrations) to quite mild (heights and serum IGF-I 
concentrations at the lower part of the normal range). 
Details concerning each of the molecular defects in-
volved in GHI, IGFD, and IGF resistance are available 
at www.growthgenetics.com.

The initial report of what proved to be a defect of  
the GH receptor, by Laron and colleagues, described 
“three siblings with hypoglycemia and other clinical and 
laboratory signs of growth hormone deficiency, but with 

BOX 10-4 Proposed Classification of Growth 
Hormone (GH) Insensitivity877

PrImary GH InsensItIVIty (heredItary defects)
 1. GH receptor defect (may be positive or negative for 

GH-binding protein)
• Extracellular mutation (e.g. Laron syndrome)
• Cytoplasmic mutation
• Intracellular mutation

 2. GH signal transduction defects (distal to cytoplasmic 
domain of GH receptor)
• Stat-5b mutations

 3. Insulin-like growth factor-1 defects
• IGF-1 gene deletion
• IGF-1 transport defect (ALS mutation)
• IGF-1 receptor defect

 4. Bioinactive GH molecule (responds to exogenous 
GH)

secondary GH InsensItIVIty (acquIred defects)
• Circulating antibodies to GH that inhibit GH action
• Antibodies to the GH receptor
• GH insensitivity caused by malnutrition, liver disease, 

catabolic states, diabetes mellitus
• Other conditions that cause GH insensitivity

GH insensitivity: Clinical and biochemical features of IGF-1 deficiency 
and insensitivity to exogenous GH, associated with GH secretion 
that would not be considered abnormally low.

GH insensitivity syndrome: GH insensitivity associated with the recog-
nizable dysmorphic features described by Laron.

Partial GH insensitivity: GH insensitivity in the absence of dysmorphic 
features described by Laron.

abnormally high concentrations of immunoreactive se-
rum growth hormone.632 To date, several hundred such 
cases have been identified worldwide.110 The majority of 
reported cases come from the Mediterranean region or 
from Ecuador (in presumed descendants of Spanish 
“conversos”: that is, Jews who converted to Christianity 
during the Inquisition).632 Such patients have been dem-
onstrated to be unresponsive to exogenous GH in terms 
of growth, metabolic changes, and alterations in serum 
concentrations of IGF-1 and IGFBP-3.633

Cellular unresponsiveness to GH was demonstrated in 
vitro by the failure of GH to stimulate erythroid pro-
genitor cells from the peripheral blood of patients.634 
Direct evidence of receptor failure was provided by the 
demonstration that hepatic microsomes obtained by liver 
biopsy failed to bind radiolabeled GH.635 Absence of 
detectable GHBP activity in the sera of patients with this 
familial form of GHI was subsequently demonstrated by 
the reduced ability of serum to bind radiolabeled 
GH.167,168

This latter observation was rapidly followed by the 
purification, cloning, and sequencing of the serum GHBP 
and the demonstration that it was in essence identical to 
the extracellular domain of the GHR.112 Initial studies of 
the GHR gene in Israeli patients indicated that some 
contained gene deletions.636 A wide variety of point mu-
tations (missense, nonsense, and abnormal splicing) were 
identified subsequently.110,637-639 The majority of reported 
point mutations are in the extracellular domain of the 
GHR, although there are some at the extracellular  
domain that did not affect GH binding but prevented 
dimerization of the receptor640; such cases may be char-
acterized by normal or even increased serum concentra-
tions of GHBP because the GHBP binding site is intact. 
There are, additionally, reports of patients with separate 
amino acid substitutions in the intracellular domain of 
the GHR.641

Woods and associates642 reported two cousins with 
severe GHI resulting from a mutation in the 59-splice 
donor site of intron 8, resulting in a truncated GHR lack-
ing the transmembrane and intracellular domains and 
leading to increased concentrations of serum GHBP—
presumably owing to accelerated release from the cell 
membrane. A similar defect has been described in a 
Druse girl with a mutation of the 39-acceptor site of in-
tron 7.643 Defects directly affecting the intracellular do-
main have been reported to result in dominantly inher-
ited GHI. In one, a girl and her mother (both with short 
stature and biochemical evidence of GHI) were found  
to be heterozygous for a single G-to-C transversion in 
the 39-splice acceptor site of intron 8—resulting in a 
truncated GHR 1–277 lacking most of the intracellular 
domain.644

A second report described high serum GHBP concen-
trations in two Japanese siblings and their mother, who 
were characterized by partial GHI. The patients and 
their mother had a point mutation that disrupted the 
59-splice donor site of intron 9, causing skipping of exon 
9 and the appearance of a premature stop codon in exon 
10—resulting in the same GHR 1–277 molecule de-
scribed by Ayling and associates.644 Experiments under 
in vitro conditions showed that the Japanese mutation 

http://www.growthgenetics.com
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results in a GHR molecule that behaves in a dominant 
negative manner—inhibiting GH-induced tyrosine 
phosphorylation of STAT5.

The clinical features of GHI due to GHR deficiency 
(GHRD) are identical to those of other forms of severe 
IGF deficiency, such as congenital GHD.110 Basal serum 
GH concentrations are typically elevated in children but 
may be normal in adults (Figure 10-25). Most patients 
have decreased serum GHBP concentrations, at least as 
measured by functional assays. A normal (or even ele-
vated) serum GHBP concentration does not, however, 
exclude the diagnosis of GHRD because mutations at the 
GHR dimerization site have been already described, as 
well as mutations of the transmembrane or intracellular 
domain of the receptor. Serum IGF-1, IGF-2, and 
IGFBP-3 concentrations are profoundly reduced in  
classic GHI (Figure 10-26)—but partial clinical and 
biochemical phenotypes have been described, typically 
related to milder mutations of the GHR gene and  
resulting in only a modest reduction in binding activity 
or receptor action.

Unlike the cases with “classic” GHR defects, as de-
scribed in Israel and Ecuador, such cases may have 
heights and serum IGF-I concentrations that border on 
the lower limits of normal, again supporting the concept 
of a continuum of GHI defects.639 Molecular defects that 
have been associated with milder phenotypes include an 
intronic base change resulting in activation of a pseudo-
exon sequence and insertion of 36 amino acids into the 
extracellular domain of the GHR,645,646 some compound 
heterozygous mutations,647 and some unequivocal domi-
nant negative mutations.648,649 Given that the GHR must 
dimerize to elicit a signal, molecular defects involving the 

intracellular domain of the GHR are particularly likely to 
result in such dominant negative expression.649

Sequencing of the GHR gene should not be limited, 
consequently, to coding exons, as intronic defects and 
splice site defects may result in GH insensitivity, often 
with atypical phenotypes and milder clinical expression. 
By the same token, it has become clear that not all muta-
tions result in physiologically and clinically significant 
defects and that functional studies of mutations should be 
performed before attributing a phenotype to a specific 
mutation.

GHR Signaling Defects.  Although some cases of pri-
mary IGFD with normal serum GHBP have proven to 
have defects of the transmembrane or intracellular do-
main of the GH receptor, patients have been reported 
with similar clinical and biochemical phenotypes but with 
normal sequencing of the GH receptor gene. Until re-
cently, such cases (even when characterized by apparently 
abnormal activation of the STAT or MAPK pathways) 
have had no demonstrable molecular basis. Kofoed and 
colleagues,650 however, reported a 16-year-old girl with 
a height of –7.5 SD and markedly low serum concentra-
tions of IGF-I, IGFBP-3, and ALS despite normal serum 
concentrations of GHBP and a normal GHR gene  
sequence.

The patient, born to consanguineous parents, proved 
to be homozygous for a point mutation resulting in a 
substitution of proline for alanine at position 630 of the 
STAT5b gene—with resulting marked decrease in phos-
phorylation of tyrosine, a critical step in the pathway to 
STAT activation of IGF-I gene transcription. Subse-
quent investigations indicated that the mutant STAT5b 

Gene Defect/Phenotype GHR STAT5b PTPN11 IGF1 IGFALS IGFIR
Bioinactive 

GH
GH1 with Anti-
GH Antibodies

Severe growth failure 1/2 1 2 1 2 2 2 1

Mild growth failure 2/1 2 1 2 1 1 1 2

Midface hypoplasia 1/2 1/2 2 2 2 2 2 1

Other facial dysmorphism 2 2 1 1 2 1 2 2

Deafness 2 2 2 1/2 2 2 2 2

Microcephaly 2 2 2 1 2 1 2 2

Intellectual delay 2 2 2/1 1 2 1/2 2 2

Puberty delay 1/2 1/2 1/2 2 1 2 2 2

Immune deficiency 2 1 2 2 2 2 2 2

Hypoglycemia 1 2/1 2 2 2 2 2 2

Hyperinsulinemia 2 2 2 1/2 1 2 2 2

IGF-I deficiency 1 1 2/1 1/2 1 2 1 1

IGFBP-3 deficiency 1 1 2/1 2 1 2 1 1

ALS deficiency 1 1 2/1 2 1 2 1 1

GH excess 1 1 2 1/2 1 2 2 2

GHBP deficiency 1/2 2 2 2 2 2 2 2

Homozygous or compound 
heterozygous mutations

1 1 2 1 1 2 2/1 1

Heterozygous mutations 2 2 1 2/1 2 1 1/2 2

TABLE 10-4 Clinical and Biochemical Features of Molecular Defects of the GH-IGF-I Axis

From David, A., Hwa, V., Metherell, L., et al. (2011). Evidence for a continuum of genetic, phenotypic, and biochemical abnormalities in children 
with growth hormone insensitivity. Endocr Rev, 32, 472–497, Table 2.

1, Positive; 2, negative; 1/2, predominantly positive; 2/1, predominantly negative.
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FIGURE 10-25 n  Growth hormone and growth hormone-binding protein concentrations in sera of patients from Ecuador with GH receptor 
deficiency. (From Rosenfeld, R. G., Rosenbloom, A. L., & Guevara-Aguirre, J. (1994). Growth hormone [GH] insensitivity due to primary GH 
receptor deficiency. Endocr Rev, 15, 369.)

FIGURE 10-26 n  Serum concentrations of insulin-like growth factor-1 (IGF-1), IGF-binding protein-3, and IGF-binding protein-2 in patients 
from Ecuador with growth hormone receptor deficiency. (From Rosenfeld, R. G., Rosenbloom, A. L., & Guevara-Aguirre, J. (1994). Growth 
hormone [GH] insensitivity due to primary GH receptor deficiency. Endocr Rev, 15, 369.)

could not function as a signal transducer or transcrip-
tion factor, presumably because of an inability to dock 
with phosphotyrosines on GH-activated receptors  
as well as an inability to form a stable interaction with 
DNA. The A630P STAT5b was shown to be characterized 

by aberrant folding and diminished solubility, resulting 
in aggregation and formation of cytoplasmic inclusion 
bodies.

A second case of severe primary IGFD and GH insen-
sitivity resulting from a novel mutation of STAT5b has 
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ultiple grow
th factors and 

cytokines) are incom
patible w

ith life.
Table 10-5 provides details on all of the cases of 

hom
ozygous STAT

5b defects reported to date. A
 total of 

10 cases, involving 7 different m
utations, have been de-

scribed. Size at birth w
as generally w

ithin norm
al lim

its, 
as observed w

ith G
H

R
 defects, but postnatal grow

th 
w

as severely im
paired, w

ith heights ranging from
 2

3 to 
2

9.9 SD
. T

he biochem
ical data w

ere consistent w
ith 

G
H

I, w
ith generally elevated serum

 G
H

 concentrations 
and low

 serum
 IG

F-I, IG
FB

P
-3, and A

L
S concentra-

tions. 
Serum

 
prolactin 

levels, 
w

hen 
m

easured, 
w

ere  
elevated. U

nlike defects of G
H

R
, how

ever, clinical evi-
dence of im

m
une com

prom
ise w

as evident in all but one 
patient, often accom

panied by severe and life-threatening 
pulm

onary 
disease. 

G
iven 

that 
ST

AT
5b 

is 
involved  

in the signaling of m
ultiple cytokines, this com

bination 
of grow

th failure, G
H

I, and im
m

unodeficiency is not 
surprising. 651

A
L

S M
utations.  M

arkedly reduced serum
 concentra-

tions of IG
F-I and IG

FB
P

-3 have also been observed in 
cases involving m

utations of the A
L

S gene. 652,653 O
f note 

is that even though serum
 concentrations of IG

F-I and 
IG

FB
P

-3 w
ere as low

 as in patients w
ith m

utations of the 
G

H
R

 or ST
AT

5b genes, grow
th w

as only m
odestly  

affected (Table 10-6). Indeed, the index case actually 
attained 

an 
adult 

height 
w

ithin 
the 

norm
al 

range. 
W

hether the relatively norm
al grow

th reflects the greater 
im

portance of locally produced IG
F-I or reflects altered 

kinetics of serum
 IG

F-I in the face of reduced concentra-
tions of binding proteins rem

ains uncertain.
A

t least 16 different m
utations have been identified to 

date, involving a m
inim

um
 of 21 cases. C

lassical cases 
w

ere either hom
ozygous or com

pound heterozygotes, 
consistent 

w
ith 

an 
autosom

al 
recessive 

transm
ission. 

H
eights ranged from

 2
0.5 to 2

4.2 SD
, but even this 

m
odest grow

th failure could reflect som
e degree of ascer-

tainm
ent bias. T

he possibility of heterozygous expression 
of IG

FA
LS m

utations has also been considered. 654 A
naly-

sis of heights w
ithin individual fam

ilies has suggested 
that having tw

o affected alleles results in about 2 stan-
dard deviations of height loss com

pared to w
ild-type 

relatives, w
hereas having one affected allele results in a 

loss of alm
ost 1 SD

 of height. G
iven the rem

arkably low
 

serum
 concentrations of both IG

F-I and IG
FB

P
-3 in 

these patients, how
ever, the degree of grow

th failure is 
actually m

odest, especially w
hen com

pared w
ith other 

m
olecular defects of the G

H
-IG

F axis.

IG
F1 G

ene D
efects. G

row
th failure associated w

ith a 
prim

ary defect of IG
F-1 synthesis has also been reported

357 
(Table 10-7). T

he first case w
as a 15-year-old boy w

ho had 
m

any of the grow
th characteristics predicted from

 m
ouse 

knockout m
odels, 356,428,655 including intrauterine and post-

natal grow
th failure. A

dditional features w
ere m

ental retar-
dation and sensorineural deafness. T

hese features serve to 
distinguish IG

F1 defects from
 G

H
I resulting from

 disor-
ders of the G

H
R

 and ST
AT

5b genes, w
here intrauterine 

grow
th is norm

al, as are head grow
th and intellectual func-

tion. T
hese phenotypic features serve to underscore the 

observation that, although IG
F-I is critical for both intra-

uterine and postnatal grow
th, G

H
, itself, has little role in 

prenatal grow
th and developm

ent. T
he patient w

as show
n 

to be hom
ozygous for deletions of exons 4 and 5 of the hu-

m
an IG

F-1 gene, w
ith both parents being heterozygous 

carriers and perhaps m
ildly affected. A

lthough unrespon-
sive to G

H
 therapy, the patient w

as able to accelerate 
grow

th velocity on treatm
ent w

ith IG
F-1. O

f note is that 
the patient w

ith IG
F-1 gene deletion had in addition to 

severe grow
th failure and m

ental retardation substantial 
insulin resistance, and that IG

F-1 therapy resulted in a 
m

arked im
provem

ent of insulin sensitivity, reduction of 
serum

 insulin, and overall im
provem

ent in various aspects 
of carbohydrate m

etabolism
. 656

Tw
o cases of hom

ozygous m
utations have been re-

ported w
here m

issense m
utations (V

44M
657 and R

36Q
) 658 

resulted in an im
m

unologically active, but bioinactive 
IG

F-I m
olecule. B

oth patients had prenatal and postnatal 
grow

th attenuation, m
icrocephaly, and one of the tw

o 
had sensorineural deafness. B

ioinactivity in these cases 
reflects a decrease in the affinity of the altered IG

F-I for 
the IG

F-I receptor.
IG

F-I deficiency resulting from
 a hom

ozygous T
.  

A
 transversion in exon 6 has also been reported. 659 

A
lthough the phenotype of this case resem

bles those of 
the cases described earlier, this defect, w

hich affects the 
E

 dom
ain of the IG

F-I precursor, m
ay prove to be a 

polym
orphism

.

IG
F1 R

eceptor M
utations.  C

ases of IG
F-1 receptor 

m
utations have also been described (Table 10-8). 660,661 

In knockout m
odels created in m

ice, hom
ozygous m

uta-
tions of the IG

F-I receptor result in profound grow
th 

failure and neonatal m
ortality. H

eterozygous m
utations 

are phenotypically sim
ilar to w

ild-type m
ice.

M
ore than a dozen patients w

ith IU
G

R
 and postnatal 

grow
th failure associated w

ith defects of the IG
F1R

 have 
been reported. 661 C

linical findings have included m
icro-

cephaly and m
ild m

ental retardation. T
he com

bination 
of prenatal and postnatal grow

th failure, in association,  
at tim

es, w
ith m

icrocephaly and developm
ental delay,  

is sim
ilar (although m

ilder) to the observations noted in 
m

olecular defects of IG
F1, again em

phasizing the im
por-

tance of IG
F-I and its receptor in both intrauterine and 

childhood grow
th. In general, serum

 IG
F-I and IG

FB
P

-3 
concentrations w

ere norm
al to elevated, possibly reflect-

ing decreased IG
F-I feedback on G

H
 production. Func-

tional studies typically dem
onstrate decreased affinity  

for IG
F-I and decreased dow

nstream
 phosphorylation  

in response to IG
F-I stim

ulation. O
ther m

echanism
s 

w
hereby m

utations of IG
F1R

 result in IG
F-I resistance 
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Observation
Kofoed, 
2003878

Hwa, 
2005879

Bernasconi, 
2006880

Boyanovsky, 
2009881

Vidarsdottir, 
2006882 Hwa, 2007883

Martinez, 
2007884 Pugliese-Pires, 2010885

SIBLING 1 SIBLING 2 SIBLING 1 SIBLING 2

Consanguinity Yes Yes NA Adopted NA Yes Yes Adopted NA NA
Paternal height SDS 20.3 20.9 22.2 NA 20.8 21.28 21.28 NA 21.5 21.5
Maternal height SDS 21.2 20.6 23.3 NA 22.8 20.6 20.6 NA 21 21
Sex of proband F F F F M F F F M M
Age (in years) 16.5 16.4 15.3 12 31 2 4 14.8 6 2
Height SDS 27.5 27.8 29.9 25.3 25.9 25.8 25.6 25.95 25.6 23
Puberty Delayed Delayed Delayed Delayed Delayed NA NA Normal Delayed NA
CPD Yes Yes Yes Yes No Yes Yes Yes Yes Yes
Atopy Eczema Eczema Eczema Eczema Ichthyosis Eczema Atopic Atopic
Other Bleeding 

diathesis
Thyroiditis Sickle cell 

anemia
JIA Thyroiditis Thrombocytopenic 

purpura
Hormonal evaluation
GH basal (ng/mL) 9.4 14.2 6.6 1.8 0.13 17.7 5.7 NA 1.7 1
GH stimulated (ng/mL) 53.8 NA NA 12.5 14.2 NA NA 27.1 20.6 14
GF-I (ng/mL)* 38 7 , 10 0.8 14-17 , 5 , 5 , 5 34 , 25
GF-I, GH-stimulated 

(ng/mL)*
55 NA NA 0.8 78† NA NA 12 48 , 25

GFBP-3 (mg/liter)* 0.87 0.54 NA 0.5 0.18 0.7 0.8 0.84 0.52 0.75
ALS (mg/liter)* 2.9 1.2 NA 0.7 0.7 0.4 0.8 NA NA NA
Prolactin (mg/liter) . 102 (H) NA 169 (H) 13-15 110 (H) NA NA 83 (H) 61.1 (H) 76.6 (H)
Molecular defect p.A630P c.1191insG p.R152X p.R152X c.1102insC c.1680delG c.1680del G p.F646S c.424_427del c.424_427del

TABLE 10-5 Phenotypes of Patients with STAT5b Deficiency

Homozygous STAT5B mutations were identified in 10 case reports. Birth weight and length (data not shown) were normal for gestation. Height SDS (of probands) is at first observation or as 
reported. Molecular defects encompass missense and nonsense mutations (nomenclature, protein designation) and frameshifts due to insertion or deletion of exonic nucleotides (nomenclature, 
in italics, based on cDNA).

*All reported values are significantly below the normal range (methodology varied from site to site).
†Value determined after 7 days of daily GH injections (at 50 mg/kg body weight).
c, Coding DNA sequence where nucleotide 1 is the A of the ATG-translation initiation codon; F, female; M, male; H, high, above normal of 20 mg/liter; CPD, chronic pulmonary disease; JIA, 

juvenile idiopathic arthritis; NA, not available; p, protein sequence; X, stop codon.
From David, A., Hwa, V., Metherell, L., et al. (2011). Evidence for a continuum of genetic, phenotypic, and biochemical abnormalities in children with growth hormone insensitivity. Endocr 

Rev, 32, 472–497, Table 6.
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Observation Domené, 2004886 Hwa, 2006652 Domené, 2007 (887) Heath, 2008888

SIB 1 SIB 2 SIB 3

Consanguinity NA Yes No No No No No No
Paternal height SDS NA 22 11.5 11.5 11.5 20.1 22 20.4
Maternal height SDS NA 22.8 20.9 20.9 20.9 10.7 20.6 20.4
Sex of proband M M M M F M M M
Age (in years) 14.6 13.9 15.3 19.6 15.4 4.5 4.6 15
Height SDS 22.1 22 22 20.5 21 22.4 23.9 22.6
Puberty (in years) 15.7 13 16 16.9 13 12.4 13.5 14.5
Adult height SDS 21.6 NA 20.5 20.5 NA 22.5 NA 21.3
Hormonal evaluation
GH basal (ng/mL) 4.5 1.2 0.2 6.8 NA 3.2 3.9 NA
GH stimulated (ng/mL) 31 23.4 10 NA NA 20.7 27 6.7
IGF-I (ng/mL)* 31 25 8 10 14 15 11 40
IGF-I, GH-stimulated (ng/mL)* 39 NA 10 NA NA NA NA NA
IGFBP-3 (mg/liter)* 0.22 0.49 0.38 0.39 0.43 0.7 0.75 0.5
ALS (mg/liter)* , 0.5 , 0.4 , 0.5 , 0.5 , 0.5 , 0.5 , 0.5 , 0.5
Fasting insulin (mIU/mL) 

(NR for age)
NA NA NA NA NA 26.5 (4–11) 40.3 (4–11) 18.7 (4–16)

HOMA (NR ,2.6) NA NA NA NA NA 4.4 6.2 NA
Mutation c.103delG p.D440N p.C540R/ 

p.S195_197Rdup
p.C540R/ 

p.S195_197Rdup
p.C540R/ 

p.S195_197Rdup
p.N276S p.N276S p.Q320X

TABLE 10-6 Phenotypes of Patients with Homozygous or Compound Heterozygous IGFALS Mutations

Height SDS (of probands) is at first observation or as reported. Molecular defects encompass missense and nonsense mutations (nomenclature, protein designation) and frameshifts due to 
insertion or deletion of exonic nucleotides (nomenclature, in italics, is based on coding cDNA).
*All reported values are significantly below the normal range (methodology varied from site to site).
F, female; M, male; SGA, small for gestational age; Sib, sibling; NA, not available; p, protein sequence; X, stop codon; HOMA, homeostasis model of assessment; NR, normal range. Puberty 

is expressed as onset in males or menarche in females.
From David, A., Hwa, V., Metherell, L., et al. (2011). Evidence for a continuum of genetic, phenotypic, and biochemical abnormalities in children with growth hormone insensitivity. Endocr 

Rev, 32, 4722497, Table 8.
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Observation Woods, 1996357 Bonapace, 2003659 Walenkamp, 2005657 Netchine, 2009658 van Duyvenvoorde, 2010889

Sex M M M M F M
Consanguinity Yes Yes Yes Yes No No
Birth weight (SDS/g) 23.9/1400 24/1480 22.5/1420 22.5/2350 22.9/2300 21.2/3300
Birth length (SDS/cm) 25.4/37.8 26.5/41 23/39 23.7/44 23.8/44 21/50
Cranial circumference (SDS/cm) 24.9/27 27.5/26.5 28/44.2 22.5/32 22.4/47.8 21.6/49
Growth (SDS) 26.9 at 16 years 26.2 at 1.6 years 29 at 55 years 24.5 at 3 years 24.1 at 8.2 years 24.6 at 6.2 years
Microcephaly Yes Yes Yes Yes Yes Mild
Development delay Yes Yes Yes Mild Yes No
Deafness Yes Yes Yes No No No
Adiposity Yes No Yes No No No
Hormonal evaluation
IGF-I levels Undetectable 1 ng/mL 17.3 SDS Variable 22.3 SDS 22.6 SDS
IGFBP-3 levels 3.3 mg/liter 3.6 mg/liter 1.98 mg/liter (10.1 SDS) 4.3 mg/liter 11.2 SDS 10.1 SDS
Molecular defect Hom p.?  

(Del ex 4–5)
Hom p.?* Hom p.V44M Hom p.R36Q Het c.243-246dupCAGC Het c.243-246dupCAGC

IGF1R affinity Zero Not studied Extremely low Partially reduced Not studied Not studied

TABLE 10-7 Characteristics of Six Cases with IGF1 Defects

*This mutation is localized within the polyadenylation site and alters mRNA splicing. The 3’ end of the resulting aberrant IGF-I transcript contains a partial sequence from the downstream 
gene KIAA0537.

F, female; M, male; Het, single heterozygous defect; Hom, homozygous defect; p.0? or p.?, the consequences of the mutation at protein level are unknown.
From David, A., Hwa, V., Metherell, L., et al. (2011). Evidence for a continuum of genetic, phenotypic, and biochemical abnormalities in children with growth hormone insensitivity. Endocr 

Rev, 32, 472–497, Table 7.
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include defects that result in degradation of IGF1R 
mRNA through the nonsense-mediated mRNA decay 
pathway662 and defective pro-receptor processing and 
plasma membrane localization.663

The first reported case of IGF1R defect was a com-
pound heterozygote (p.R108Q; p.K115N).664 Only one 
additional compound heterozygote has been reported, 
with both defects in exon 3 (p. E121K; p.E234K).665 
In the latter case, two siblings were affected and the 
growth defect was more severe than that generally de-
scribed in heterozygous cases. All other reported cases 
have been simple heterozygotes. The absence of homo-
zygous cases may reflect the observation in mice that 
IGF1R knockouts were generally lethal.

In leprechaunism, a syndrome of growth failure and 
insulin receptor dysfunction, there is variable IGF-I 
insensitivity. The profound abnormality of the insulin 
receptor suggests that heterodimeric insulin- and IGF-I 
receptor combinations could possible lead to failed  
activation of the IGF-I signaling cascade. As the IGF-I 
receptor gene resides at 15q26.3, deletions of the distal 
long arm of chromosome 15 or ring chromosome 15 
may lead to hemizygosity for the IGF-I receptor.  
Although such patients may have intrauterine growth 
retardation and striking postnatal growth failure, lack of 
a biologic response to IGF-I has not been conclusively 
demonstrated. Whether growth failure in such patients 
is due to altered levels of IGF-I receptor or represents 
the net effect of the loss of other genes located on 15q 
remains to be determined.660

Clinical Features.  Cases of IGF-1 deficiency resulting 
from hypothalamic dysfunction, decreased pituitary 
GH secretion, or GHI share a common phenotype,  
although specific features characteristic of each molecu-
lar disorder may help distinguish the various etiologies 
(Table10-4). The striking clinical similarity among 
patients with GHD caused by a GH gene deletion and 
patients with GHI secondary to mutations of the GHR 
gene emphasizes the role of IGF-1 in mediating most, 
but not all, of the anabolic and growth-promoting  
actions of GH. This point is further supported by the 
ability of IGF-1 therapy to partially normalize growth 
in children with mutations of the GHR gene. Children 
with less severe IGF deficiency will generally have 
milder clinical characteristics. If GH or IGF deficiency 
is acquired, clinical signs and symptoms will obviously 
appear at a later age (Box 10-5).

As stated previously, birth size is remarkably normal 
even in severe forms of congenital GHD or GHI due to 
defects of GHR, STAT5b or IGFALS. Birth length and 
weight are typically within 10% of normal, and severe 
IUGR is not part of the classic phenotype. Neonatal 
signs can exist, however, including hypoglycemia and 
prolonged jaundice.666 When GHD is combined with 
ACTH and TSH deficiency, hypoglycemia may be  
severe. On the other hand, when GHD is combined with 
gonadotropin deficiency, microphallus, cryptorchidism, 
and hypoplasia of the scrotum may be observed.667 GHD 
(or GHI) must therefore be considered in the differential 
diagnosis of neonatal hypoglycemia or microphallus/
cryptorchidism.

BOX 10-5 Clinical Features of Growth 
Hormone Insensitivity

Growth and deVeloPment

Birth weight: near-normal
Birth length: may be slightly decreased
Postnatal growth: severe growth failure
Bone age: delayed, but may be advanced relative to 

height age
Genitalia: micropenis in childhood; normal for body size 

in adults
Puberty: delayed 3 to 7 years
Sexual function and fertility: normal

cranIofacIes

Hair: sparse before the age of 7 years
Forehead: prominent; frontal bossing
Skull: normal head circumference; craniofacial dispro-

portion due to small facies
Facies: small
Nasal bridge: hypoplastic
Orbits: shallow
Dentition: delayed eruption
Sclerae: blue
Voice: high-pitched

musculoskeletal/metabolIc/mIscellaneous

Hypoglycemia: in infants and children; fasting symptoms 
in some adults

Walking and motor milestones: delayed
Hips: dysplasia; avascular necrosis of femoral head
Elbow: limited extensibility
Skin: thin, prematurely aged
Osteopenia

When intrauterine growth retardation is noted, in  
addition to postnatal growth failure, the possibility of 
GHI resulting from molecular defects of IGF1 or IGF1R 
should be considered. This is particularly true if any of 
the following additional signs are observed: microcephaly, 
developmental delay, or sensorineural deafness.

Postnatal growth is strikingly abnormal in severe 
congenital IGF deficiency (Figure 10-27). Although 
earlier reports suggested that growth in such cases was 
relatively normal during the first 6 months of life, more 
recent surveys of GHD and GHI have indicated that 
growth failure may be observed during the first months 
of life. By 6 to 12 months of age, the child is clearly 
growing at an abnormally slow rate and has usually  
deviated away from the normal growth curve. It is  
important to emphasize that the single most important 
clinical manifestation of IGF deficiency is growth  
failure, and careful documentation of growth rates is 
critical to making the correct diagnosis. Deviation away 
from the normal growth curve should always be a cause 
of concern, and between the ages of 2 years and the 
onset of puberty growth deceleration (or acceleration) is 
always pathologic.

Skeletal proportions tend to be relatively normal, al-
though they often correlate better with bone age than 
with chronologic age. Skeletal age is delayed, often to 
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FIGURE 10-27 n  Height measurements for children from Ecuador with growth hormone receptor deficiency. (From Rosenfeld, R. G., 
Rosenbloom, A. L., & Guevara-Aguirre, J. (1994). Growth hormone [GH] insensitivity due to primary GH receptor deficiency. Endocr Rev, 
15, 369.)

less than 60% of the chronologic age. In acquired GHD, 
as from a tumor of the CNS that presents as symptoms 
resulting from increased intracranial pressure, the  
skeletal age may approximate the chronologic age and 
should therefore not be considered a requirement for 
the diagnosis of GHD. Weight/height ratios tend to be 
increased, and fat distribution is often “infantile” in pattern.

Musculature is poor, especially in infancy, which may 
result in significant delays in gross motor development—
leading to the erroneous impression of mental retardation. 
Facial bone growth is particularly retarded, and the nasal 
bridge may appear underdeveloped (Figure 10-28). Fonta-
nelle closure is often delayed, but the overall growth of the 
skull is normal—leading to cephalofacial disproportion 
and the appearance of hydrocephalus. The voice remains 
infantile, owing to hypoplasia of the larynx. Hair growth is 
sparse and the hair itself is thin, especially during the early 
years of life. Nail growth is also frequently slow. Even with 
normal gonadotropin production, the penis is small and 
puberty is generally delayed.

Diagnosis of IGF Deficiency.  The proper means of 
establishing a diagnosis of GHD continues to be highly 
controversial.314 With the availability of highly specific 
assays for the IGF peptides and binding proteins, and 
with increasing understanding of the GH-IGF axis, we 
believe that evaluation of patients with growth failure 
should rest on a combination of careful auxologic  
assessment and appropriate measures of the GH-IGF 
system. Establishment of deficiency of IGF peptides 
and concomitant alterations in serum concentrations  
of IGFBPs then necessitates a thorough evaluation of 
hypothalamic-pituitary-IGF function.

The foundation for the diagnosis of IGF deficiency 
must be auxology, with careful documentation of serial 
heights and determination of height velocity. In the 
absence of other evidence of pituitary dysfunction, it is 
generally unnecessary to perform tests of GH secre-
tion. Thus, even in children below the 5th percentile 
in height (which obviously applies to 5% of the popu-
lation), documentation of a normal height velocity 



10 Disorders of Growth Hormone/Insulin-Like Growth Factor Secretion and Action 357

makes the diagnosis of IGF deficiency and GHD 
highly unlikely.

Assessment of pituitary GH production is problematic 
because GH secretion is pulsatile throughout the day and 
night, with the most consistent surges occurring at times of 
slow-wave electroencephalographic rhythms during phases 
3 and 4 of sleep. Regulation of GH secretion is complex, 
involving two hypothalamic proteins (GHRH and soma-
tostatin) as well as multiple other peptides and neurotrans-
mitters. Spontaneous GH secretion varies significantly 
with gender, age, and pubertal status—all of which must be 
factored into any evaluation of GH production.

Between normally occurring pulses of GH secretion, 
serum GH concentrations are normally low—below the 
limits of sensitivity of most conventional assays. Accord-
ingly, measurement of random serum GH concentrations 
is virtually useless in establishing a diagnosis of GHD. 
Measurement of GH “reserve” has therefore relied on 
the use of physiologic or pharmacologic stimuli, and 
these “provocative tests” have been the basis for diagnos-
ing GHD since the 1980s.314,668

“Physiologic” stimuli have included fasting, sleep,669 
and exercise,670,671 whereas pharmacologic stimuli have 
included levodopa,672 clonidine,673 glucagon,674 pro-
pranolol, arginine,675 and insulin676,677 (Table 10-9). 
Stimulation tests have often been divided into “screen-
ing tests” (exercise, fasting, levodopa, clonidine)—
characterized by ease of administration, low toxicity, 
low risk, and low specificity—and “definitive tests”  

(arginine, insulin, glucagon). To improve specificity, 
provocative tests are customarily combined or given 
sequentially.678-680 It has been generally accepted that 
a child must “fail” provocative tests with at least two 
separate stimuli to be considered as having GHD. 
Standard provocative GH tests are summarized in  
Table 10-9.

Although provocative GH testing has been the foun-
dation for the diagnosis of GHD since GH radioimmu-
noassays first became available, its use as a determiner  
of GH status has come under criticism for a number  
of reasons.314,681 These issues, as follows, have been 
summarized in a consensus report on the diagnosis of 
childhood GHD.667

Provocative GH Testing Is Nonphysiologic.  None of 
the standard pharmacologic provocative tests satisfacto-
rily mimics the normal secretory pattern of pituitary GH. 
Even when naturally occurring regulatory peptides are 
used for stimulation, their dosage, route of administra-
tion, and interactions with other regulatory factors are 
artificial. In addition, because most endocrine centers use 
several different stimulation tests, there is no validated 
means of resolving conflicting data from two or more 
provocative tests.682 In a report of 6373 GH stimulation 
tests performed on 3233 short French children, 11 differ-
ent pharmacologic tests were employed, 62 of the possible 
66 pairs were employed at least once, and the most  
frequent combination of tests was used in only 12.7% of 
the patients.683

FIGURE 10-28 n  Facial appearance of patients from Ecuador with growth hormone receptor deficiency. (From Rosenfeld, R. G., Rosenbloom, 
A. L., & Guevara-Aguirre, J. (1994). Growth hormone [GH] insensitivity due to primary GH receptor deficiency. Endocr Rev, 15, 369. Photography 
by Arlan L. Rosenbloom, MD.)
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Arbitrary Definitions of “Subnormal” Response to 
Provocative Tests.  Endocrine centers vary in their defi-
nition of a “normal” response to stimulation tests. 
Whereas early reports generally employed a cutoff level 
of 5 ng/mL, this was gradually increased to 7 ng/mL. 
With the availability of recombinant DNA–derived 
hGH, this level was increased to 10 ng/mL—although no 
data exist for validating any of these arbitrary cutoff  
levels. The lack of objective confirmation of any defined 
normal response can be seen in the use of language such 
as “lack of adequate endogenous growth hormone secre-
tion”684 and “inadequate secretion of normal endogenous 
growth hormone.”684 As reported by Guyda, many of the 
newer GH assays measure GH concentrations twofold to 
threefold lower than older assays and yet there has been 
no systematic reevaluation of the “normal” GH cutoff 
level.670

Age Dependency and Use of Sex Steroids.  Serum 
GH concentrations typically rise during puberty, mani-
fested as an increase in pulse-amplitude but not pulse 
frequency.79,685 Immediately before puberty and during 
the earliest phases of puberty, GH secretion may nor-
mally be so low as to blur the distinction between GHD 
and constitutional delay of growth and maturation.79,685 
There are multiple reports of children who “failed” pro-
vocative testing before the onset of puberty but proved 
to have “normal” GH secretion after puberty or after 
administration of exogenous sex steroids.686-689 A study 
of provocative GH testing in children of normal stature 
has clearly demonstrated the inherent problems with 
provocative GH testing and the need for standardization 
of sex steroid administration during stimulation tests.690

When exercise and arginine/insulin stimulation tests 
were administered to these normal children, the lower 
limit of normal (2 SD) for peak serum GH concentra-
tion in prepubertal children was only 1.9 ng/mL—
whereas in children of Tanner stage 5 puberty this level 
was 9.3 ng/mL. When estrogen was administered before 
provocative testing, the lower 95% confidence limit for 
the normal serum GH range rose to 7.2 ng/mL. All in 
all, when estrogen was not administered 61% of the 

normal prepubertal children failed to raise their serum 
GH concentration above 7 ng/mL after three provoca-
tive tests. These children could have been erroneously 
labeled as having GHD.

GH Assays of Limited Accuracy.  Several studies have 
demonstrated as much as threefold variability in the mea-
surement of serum GH concentrations by established 
laboratories.691,692 This is explained at least in part by the 
existence of several molecular forms of GH in serum and 
by the use of monoclonal versus polyclonal antibodies. 
The inevitable result has been that children labeled as 
having GHD by one assay would be considered normal 
by another.

A highly sensitive immunofunctional GH assay has 
been developed that measures concentrations of GH ca-
pable of binding to GHBP. It is not clear, however, that 
such assays necessarily have any advantages over standard 
radioimmunoassays for routine GH measurements.693 
When arginine/levodopa or arginine/insulin stimulation 
tests were used, approximately 50% of normal children 
had peak GH concentrations less than 7 ng/mL and 30% 
were less than 5 ng/mL whether GH was measured by 
immunofunctional assay or enzyme-linked immunosor-
bent assay.

Expense, Discomfort, and Risks of Provocative GH 
Testing.   Provocative testing typically requires multiple 
timed blood samples and frequently necessitates paren-
teral administration of drugs. The resulting discomfort 
to the patient and expense are self-evident. In addition, 
insulin administration carries the risk of hypoglycemia 
and seizures and should be performed by experienced 
medical personnel under appropriate supervision. Death 
has been reported from insulin-induced hypoglycemia 
and from its overly vigorous correction with parenteral 
glucose.694

Poor Reproducibility of Provocative Tests.  The repro-
ducibility of provocative GH tests has never been ade-
quately demonstrated, even when GH concentrations  
are determined with the same assay.694 An alternative ap-
proach is the measurement of spontaneous GH secretion. 
This can be done either by multiple sampling (every 5 to 

Stimulus Dosage Samples (Min) Comments/Side Effects

Levodopa (PO) , 15 kg: 125mg
15-30 kg: 250 mg
. 30 kg: 500 mg

0, 60, 90 Nausea

Clonidine (PO) 0.15 mg/m2 0, 30, 60, 90 Tiredness, postural hypotension
Arginine HCI (IV) 0.5 g/kg (max 30 g) 0, 15, 30, 45, 60

10% arginine HCl in 0.9% NaCl 
over 30 min

Insulin (IV) 0.05-0.1 IU/kg 0, 15, 30, 45, 60, 75, 90, 120 Hypoglycemia; requires supervision†

Glucagon (IM) 0.03 mg/kg (max 1 mg) 0, 30, 60, 90, 120, 150, 180 Nausea

TABLE 10-9 Growth Hormone Stimulation Tests*

*Tests should be performed after an overnight fast. Some authorities generally recommend that prepubertal children be “primed” with sex 
steroids (e.g., Premarin, 5 mg PO, the night before and the morning of the test, or ethinyl estradiol, 50 to 100 mg/day for 3 consecutive 
days before testing; or depot testosterone, 100 mg 3 days before testing). Patients should be euthyroid at time of testing.

†Insulin-induced hypoglycemia is a potential risk of this procedure, which is designed to lower the blood glucose by at least 50%. 
Documentation of appropriate lowering of blood glucose is recommended. If there is growth hormone deficiency, the lower dosage  
of insulin may be advisable, especially in infants. D50W solutions and glucagon should be available.
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30 minutes) over a 12- to 24-hour period or by continuous 
blood withdrawal over 12 to 24 hours.78,624,695,696 The for-
mer method allows one to evaluate and characterize GH 
pulsatility, whereas the latter only permits determination 
of mean GH concentration. Either approach, however, is 
subject to many of the same criticisms as provocative GH 
testing. The potential expense and discomfort of such  
testing are obvious. Furthermore, although it has been 
claimed that this technique is more reproducible than  
are provocative GH tests, variability remains problem-
atic.418,420,697,698 The ability of such tests to discriminate 
between GHD and normal short children is also an issue. 
Rose and colleagues699 reported that spontaneous GH 
determinations identified only 57% of children with 
GHD, defined by provocative testing. In this report, no 
case of “neurosecretory dysfunction” could be identified in 
the group of normal short children. Similarly, Lanes and 
coworkers700 reported that one fourth of normally grow-
ing children had decreased overnight GH concentrations.

Given the problems with GH testing in general, it is 
not surprising that provocative tests and 24-hour GH pro-
files do not correlate perfectly. It is in fact likely that 12- to 
24-hour GH profiles can correctly identify the majority of 
children with GHD and may be superior in sensitivity and 
specificity to provocative GH testing. With the advent of 
more routine treatment of ISS with GH, GH testing is no 
longer the controversial topic it once was—and many ex-
perts recognize that a large overlap exists between GHD 
and ISS as they are commonly defined.

“Neurosecretory dysfunction” probably does exist in 
children who have had cranial irradiation and likely does 
describe a subgroup of children with GHD and IGF defi-
ciency. However, the expense and discomfort of frequent 
overnight or 24-hour sampling combined with many of 
the problems intrinsic to GH determinations preclude 
this form of testing for GH deficiency from being the test 
of choice in establishing the diagnosis of GHD.

The measurement of GH concentrations in urine has 
provided an alternative means of assessing “integrated” 
GH secretion (or at least excretion).701-703 This technique 
requires anti-GH antibodies of high affinity because  
urinary GH concentrations are normally low. It also  
requires timed urine collections. Adequate age- and  
sex-related standards have not yet been fully developed, 
and the diagnostic use of urinary GH determinations 
remains to be adequately evaluated.

Whereas some have interpreted these difficulties  
in measuring GH as a reason to stop performing GH 
testing altogether, we strongly recommend continuing 
use of this testing modality that is nevertheless critical to 
differentiating GHD from ISS, and secondary from pri-
mary IGFD. These conditions are vastly different in a 
variety of ways. Rather, we believe that the results of the 
GH testing should not serve as an absolute determinant 
of the decision to treat with GH (or other drugs, includ-
ing IGF-I). A complementary approach to the diagnosis 
of GHD is the use of IGF-related assays.209,210,213,236 
GHD then becomes part of the differential diagnosis of 
IGF deficiency, which includes hypothalamic dysfunc-
tion, pituitary insufficiency, and GHI.

With the development of sensitive and specific assays for 
IGFs, as well as for the IGFBPs, it has become apparent 

that these peptides can reflect the GH status of the pa-
tient. Furthermore, they have the advantage that they 
normally circulate in serum at high concentrations—and 
thus assay sensitivity is less of an issue. Serum levels of 
these peptides remain relatively constant during the day, 
and provocative testing or multiple sampling is not neces-
sary. It is important, however, to recognize the following 
potential limitations of assays for IGF-1.

• The IGFBPs potentially interfere with radioimmu-
noassays, radioreceptor assays, and bioassays.215-217 
These binding proteins must be completely re-
moved, as with acid gel chromatography (which is 
labor intensive)215-217 or blocked by the addition of 
excess IGF-2 (which requires a high-affinity anti-
body with a high degree of specificity for IGF-1).218 
An alternative approach is to employ a radiolabeled 
IGF-1 analog with reduced affinity for IGFBPs.219

• Serum IGF-1 concentrations are highly age depen-
dent.211,227,228 They are lowest in young children 
(, 5 years of age), the age at which one most wishes 
to have a simple diagnostic test.

• Serum IGF-1 concentrations may be reduced in a 
variety of conditions other than GHD. These include 
primary and secondary forms of GHI. Malnutrition 
or any cause of diminished insulin concentration 
(such as poor food intake, dieting, type 1 diabetes) 
and malabsorption (such as with celiac sprue) will 
result in low circulating IGF-1 levels. Patients whose 
weights are less than the 25th percentile for age  
are likely to have low IGF-1 levels in the range of 
classic GH deficiency, but their primary problem is 
malnutrition and not GH deficiency.

• Serum concentrations of IGF-1 (and IGFBP-3) 
are frequently normal in adult-onset GHD and in 
children with GHD resulting from brain tumors 
or cranial irradiation.

Even when these caveats are considered, the correlation 
between serum IGF-1 concentrations and provocative or 
spontaneous GH measurements is imperfect. Juul and 
coworkers704 have reported that in children younger than 
10 years of age, IGF-1 levels were below 2 SD in only 8 of 
15 children with a diagnosis of GHD based on provocative 
testing (53.3% sensitivity) and were normal in 47 of 48 
children with a normal GH response (97.9% specificity).

In one study, 18% of patients with abnormally low 
provocative GH concentrations had IGF-1 concentra-
tions in the normal range but only 4% of “GHD” pa-
tients had normal serum concentrations of IGF-1 and 
IGF-2. Serum levels of IGF-1 and IGF-2 were reduced 
in only 0.5% of normal children and in 11% of normal 
short children.213 The development of specific immuno-
assays for IGFBP-3, normally the major serum carrier of 
IGF peptides, has provided a supplementary means of 
establishing a diagnosis of IGF deficiency and GHD 
(Figures 10-21 and 10-29).301,310,311 Because molar con-
centrations of IGFBP-3 correlate with the sum of the 
molar concentrations of IGF-1 and IGF-2, IGFBP-3 
determinations offer the following advantages over assays 
of IGF peptides and other IGFBPs.

• IGFBP-3 immunoassays are technically simple and 
do not require any separation of the binding protein 
from IGF peptides.
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• Normal serum concentrations of IGFBP-3 are quite 
high, typically in the 1- to 5-mg/mL range, and thus 
assay sensitivity is not an issue.

• Although age dependency exists, serum IGFBP-3 
concentrations vary with age to a lesser degree than 
is the case for IGF-1. Even in infants, serum 
IGFBP-3 concentrations are normally sufficiently 

high to allow discrimination of pathologically low 
values from the normal range.

• Serum IGFBP-3 concentrations are less nutrition-
ally dependent than concentrations of IGF-1,  
reflecting the “stabilizing” effect of IGF-2  
concentrations.

• IGFBP-3 concentrations are clearly GH dependent.

Auxologic Abnormalities

• Severe short stature (height SDS <-3 SD)
• Severe growth deceleration (height velocity SDS <-2 SD over 12 months)
• Ht <-2 SD and HV<-1 SD over 12 months
• Ht <-1.5 SD and HV<-1.5 SD over 2 years
• Features of GHD or GHI

Risk Factors

• History of a brain tumor, cranial irradiation, or other documented organic pituitary abnormality
• Incidental finding of pituitary abnormality on MRI
  
If any of the above exists, proceed to step 2; if not, follow clinically and return to step 1 in 6 months

Step I—Defining the Risk of GH/IGF Deficiency

A. Order a laboratory panel including assessment of bone age, thyroid function, chromosomes
(in females), and nonendocrine tests, and, if indicated, treat diagnosed conditions as appropriate.

And

B. Order an IGF-1 and an IGFBP-3 level.
• If IGF-1/IGFBP-3 are above the mean, follow clinically and return to step 1 in 6 months.
• If IGF-1/IGFBP-3 are low, proceed to step 3; but if the MRI is abnormal, GH stimulation is optional.
• if height<-2,25 SDS proceed to step 3 regardless of the screening tests

Step 2—Screening for GH/IGF Deficiency and Other Diseases

This step can be bypassed if a clear GHD risk factor AND a severe IGF deficiency are identified.
Perform two of the following GH stimulation tests (if appropriate, estrogen prime):

• Clonidine
• Arginine
• Insulin
• Glucagon
• Levodopa
• Propranolol

If both are below 10, go to step 4.
If GH>15, obtain GHBP; if GHBP <-2 SD, consider an IGF-generation test, and, if abnormal, IGF
  treatment.
If GH>10 and height is<-2.25 SDS consider GH treatment for ISS (Step 5)

Step 3—Testing GH Secretion

Perform MRI.

Test HPA, if not already done (CRH stimulation or ITT), and teach cortisol supplementation as
needed.

Step 4—Evaluating the Pituitary

Initiate GH therapy (or if GHIS is suspected, consider IGF-1).
Regularly evaluate growth parameters, IGF-1, and IGFBP-3, as well as compliance and safety.
GH secretion should be retested at the end of GH treatment if the diagnosis was GHD.

Step 5—Treating for Growth Promotion

FIGURE 10-29 n  Algorithm of biochemical evaluation of growth failure. CRH, corticotropin-releasing hormone; GH, growth hormone; 
GHBP, GH-binding protein; HPA, hypothalamic-pituitary axis; HV, height velocity; IGF, insulin-like growth factor; IGFBP-3, IGF-binding 
protein-3; ITT, insulin tolerance test; MRI, magnetic resonance imaging; SD, standard deviation; and SDS, standard deviation score.



10 Disorders of Growth Hormone/Insulin-Like Growth Factor Secretion and Action 361

The utility of IGFBP-3 assays in the diagnosis of 
GHD was evaluated by Blum and colleagues,311 who 
found that serum IGFBP-3 concentrations were below 
the 5th percentile for age in 128 of 132 (97%) of children 
diagnosed as having GHD by conventional criteria 
(height , 3rd percentile, height velocity , 10th percen-
tile, and peak serum GH , 10 ng/mL). At the same time, 
124 of 130 (95%) of non-GHD short children had  
normal IGFBP-3 concentrations.

It is likely that Blum’s patients largely consisted  
of children with severe GHD because this degree of 
correlation between provocative GH testing and serum 
IGFBP-3 concentrations has not been consistently 
identified. For example, Hasegawa and associates705 
reported that the sensitivity of the IGFBP-3 radioim-
munoassay in complete GHD (peak GH , 5 ng/mL) 
was 93% but was only 43% in cases of partial GHD 
(peak GH 5 to 10 ng/mL). Smith and coworkers706 
found that 100% of children with severe GHD (peak 
GH , 1 ng/mL) and low serum IGF-1 also had de-
creased serum IGFBP-3. Four of 8 children with GHD 
and normal serum IGF-1 levels had reduced IGFBP-3 
concentrations, and 10 of 23 (43%) of normal short 
children had decreased serum IGFBP-3. The addition 
of a radioimmunoassay for IGFBP-2 further enhanced 
the ability of IGF axis measures to identify children who 
had GHD by conventional criteria.

The correlation between IGF-axis determinations 
and measures of spontaneous GH secretion nevertheless 
remains imperfect. Even in healthy normal children the 
correlation between 24-hour GH secretion and serum 
IGF-1 and IGFBP-3 concentrations is modest (r 5 0.78 
and r 5 0.62, respectively).706 In the Smith study,707 18% 
of patients were found to have discordant measures of 
IGFBP-3 and provocative GH response. It is impossible 
at this time to resolve conflicts between assays of the 
IGF axis and measurements of GH secretion because 
there is no way to definitively diagnose GHD. Experi-
ence in patients with GHRD, however, has provided 
further evidence in support of the utility of IGF-related 
determinations.110,708,709

Although such patients may have normal or elevated 
serum GH concentrations, mutations or deletions of 
the GHR gene render them unresponsive to GH—and 
such patients may be considered “functionally GH defi-
cient.” In the experience in Ecuador, of approximately 
70 documented cases of GHR gene mutations, all pa-
tients were found to have markedly reduced serum 
concentrations of both IGF-I and IGFBP-3. Even so, 
IGF-1 and IGFBP-3 correlated significantly with 
height. Measures of serum concentrations of IGF-1 and 
IGFBP-3 have been used in other studies of GHI to 
establish diagnostic criteria.

Ultimately, the diagnosis of GHD (or IGF deficiency) 
should be made on the basis of combined clinical and 
laboratory criteria. Short children who have well-docu-
mented normal height velocities do not generally require 
evaluation of GH secretion, and normal (. 25%) serum 
IGF-1 and IGFBP-3 concentrations can be reassuring. 
Children with Turner syndrome and short stature that  
is consistent with the expected growth pattern for this 
syndrome should not be required to undergo GH testing 

to qualify for GH therapy because such treatment is not 
predicated on abnormal GH secretion.

On the other hand, the child with documented growth 
deceleration requires further evaluation—even if tests  
of GH secretion appear normal. Documentation of de-
creased serum IGF-1 or IGFBP-3 concentrations would 
then constitute a diagnosis of IGF deficiency, and the 
diagnoses of GHD and GHI would need to be consid-
ered. The child with a history of cranial irradiation,  
decreased height velocity, and reduced serum concentra-
tions of IGF-1 and IGFBP-3 should be considered to 
have GHD—even in the presence of normal provocative 
tests.

This approach still requires measurements of GH  
secretion. Such determinations are critical to distinguish-
ing between GHD and GHI as causes of IGF deficiency. 
Documentation of abnormal pituitary GH secretion 
alerts the physician to the possibility of intracranial tu-
mors and to the potential for other pituitary hormone 
deficiencies. Evaluation for GHD allows for concomitant 
assessment of ACTH secretion, and TSH and gonado-
tropin determinations can be added where appropriate. 
Ultimately, however, one must conclude that the single 
most important parameter in assessment of children with 
growth failure is careful clinical evaluation—including 
accurate serial measurements of height and determina-
tions of height velocity.

The possibility of hypothalamic-pituitary dysfunc-
tion should always be considered in children with 
documented growth deceleration, particularly in the 
presence of a known intracranial pathologic process 
(e.g., tumors, irradiation, malformations, infection, 
trauma, blindness, nystagmus). Similarly, the neonate 
with hypoglycemia or microphallus warrants evaluation 
of pituitary function—and patients with documented 
TSH, ACTH, ADH, or gonadotropin deficiency are 
candidates for GHD. For children with proportional 
short stature and documented growth deceleration,  
assessment of serum concentrations of IGF-1 and 
IGFBP-3 is clearly warranted—and based on those  
results the possibilities of hypothalamic dysfunction, 
pituitary insufficiency, and GHI can be investigated.

Recommendations by the Growth Hormone Research 
Society (GRS) for the diagnosis of GHD recognize that 
there is no “gold standard” for the diagnosis of GHD and 
suggest that in a child with slow growth whose history 
and auxology suggest GHD, testing for GH/IGF-1 defi-
ciency requires the measurement of IGF-1 and IGFBP-3 
levels as well as GH provocation tests (after hypothyroid-
ism has been excluded). In suspected isolated GHD, two 
GH provocation tests (sequential or on separate days) are 
required. In those with a defined CNS pathologic pro-
cess, history of irradiation, MPHD, or genetic defect, 
one GH test will suffice. In addition, an evaluation of 
other pituitary function is required. In patients who have 
had cranial irradiation or malformations of the hypotha-
lamic-pituitary unit, GHD may evolve over years and its 
diagnosis may require repeat testing of the GH-IGF axis.

It is recognized, however, that some patients with aux-
ology suggestive of GHD may have IGF-1 or IGFBP-3 
levels below the normal range on repeated tests but GH 
responses in provocation tests above the cutoff level. 
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These children are not classically GH deficient but may 
have an abnormality of the GH/IGF axis, and after the 
exclusion of systemic disorders affecting the synthesis or 
action of IGF-I could be considered for GH treatment. 
An MRI (or computed tomographic scan) of the brain 
with particular attention to the hypothalamic-pituitary 
region should be carried out in any child diagnosed as 
having GHD. These GRS recommendations underscore 
the importance of good clinical judgment rather than 
specific tests as the key to the diagnosis of GHD.

Testing in the Neonate.  The diagnosis of GHD in a 
newborn is particularly challenging and important. The 
presence of a micropenis in a male newborn should  
always be addressed by an evaluation of the GH axis.  
A GH level should always be measured in the presence of 
neonatal hypoglycemia in the absence of a metabolic 
disorder. A GH level in a polyclonal radioimmunoassay 
of less than 20 mg/L would suggest GHD in the new-
born. The use of standard GH stimulation tests is not 
recommended in newborns, with the exception of the 
glucagon test (which is safe). In the newborn, although 
normative data are not available for stimulated serum 
GH, a cutoff value of 25 ng/mL is probably appropriate 
and certainly stimulated values under 20 ng/mL should 
raise suspicion.

An MRI is essential when the diagnosis is suspected, 
and results may be available sooner than with serum as-
says. An IGFBP-3 level is of great value to the diagnosis 
of GHD in infancy, but IGF-1 levels are rarely helpful.711 
In fact, serum IGFBP-3 should be performed as the test 
of choice in suspected neonatal GHD. Figure 10-29 pro-
vides an algorithm for the biochemical evaluation of 
growth failure. The diagnosis of IGF or GHD should be 
considered in any child who meets one or more of the 
criteria listed in Box 10-6.

A child should be considered a candidate for GH 
therapy if he or she meets one of these criteria, supported 

by biochemical evidence of GHD based on sex-steroid–
primed provocative tests or evidence of IGF deficiency 
based on measurement of IGF-1 and IGFBP-3 concen-
trations. Such cases need to also have MRI of the hypo-
thalamus-pituitary and assessment of other pituitary  
hormone deficiencies. It is understood that this approach 
will result in GH treatment of some children with “idio-
pathic isolated” GHD or IGF deficiency and that such 
cases require careful monitoring of both pituitary status 
and responsiveness to GH treatment. The latter can be 
assessed relative to recently developed predictive  
models,710 and the diagnosis of GHD should be reconsid-
ered in the child with idiopathic isolated GHD, a normal 
MRI, and a subnormal clinical response to GH.

Diagnosis of GHI.  The combination of decreased 
serum concentrations of IGF-1, IGF-2, and IGFBP-3 
plus increased serum concentrations of GH is highly 
suggestive of a diagnosis of GHI.110 The possibility of 
GHRD is supported by a family history consistent with 
autosomal-recessive transmission. Savage and Rosen-
feld712 devised a scoring system for evaluating short 
children for the diagnosis of GHRD based on five pa-
rameters: basal serum GH greater than 5 ng/mL, serum 
IGF-1 less than or equal to 50 ng/mL, height SD scores 
less than –3, serum GHBP less than 10%, and a rise  
in serum IGF-1 concentrations after a week of GH 
stimulation of less than twofold the intra-assay variation  
(approximately 10%).

Blum and colleagues713 proposed that these criteria 
could be strengthened by evaluating GH secretory pro-
files, rather than isolated basal levels; employing an 
age-dependent range for evaluation of serum IGF-1 
concentrations and using the 0.1 percentile as the cutoff 
level; employing highly sensitive IGF-1 radioimmuno-
assays and defining a failed GH response as the inability 
to increase serum IGF-1 concentrations by at least  
15 ng/mL; and employing basal and GH-stimulated 
IGFBP-3 concentrations. These criteria fit well with 
the population of GHRD patients studied in Ecuador, 
but that is a remarkably homogeneous population of 
patients who have severe GHI.110,709 The universal 
applicability of these criteria remains to be evaluated. 
An important biochemical marker will be the IGF-1 
(and possibly IGFBP-3) response to GH stimulation. 
Although such tests were first employed in the early 
1980s, normal ranges and age-defined responses of  
serum IGF-1 concentrations have not yet been  
determined.714

Decreased serum concentrations of GHBP are obvi-
ously highly suggestive of a diagnosis of GHRD, but it 
is important to point out that cases of GHRD with 
normal serum concentrations of GHBP have already 
been identified.642,715 Such cases may represent muta-
tions in the site responsible for dimerization of the 
GHR, or potentially for abnormalities of the intracel-
lular portion of the receptor or of the postreceptor 
signal transduction mechanism. On the other hand, 
polymorphisms of the GHR gene without resulting 
reductions in IGF-1 and IGFBP-3 concentrations 
should not be considered GHRD. At this point, defini-
tive diagnosis requires the classic phenotype, decreased 

BOX 10-6 Key History and Physical 
Examination Findings That May 
Indicate GH Deficiency

• In the neonate; hypoglycemia, prolonged jaundice, 
microphallus, or traumatic delivery

• Cranial irradiation
• Head trauma or central nervous system infection
• Consanguinity or an affected family member
• Craniofacial midline abnormalities
• Severe short stature (, 2 3 SD)
• Height (, 2 2 SD) and a height velocity below over 

1 year (, 2 1 SD)
• A decrease in height SD of more than 0.5 over in children 

. 2 years of age
• A height velocity below 2 2 SD over 1 year
• A height velocity more than 1.5 SD below the mean 

sustained over 2 years
• Signs indicative of an intracranial lesion
• Signs of multiple pituitary hormone deficiency
• Neonatal symptoms and signs of growth hormone  

deficiency

SD, standard deviation.
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serum concentrations of IGF-1 and IGFBP-3, and 
identification of an abnormality of the GHR gene.

Constitutional Delay of Growth and Maturation.  
The diagnosis of constitutional delay has had different 
meanings to different clinicians.716,717 To some, it has 
consisted of delayed adolescent growth and maturation 
in the presence of decreased (even if only transiently) 
GH secretion.717,718 More commonly, it has been consid-
ered a normal variant (characterized by short stature) but 
with relatively normal growth rates during childhood, 
delayed puberty, a delayed pubertal growth spurt, and 
attainment of normal adult height.

Most patients with constitutional delay begin to deviate 
from the normal growth curve during the early years of life 
and are typically by age 2 years at or slightly below the 5th 
percentile for height. Such children would be expected to 
have normal serum IGF-1 and IGFBP-3 concentrations, a 
normal result of a GH provocative test (if pretreated with 
sex steroids), and skeletal ages that were delayed (Box 10-7). 
By definition, children with pure constitutional delay 
should have bone ages sufficiently delayed to result in 
normal predicted adult heights (see Box 10-7). When 
constitutional delay is found in the context of familial 
short stature, however, children may experience a delayed 
adolescent growth spurt and a short final height. Such 
children should be considered to have elements of consti-
tutional delay and familial short stature and should be 
classified as ISS and considered for GH therapy.

As stated previously, some have attributed constitu-
tional delay to a transient GHD or to a “lazy” pituitary. 
It is likely that much of this experience can be attributed 
to the inadequacies of GH testing, especially to the  
failure to pretreat patients with a brief course of sex  
steroids.690 Low serum concentrations of IGF-1 and 
IGFBP-3 or a poor GH response to provocative testing 

BOX 10-7 Criteria for Presumptive Diagnosis 
of Constitutional Delay of Growth 
and Maturation

• No history of systemic illness
• Normal nutrition
• Normal physical examination, including body pro-

portions
• Normal thyroid function test results
• Normal renal function test results
• Normal complete blood cell count, erythrocyte  

sedimentation rate, electrolytes
• Normal stimulated GH
• Height between 22.5 and 21.5 SDS
• Height velocity . 21 SDS
• Delayed puberty:
• Males: failure to achieve Tanner G2 stage by age  

13.8 years or P2 by 15.6 years
• Females: failure to achieve Tanner B2 stage by age  

13.3 years
• Delayed bone age (more than 1 year delayed)
• Normal predicted adult height:
• Males: .165 cm (65 inches)
• Females: .153 cm (60 inches)

(after priming with sex steroids) should mandate an  
investigation for an underlying pathologic process, such 
as intracranial tumors.

Idiopathic Short Stature.  ISS can be defined as a 
condition in which the height of an individual is more 
than 2 SD below the corresponding mean height for a 
given age, sex, and population group without evidence 
of systemic, endocrine, nutritional, or chromosomal 
abnormalities. Specifically, children with ISS have normal 
birth weight and are growth hormone sufficient. ISS 
describes a heterogeneous group of children consisting 
of many presently unidentified causes of short stature. 
It is estimated that approximately 60% to 80% of  
all short children at or below –2 SD fit the definition  
of ISS.

This definition of ISS includes short children labeled 
with “constitutional delay of growth and puberty” and 
“familial short stature.” The frequency of referral of 
these children is dependent on the socioeconomic  
environment. Furthermore, there is a greater perceived 
disability of short stature in boys compared to girls  
irrespective of social class. ISS should be subcategorized, 
principally based on auxologic criteria. The main dis-
tinction is between children with a familial history of 
short stature whose heights are within the expected 
range for parental target height and those children who 
are short for their parents. The corrected target height 
standard deviation score (SDS) is calculated as 0.72 mul-
tiplied by the average of the father’s and mother’s height 
SD scores and the lower limit of the target height range 
as corrected target height –1.6 SD.

It is generally accepted that on average adult height 
achieved in children with ISS is below the parental tar-
get height. ISS should also be classified by the presence 
or absence of bone age delay, indicating the probability 
of delayed growth and puberty. Subcategorization may 
help to predict adult height, which would be expected to 
be greater in a child with delayed maturation. Individu-
als with no family history of short stature generally have 
a lower adult height in comparison to target height.  
In situations in which a specific genetic diagnosis associ-
ated with short stature is expected (such as Noonan 
syndrome or GH insensitivity), the gene(s) of interest 
should be examined. Online resources exist, such as 
Genetest (www.genetests.org), which identify laborato-
ries capable of performing these tests.

Although routine analysis of SHOX should not be 
undertaken in all patients with ISS, SHOX gene analysis 
should be considered for any patient with clinical find-
ings compatible with SHOX haploinsufficiency. With 
currently available data it is difficult to generalize the 
impact of short stature on psychosocial adaptation. Short 
stature may be a risk factor for psychosocial problems, 
such as social immaturity, infantilization, low self- 
esteem, and being bullied—especially for those referred 
for evaluation. The large interindividual differences in 
adaptation to short stature and in the impact of being 
short may be a function of several risk and protective 
factors, including parental attitudes and prevailing  
cultural opinions. Stress experiences may be frequent, 
but true psychopathology is rare.719

http://www.genetests.org
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TREATMENT OF GROWTH DISORDERS

When growth failure is the result of a chronic underlying 
disease (such as renal failure, cystic fibrosis, or malabsorp-
tion syndromes), therapy must be directed at treatment of 
the underlying condition. Although growth acceleration 
may be observed with GH or IGF-1 therapy, complete 
catch-up requires correction of the primary medical prob-
lem. If treatment of the underlying condition involves 
glucocorticoids, growth failure may be profound and is 
unlikely to be correctable until the patient is weaned from 
steroids.

Correction of growth failure associated with chronic 
hypothyroidism requires appropriate thyroid replace-
ment. As discussed previously, thyroid therapy results in 
dramatic catch-up growth but also markedly accelerates 
skeletal maturation—potentially limiting adult height. 
More gradual thyroid replacement, especially in the  
beginning of the treatment, the use of gonadotropin  
inhibitors to delay puberty, or the use of aromatase in-
hibitors to slow skeletal age maturation may be necessary 
to maximize final adult height.

Treatment of Constitutional Delay
Constitutional delay is a normal variant with (by defini-
tion) potential for a normal (although delayed) pubertal 
maturation and a normal adult height. Most cases can be 
successfully managed by careful examination and evalua-
tion to rule out other causes of delayed puberty or abnor-
mal growth, combined with appropriate explanation, 
conservative follow-up, and psychological counseling. 
The skeletal age and Bayley-Pinneau table are often 
helpful in explaining the potential for normal growth.  
A family history of constitutional delay is also frequently 
a source of reassurance but may not always be elicited. 
On occasion, however, the stigmas of delayed maturation 
and short stature may be psychologically disabling for the 
adolescent.

Studies have demonstrated that some adolescents 
with constitutional delay have poor self-images and  
limited social involvement.720 In such patients, there is 
a role for the judicious use of short-term sex steroids.  
In males, therapy should generally be limited to adoles-
cents who meet the following criteria: a minimal age of 
14 years; height below the third percentile; prepubertal 
or early Tanner G2 stage, with a serum testosterone 
level less than 100 ng/dL; evidence of poor self-image 
that does not respond to reassurance alone; and pre-
dicted adult height well within the normal range. The 
patients usually have a skeletal age delay that corrects 
their height to the midparental (target) height range. 
Therapy in males consists of depot testosterone (enan-
thate or cypionate), 50 to 100 mg every 3 to 4 weeks for 
a total of 4 to 6 injections.721

Patients will typically show early secondary sex char-
acteristics by the fourth injection and grow an average of 
10 cm in the ensuing year. This brief course of therapy 
has been shown to not cause overly rapid skeletal matura-
tion, compromise adult height, or suppress pubertal 
maturation.722 It is important to emphasize to the patient 
that he is normal, that therapy is short term and designed 

to provide him with some pubertal development earlier 
than he would experience on his own, and that treatment 
will not increase adult height. In such situations, the 
combination of short-term androgen therapy plus reas-
surance and counseling has been helpful in assisting the 
patient with constitutional delay cope with a difficult 
adolescence.

Patients must be reevaluated to ensure that they 
spontaneously enter “true” puberty. One year after  
testosterone treatment, patients should demonstrate 
testicular enlargement and a serum testosterone level in 
the pubertal or adult range. If this is not the case, the 
diagnoses of pituitary insufficiency or hypogonado-
tropic hypogonadism should be considered. Although a 
second course of testosterone may be warranted at this 
time, it is our experience that most such patients even-
tually prove to be gonadotropin deficient.

The availability of several new forms of testosterone 
supplementation, which are approved for adults with 
hypogonadism, has provided pediatricians with an op-
portunity to offer patients a choice among different an-
drogen replacement therapies. Although these new ther-
apies have not been published as efficacious in children 
with constitutional delay, we have personal experience 
with their successful use—with an equivalent response to 
that obtained with testosterone injections. Testosterone 
gel is painless and easy to apply, and it has proven popular 
since its release.723 Testosterone patches also allow pa-
tients to avoid the need for injections but work best when 
applied to the scrotum and are often accompanied by 
complaints of itching.724 The dosing of these alternative 
forms of therapy in children is not clearly established. 
Care must be taken, as these preparations increase the 
risk for administration of too large a dose of androgen,  
as most preparations are developed for adult androgen 
replacement.725 Further experience will undoubtedly 
accumulate on their use in pediatrics in the coming years. 
The combined use of androgen therapy with aromatase 
inhibition is theoretically attractive in patients with con-
stitutional growth delay who have a height prediction 
below their genetic target height range. Several prospec-
tive trials have shown that treatment with aromatase  
inhibitors delays skeletal maturation and increases  
predicted adult height. Data on long term follow-up of 
constitutionally delayed patients treated like this suggest 
that this may also result in taller adult height.726 How-
ever, use of these agents still is considered experimental 
until the drug safety profile has been evaluated in more 
patients with longer follow-up, especially regarding the 
qualitative effects on skeletal development.

Referrals for constitutional delay are much more com-
mon in males than in females, undoubtedly reflecting our 
cultural values. When constitutional delay is a problem  
in girls, short-term estrogen therapy can be employed. 
The use of GH in patients with constitutional delay is 
discussed later in this chapter.

Treatment of Growth Hormone 
Deficiency
Patients with proven GHD should be treated with re-
combinant human GH (rhGH) as soon as possible after 
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the diagnosis is made. The primary objectives of the 
therapy for GHD are normalization of height during 
childhood and attainment of normal adult height. Nor-
mally growing patients with craniopharyngioma and 
GHD should be considered for therapy with GH for 
metabolic and body composition benefits and for en-
hancement of pubertal growth.

GH exhibits a high degree of species specificity in  
its actions. Unlike most other hormones, the only GH 
biologically active in humans is primate GH. For many 
years, the only practical source of primate GH for treat-
ment of GHD was human cadaver pituitary glands—
first employed in the late 1950s. Over the next 25 years, 
more than 27,000 children with GHD worldwide were 
treated. In 1985, distribution of pituitary-derived hu-
man growth hormone (hGH) in the United States and 
most of Europe was halted because of concern about  
a causal relationship with Creutzfeldt-Jakob disease—a 
rare and fatal spongiform encephalopathy that had been 
previously reported to be capable of iatrogenic trans-
mission through human tissue.727,728

In North America and Europe, this disorder has  
an incidence of approximately 1 case per million. Non-
iatrogenic cases are exceedingly rare before the age  
of 50 years. To date, more than 20 young adults of  
about 8000 patients in the United States who had  
received human cadaver pituitary products have died of 
Creutzfeldt-Jakob disease. In France, there have been 
more than 60 cases of Creutzfeldt-Jakob disease among 
1700 human cadaver GH recipients—and in England 
32 cases among 1900 recipients of human cadaver GH 
have been reported.

Fortuitously, at the time that the risks of pituitary- 
derived hGH were discovered, recombinant DNA–derived 
hGH had already begun extensive testing for safety  
and efficacy.312,729,730 The original form of rhGH included 
an N-terminal methionine, added for use as a start signal 
for transcription (met-hGH). This preparation was found 
to mimic pituitary-derived hGH in its anabolic and  
metabolic actions. Subsequent rhGH preparations  
were produced without the additional methionine. Over 
the next decade, rhGH universally replaced pituitary- 
derived hGH as the treatment of choice for children  
with GHD.

Dosing of GH

Despite continued variability and lack of consensus,  
considerable progress and improvement have been made 
in the standardization of GH dosage and administration. 
It is well established that GH administration should be 
initiated as early as possible in the GH-deficient child to 
optimize final height outcome.731 Daily administration of 
GH is clearly more effective than giving the same total 
dose three times weekly.732 GH injections are best 
administered in the evening, better mimicking natural 
physiology and achieving higher GH peaks.733 The 
injected hGH should be administered subcutaneously.

The dosage of GH should be expressed in milligrams 
(or micrograms) per kilogram per day, although consid-
eration should be given to dosing in micrograms per 
square meter of body surface per day in patients with 

obesity. GH is routinely used in the range of 25 to  
50 mg/kg/day. A dose-response relationship in terms of 
height velocity in the first 2 years has been clearly  
demonstrated within this range (Figure 10-30).734-736 On 
this regimen, the typical GH-deficient child accelerates 
growth from a pretreatment rate of 3 to 4 cm/year to  
10 to 12 cm/year in year 1 of therapy and 7 to 9 cm/year 
in years 2 and 3. This progressive waning of GH efficacy 
has been observed universally and is still not fully under-
stood. It can, however, be overcome at least in part by 
increasing the dosage of hGH. In the United States, at  
a dosage of 50 mcg/kg/day, the approximate current  
cost of hGH therapy for a 20-kg child is $15,000/year. 
The practice of individualizing treatment according to 
the specific needs of each GH-deficient child is gaining 
acceptance.

Consensus does not exist as to how to formulate indi-
vidualized treatment plans. Emerging evidence suggests 
that mathematical prediction models of growth response 
may be useful for determination of the optimal individual 
dose.710,737,738 Although these models will need further 
improvement in their predictive power (as well as further 
validation), their potential utility is considerable. GH 
doses can be calculated to achieve specific therapeutic 
aims (i.e., catch-up to target height within 2, 3, or  
4 years). These models can also enable a comparison 
between observed and predicted growth, hastening  
identification of causes of suboptimal growth. Further 
application of these models to specific diseases and  
conditions in which GH responsiveness varies will allow 
disease-specific optimization.

Despite the availability of GH therapy, long-term 
studies have indicated that many patients fail to achieve 
normal adult heights—and only a few attain their genetic 
target heights. Although the development of rhGH has 
solved the problem of supply experienced in the pituitary 
GH era, delays in diagnosis and initiation of therapy have 
still compromised adult height. Data from the National 
Cooperative Growth Study evaluation of adult heights in 
121 patients with childhood GHD indicate a mean adult 

FIGURE 10-30 n  Meta-analysis of the dose-response relationship 
between growth hormone (GH) and delta growth velocity (GV) 
in the first year of treatment of naive GH-deficient children. The 
lower three doses are from Frasier and colleagues,501 and the 
higher three doses are from Cohen and coworkers.502



SECTION III Endocrine Disorders in Children and Adolescents366

height in male and female patients of , 0.7 SD.739 By 
multiple-regression analysis, factors found to correlate 
with enhanced adult height were baseline height, younger 
age at onset of treatment, longer treatment duration,  
and a greater growth velocity during the first year of 
treatment.

In an effort to increase final height of GHD patients, 
Mauras and associates740 have evaluated the use of high-
dose GH during puberty—with the rationale that GH 
secretion normally doubles during the pubertal growth 
spurt (as indicated by the dramatic rise in serum IGF-1 
concentrations during puberty) and that the pubertal 
growth spurt normally accounts for approximately 17% 
of adult male height and 12% of adult female height. 
Earlier studies by Stanhope and associates741 indicated 
that little difference in height gain could be observed 
when adolescent patients were treated with 30 versus  
15 IU/m2/wk of GH (approximately 0.04 versus 0.02 mg/
kg/day).

Mauras and associates740 evaluated higher doses of 
GH during puberty (100 versus 50 mcg/kg/day) and 
found that the higher dosage resulted in a 4.6-cm in-
crease in near-final height (defined as height at a bone 
age of more than 16 years in males and more than  
14 years in females). The mean height SD score at near-
final height was higher for the 100-mcg/kg/day group. 
The higher GH dosage did not result in more rapid  
acceleration of skeletal maturation.

An alternative approach to maximizing height gain dur-
ing adolescence is to combine GH treatment with suppres-
sion of the hypothalamic-pituitary-gonadal axis by GnRH 
analogues (or, but only in boys, the use of aromatase in-
hibitors). This combined therapy may lead to significant 
improvement of final height or predicted adult height of 
patients, as shown in some studies (but long-term results 
are still lacking). In addition, the effect of suppression of 
puberty on bone accretion during the critical pubertal 
phase (as well as on psychosocial function) has not yet been 
evaluated adequately. Similar concerns may exist for the 
combination of GH therapy with aromatase inhibitors, 
which are designed to prevent the effects of estrogen on 
epiphyseal fusion.

Novel Modalities for Treatment of GHD
Several novel treatment modalities have emerged  
(Box 10-8). These include oral secretagogues, GHRH, 
extended-action depot rhGH preparations, and liquid 
rhGH formulations. A number of GH-releasing pep-
tides and nonpeptidyl GH secretagogues have been  
formulated since their discovery in the 1980s.742 Although 

these oral agents would be an attractive potential treat-
ment option for GHD secondary to hypothalamic GRF 
deficiency, their evaluation remains incomplete at this 
time.743,744 GHRH has been demonstrated to be safe and 
more effective than placebo at increasing height velocity 
in some GHD children. However, further long-term 
studies are needed.745,746

The development of sustained-release long-acting 
depot GH formulations may eventually provide a desir-
able alternative to daily subcutaneous rhGH injections 
for some patients. Currently, such formulations remain 
under study in ongoing clinical trials—and although  
efficacious they appear less effective than daily rhGH 
therapy. Further studies will be necessary, however, to 
ascertain whether such preparations can provide the 
same level of growth acceleration as is seen with daily 
GH—and whether side effects will not be increased. 
Liquid rhGH formulations, which eliminate the need 
for reconstitution, and new delivery devices such as pen 
systems have been introduced and appear to improve 
patient compliance.

Additional novel delivery GH strategies remain under 
active development, including orally inhaled and intrana-
sally administered rhGH formulations. In time and with 
further experience, novel treatment approaches may 
emerge as useful alternatives to conventional rhGH 
therapy. The combination of GH along with IGF-I 
therapies may also prove to be a useful treatment of 
growth disorders.

Management of Multiple Pituitary Hormone 
Deficiency

In the patient with an initial diagnosis of isolated GHD, 
particularly those with an ectopic posterior pituitary or 
other developmental abnormalities, the clinician should 
be alert to the risk of the development of MPHD. This 
involves regular repeat biochemical testing and consider-
ation of repeat pituitary imaging. If GHD is part of  
a multiple pituitary insufficiency, it is necessary to ad-
dress each endocrine deficiency. TSH deficiency is often 
“unmasked” during the initial phase of hGH therapy, and 
thyroid tests should be performed both before the onset 
of therapy and during the first 3 months of hGH treat-
ment.747 Even if normal initially, thyroid function should 
be tested subsequently on at least an annual basis.

The pituitary-adrenal axis is customarily evaluated 
during the insulin stimulation test for GHD. If ACTH 
secretion is impaired, patients should be placed on the 
lowest safe maintenance dose of glucocorticoids— 
certainly no more than 10 mg/m2/day of hydrocortisone. 
Higher doses may impair the growth response to hGH 
therapy but may be necessary during times of stress. An 
alternative approach is to avoid maintenance glucocorti-
coids and treat with steroids only during periods of 
physiologic stress.

Gonadotropin deficiency may be evident in infancy in 
the child with microphallus. This can usually be treated 
with three to four monthly injections of 25 to 50 mg of 
testosterone enanthate.748 Management of puberty can be 
more complicated because the physical and psychological 
benefits of normalizing sexual maturation must be  

BOX 10-8 New and Emerging Modalities for 
Treatment of GH Deficiency

• Liquid formulations
• Pen-type delivery devices
• Long-acting GH formulations
• Sustained-release GH formulations
• Dermal patch delivery of GH
• Oral ghrelin-mimetics
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balanced against the risk of epiphyseal fusion. When 
hGH therapy is initiated in childhood and the child’s 
growth is normalized before adolescence, it is appropriate 
to begin sex steroid replacement at a normal age (e.g., 11 
to 12 in females and 12 to 13 in males).

In males, this can be done by beginning with monthly 
injections of 100 mg of testosterone enanthate—gradually 
increasing to 200 mg/month, and eventually moving to 
the appropriate adult replacement regimen. In girls, ther-
apy involves use of conjugated estrogens or ethinyl estra-
diol, and eventual cycling with estrogen and progesterone 
(as described elsewhere in this book). On the other hand, 
in patients in whom normal or precocious puberty may 
limit the statural response to hGH, it may be appropriate 
to delay puberty by the use of the GnRH analogue.

Monitoring GH Therapy

Careful monitoring of pediatric patients with GHD is 
critical. Important aspects of this process are outlined in 
Box 10-9. The routine follow-up of GHD children 
should be performed by a pediatric endocrinologist on 
a 3- to 6-month basis in partnership with the patient’s 
primary care physician. Assessment of the growth  
response is perhaps the single most important parameter 
of monitoring. This consists of accurate determination 
of height velocity and interval height increase (best  
expressed in terms of the change in height Z score). 
Establishment of a target height (typically the midpa-
rental target height) against which the child’s progress 
can be assessed is important. Careful attention must 
also be directed toward screening for possible adverse 
effects and toward assessing compliance.

Monitoring Serum IGF-1 Levels

The consensus is that annual monitoring of serum IGF-1 
and IGFBP-3 levels should be an aspect of routine care 
of the GHD child receiving rhGH therapy.749 Titration 
of rhGH dose to maintain these growth factors within 
age-dependent normal limits is physiologically sound 
and is standard practice in the treatment of adults with 
GHD. It is well recognized that IGF-1 and IGFBP-3 
levels are low in children with GHD and increase with 
rhGH injections.750

The relationship between the rise in IGF-1 levels and 
the growth response during therapy has been demon-
strated in a study that used a GH-dose titration to achieve 
target IGF-I levels.751 In that study, it was demonstrated 
that at least over the first 2 years of treatment there is a 
substantial correlation between the level of the IGF-I 
achieved and the height gain—and that this correlation 
was valid for both GHD and ISS patients. Growth factor 
monitoring certainly has important utility in assessment 
of compliance issues as well as in the assurance of safety. 
Several epidemiologic studies have linked serum IGF-1 
levels and lower IGFBP-3 levels to increased risk of pros-
tate, breast, and colorectal cancer in otherwise healthy 
subjects.222,749,752 Although a causal relationship between 
serum IGF-1 levels and cancer is not proven, monitoring 
lifetime exposure to IGF-1, and ensuring that IGF-1 and 
IGFBP-3 levels in the GH-deficient patient are within 
age-defined normal limits certainly seem prudent at this 
time.

Role of Serial Bone Age Assessment

Although a well-established diagnostic tool in the initial 
evaluation of a GH-deficient patient, bone age assess-
ment no longer has a role in the ongoing management 
of childhood GHD. Previously, many clinicians have 
included serial bone age assessment as part of their 
monitoring of a GH-deficient child’s progress on rhGH 
therapy by comparing the observed to predicted heights 
and by following the Bailey-Pinneau predicted height 
calculations.753,754

When the wide SDs applied to such measures and the 
lack of clinical evidence that management is enhanced by 
their use are considered, they have no sound role in the 
monitoring of GH therapy.755 It also appears that al-
though GH therapy accelerates bone maturation, there 
may be an initial delay before this is apparent radio-
graphically and height predictions may be skewed as a 
result.755 At this time, the role of bone age assessment 
during GH therapy lies only in determining remaining 
growth potential in the patient with GHD approaching 
final height and in assessing children with concerns about 
rapid progression of puberty.

Assessment of Treatment Efficacy 
and Optimizing Growth Response

Clearly defined individual treatment goals need to be  
established for each patient with GHD. During the initial 
2 years of therapy, catch-up growth at a rate twofold to 
fourfold above pretreatment growth velocity and a gain of 
1 to 2 SDs in height should be expected in the majority  
of patients.756 This will be influenced by age at diagnosis 
and severity of GHD. The dose may need to be increased 
if catch-up growth is inadequate. After the initial catch-up 
phase, growth velocity should be maintained at a rate at or 
above the 50th percentile for age.

Mathematical prediction models may be used not only 
to predict growth response to a specific dose but also to 
guide the pediatric endocrinologist in modifying therapy 
when the observed growth falls short of predicted 
growth.738 Prediction models have considerable promise 

BOX 10-9 Elements of Monitoring 
GH Therapy

• Close follow-up with a pediatric endocrinologist every 
3 to 6 months

• Determination of growth response (change in height  
Z score)

• Monitoring serum IGF-1 and IGFBP-3 levels
• Screening for potential adverse effects
• Evaluation of compliance
• Consideration of dose adjustment based on IGF values, 

growth response, and comparison to growth prediction 
models

IGF, insulin-like growth factor; IGFBP-3, insulin-like growth factor-
binding protein-3.
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but need to be improved and studied further in a pro-
spective manner before any recommendations regarding 
their use can be formulated. In instances in which an in-
adequate response is encountered, it is also important to 
consider all possible causes—including poor compliance, 
technical difficulties, underlying hypothyroidism, incor-
rect diagnosis, poor nutrition, neutralizing antibodies, 
and intercurrent illness.

It is critical to maximize height with GH therapy 
before the onset of puberty. If this is not achieved, 
modulation of the GH dose during puberty may be  
considered. As stated previously, the growth response  
to hGH typically attenuates after the first year—but  
it should continue to be equal to or greater than the 
normal height velocity for age throughout treatment.  
In situations in which the clinical response to hGH is 
suboptimal, the following possibilities must be consid-
ered: poor compliance, improper preparation of hGH 
for administration or incorrect injection techniques, 
subclinical hypothyroidism, chronic disease, glucocorticoid 
therapy, history of irradiation of the spine, epiphyseal 
fusion, anti-GH antibodies,757 and incorrect diagnosis of 
GHD as explanation for growth retardation. Some re-
cipients of rhGH have developed detectable anti-GH 
antibodies, but growth failure resulting from such anti-
bodies has been exceedingly rare.

Maximal growth response to hGH can be obtained by 
early diagnosis and initiation of therapy and by careful 
attention to compliance and psychological support. Thus, 
although some studies have indicated that as many as 
50% of males and 85% of females with idiopathic GHD 
do not achieve adult heights above the third percen-
tile,739,758 it is our belief that normalization of height (i.e., 
achieving target height) should be achievable in most 
cases. Despite the efficacy of hGH in accelerating growth 
in children with GHD and the ability of such therapy to 
normalize adult height if treatment is begun sufficiently 
early, several studies have indicated that the long-term 
prognosis for such patients is guarded.759 The educa-
tional, vocational, and social outlook for adults with 
GHD dating from childhood is frequently suboptimal. 
Whether this suboptimal psychosocial outlook reflects 
subtle intellectual deficits or the consequences of lower 
expectations of patients, families, or teachers remains to 
be determined. In any case, patients with GHD clearly 
require careful and thorough follow-up throughout 
childhood and adolescence—and possibly adulthood.

Studies have focused on the clinical consequences of 
GHD in adults and on the potential benefits of hGH 
therapy in such patients.760,761 Signs and symptoms of 
adult GHD have included reduced lean body mass and 
musculature, increased body fat, reduced bone mineral 
density, reduced exercise performance, and increased 
plasma cholesterol. Adults with GHD have been found  
to have a significantly increased risk of death from  
cardiovascular causes, a finding potentially linked to the 
increase in adiposity and in serum cholesterol.762

Adults with GHD have been found to have “impaired 
psychological well-being and quality of life” character-
ized by depression, anxiety, reduced energy and vitality, 
and social isolation. Several placebo-controlled studies 
have demonstrated that hGH therapy for adults with 

GHD results in marked alterations in body composition, 
fat distribution, bone density, and sense of well- 
being.763,764 Whether these effects of hGH therapy will 
be sustained (and if so, what the optimal hGH regimen 
will be) remains to be determined.

Because of the potential metabolic benefits of treat-
ment of adult GHD, it is necessary to discuss the need 
for lifelong GH therapy with patients and families at the 
time of diagnosis. Given the studies that have demon-
strated that many (perhaps the majority) of the children 
diagnosed with childhood GHD demonstrate normal 
GH levels on repeat provocative testing, it is recom-
mended that on completion of skeletal growth GH 
therapy be halted for a period of 1 to 3 months and the 
patient then retested. Toogood and colleagues765 have 
reported that the likelihood of GHD persisting in adult 
life increases with the number of pituitary hormone  
deficiencies. Approximately 90% of patients with two or 
three additional pituitary hormone deficiencies had pro-
vocative GH levels less than 5 ng/mL. Similarly, patients 
with documented structural abnormalities of the hypo-
thalamus-pituitary (such as pituitary hypoplasia, pituitary 
stalk agenesis, posterior pituitary ectopia, or septo-optic 
dysplasia) have a very high likelihood of retesting  
as GHD.

A conservative approach would suggest that all chil-
dren diagnosed as having GHD should be retested by 
insulin-provocative tests on completion of skeletal 
growth and before a commitment is made for long-term 
adult treatment. An argument can be made, however, 
that patients with multiple pituitary hormone deficien-
cies, documented structural abnormalities, or docu-
mented hypothalamic-pituitary molecular defects do not 
necessarily require retesting—or at most should have 
IGF-1 and IGFBP-3 concentrations determined. On the 
other hand, the child who has carried a diagnosis of  
idiopathic isolated GHD should always be retested.

Transition to Adult Management

A suggested algorithm to guide the transition to adult 
management is displayed in Figure 10-31. After attain-
ment of final height, the pediatric endocrinologist should 
retest the GH-IGF axis using the adult GHD diagnostic 
criteria as defined by the Growth Hormone Research 
Society (GRS) Consensus Workshop on Adult GHD.

Standard GH stimulation tests can be performed after 
an interval of 1 to 3 months of GH therapy.766 In places 
where an insulin tolerance test is mandatory for the pa-
tient to qualify for further GH therapy, this test should 
be performed. At the time of retesting, other pituitary 
hormones and serum IGF-1 and IGFBP-3 levels should 
be measured.704 As recommended by the GRS, the op-
portunity should be taken to assess body composition, 
bone mineral density, fasting lipids, insulin, and quality 
of life before and after discontinuation of GH therapy. 
Patients with severe long-standing MPHD, those with 
genetic defects, and those with severe organic GHD can 
probably be excluded from GH retesting.627

When the diagnosis of adult GHD is established, con-
tinuation of GH therapy is strongly recommended. Cau-
tion should be exercised when considering the decision 
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of continuing GH therapy in conditions where there is a 
known risk of diabetes or malignancy. Although large 
patient registries have not seen an increase in the inci-
dence of malignancy in pediatric GH recipients, patients 
with certain high-risk states (such as Bloom syndrome) 
may be at an increased risk as a result of long-term GH 
therapy and such patients should be monitored carefully. 
The transition to adult GH replacement should be  
arranged as a close collaboration between the pediatric 
and adult endocrinologists, who should discuss the reini-
tiation of treatment with the patient.

Growth Hormone Treatment of Other 
Forms of Short Stature
The development of rhGH has provided the capability 
for a theoretically unlimited supply of hGH. Although 
treatment of GHD is the one unequivocal indication for 
“replacement” therapy, the potential use of hGH for 
treatment of other forms of short stature has been actively 
explored. Theoretically, any child with open epiphyses 
should be capable of accelerating growth and achieving 
heights greater than indicated by genetic potential—as 
indicated by experience with cases of pituitary gigantism. 
Whether such therapy can be done safely and whether it 
justifies the cost and potential risks of hGH are more 
complicated issues. In addition, questions have been 
raised about the appropriateness of “cosmetic” hormonal 

therapy. Table 10-10 summarizes the different medical 
indications that the FDA has approved for treatment with 
rhGH as of September 2012.

Chronic Renal Failure

Several studies have now convincingly demonstrated the 
ability of hGH to accelerate growth over at least several 
years of therapy.767,768 These findings have also been con-
firmed by several double-blind placebo-controlled inves-
tigations. Using an hGH dosage of 0.05 mg/kg/day, Fine 
and coworkers769 showed a mean first-year growth rate of 
10.7 cm in GH recipients and 6.5 cm in the placebo 
group. In the second year, GH-treated patients had a 
mean growth rate of 7.8 cm/year versus 5.5 cm/year in 
placebo recipients. No deleterious effects on renal func-
tion were observed. Additional evaluation of the effect of 
GH treatment on adult height in chronic renal failure 
patients has been compromised by small sample sizes and 
restriction to only prepubertal patients treated. However, 
the impact of GH therapy on final adult height in these 
patients has been evaluated through the Pfizer Interna-
tional Growth Database (KIGS), which showed long-
term catch-up growth and increased near-adult height.770 
Mean height SD scores at near-adult height improved by 
1.2 and 1.6 in boys and girls, respectively. The overall 
treatment response was diminished in patients who were 
concurrently on dialysis or had severely delayed puberty.

Turner Syndrome

Before the availability of rhGH, a number of uncon-
trolled studies had produced conflicting data concerning 
the efficacy of GH therapy in Turner syndrome.771,772 
In 1983, a randomized controlled study of rhGH was 
initiated.230,347 First-year results indicated a growth rate 
of 3.8 cm/year in the control group, 6.6 cm/year in hGH 
recipients, 7.9 cm/year in oxandrolone recipients, and  
9.8 cm/year in subjects receiving hGH plus oxandrolone. 
At the end of 6 years, heights for 30 subjects who had 
completed therapy were compared with their projected 

Children Adults

Growth hormone deficiency Growth hormone deficiency
Chronic kidney disease HIV/AIDS wasting syndrome
Turner syndrome Short bowel syndrome
SGA and lack of catch-up 

growth
Prader-Willi syndrome
Idiopathic short stature
SHOX gene haploinsuffi-

ciency
Noonan syndrome

TABLE 10-10  Key Indications for the Use of 
GH Therapy in the United States 
(USFDA-Approved Indications)

SGA, smallness for gestational age; USFDA, United States Food 
and Drug Administration.

Discuss transition with patient and family

Reassess after final height attainment

Discontinue GH for
1–3 months and

assess GH status,
body composition,

bone mineral density,
lipid metabolism,
and quality of life

Continue GH in
patients with

severe MPHD,
genetic defects,

severe organic GHD

Does not meet
GHD criteria

Meets adult
GHD criteria

Reassessment
in 2 to 3 years

Resume
GH therapy

Refer to adult endocrinologist

FIGURE 10-31 n  Algorithm for transition to adult treatment of 
growth hormone (GH) deficiency. MPHD, multiple pituitary 
hormone deficiency.
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adult heights773 based on the growth curves of Lyon and 
colleagues.11

Mean height achieved after 2 to 6 years of treatment 
was 151.9 cm, compared to a mean projected adult height 
of only 143.8 cm. Near-adult heights in these subjects 
showed that girls receiving GH alone had a final height 
8.4 cm greater than their projected adult heights. Girls 
receiving GH plus oxandrolone had a 10.3-cm increase.348 
Sixteen of 17 girls receiving GH alone achieved adult 
heights above the 50th percentile for Turner syndrome, 
and 10 of 17 attained heights above the 90th percentile. 
All 45 girls receiving combination treatment attained 
heights above the 50th percentile for Turner syndrome, 
and 23 of 45 had heights above the 90th percentile.

In a subsequent study, GH was employed in combina-
tion with estrogen replacement at either 12 or 15 years 
of age.774 Earlier initiation of estrogen therapy resulted 
in accelerated epiphyseal fusion and a compromise in 
final height attained, a not surprising observation given 
the critical role of estrogen in skeletal maturation. Girls 
who began GH therapy before 11 years of age and estro-
gen at age 15 had the greatest increase in adult height. 
These data are in line with the results from the only 
randomized, controlled trial to adult height. After an 
average of 5.7 years of therapy plus induction of puberty 
at near-physiologic age (13 years), the mean height gain 
due to GH was 17.2 cm.775

Even more dramatic results have been observed in 
Dutch studies, in which the GH dosage was progres-
sively increased to 0.09 mg/kg/day.349 At the highest 
GH dosage, increases in adult height over projected 
heights averaged 16 cm. Estrogen therapy was withheld 
until subjects had received at least 4 years of GH treat-
ment and reached a minimum age of 12 years. With this 
regimen, the majority of girls with Turner syndrome 
attained adult heights within the normal range. A follow-
up study further established that GH therapy in Turner 
syndrome girls allows for height normalization in most 
patients: 83% reached a normal adult height (final 
height SD score . 22), and 63% ended up growing 
into their target height range.776

In light of the detailed historical data that exist on 
natural growth in Turner syndrome, the results to date 
provide convincing data that hGH can accelerate growth 
and increase adult height. Furthermore, early initiation 
of GH treatment should allow for normalization of 
growth in childhood—as well as the potential to begin 
estrogen replacement at a physiologically appropriate 
age. This subject is discussed in detail in Chapter 16.

SHOX Deficiency

SHOX deficiency turns out to be a relatively common 
cause of short stature. In SHOX deficiency, short stature is 
mainly due to (mesomelic) shortening of the extremities. 
Heterozygote mutations, mainly deletions (approximately 
80%), have been detected in 2% to 15% of subjects who 
initially were diagnosed as having idiopathic short stature. 
Fifty percent to 90% of patients carrying the clinical  
diagnosis of Leri-Weill dyschondrosteosis have SHOX 
deficiency, and almost 100% of girls with Turner syn-
drome have SHOX haploinsufficiency.777 Several studies 

have shown that the improvement in statural growth with 
GH therapy in individuals with SHOX mutations is  
similar to the effect seen in Turner syndrome patients.  
In a 2-year prospective, open-label, parallel, multicenter 
study, GH-treated SHOX-deficient patients grew 3.5 cm 
and 1.9 cm more that an untreated control group during, 
respectively, the first and second years of therapy.778 Final 
height was evaluated in a group of children with SHOX 
deficiency in a retrospective study taken after the children 
had received at least 2 years of GH treatment, and the 
results revealed an overall height gain of 7 cm, reminiscent 
of the height gain described in Turner syndrome pa-
tients.779 The FDA has now approved growth hormone 
therapy for short stature resulting from SHOX deficiency; 
the recommended weekly dosage is 0.35 mg/kg/week.

Noonan Syndrome

Most of the data on the beneficial effect of GH on statural 
growth in Noonan syndrome are derived from observa-
tional studies using small numbers of patients, without 
randomization and without the use of controls. In addi-
tion, the effect of GH therapy on adult height has only 
been reported in a couple of studies. In one study,  
18 children with Noonan syndrome were treated for  
a mean duration of 7.5 years until they reached final 
height. Their mean height SD score increased from 22.9 
before GH treatment to 21.2 at the end of GH treat-
ment, which represents a 10.3 cm height increment com-
pared to their predicted adult height.780 In a large cohort 
of Noonan syndrome patients from the international 
postmarketing KIGS database, more than 50% of 402 
patients reached adult heights greater than 22 SD scores, 
whereas other studies yielded overall height gains in the 
range of 5 to 10 cm only.781,782 A variety of factors likely 
influence the observed GH treatment responses. These 
include the timing of the onset of GH therapy and the 
duration of prepubertal GH exposure, the height achieved 
at puberty, and the reduced GH responsiveness seen in 
Noonan syndrome patients due to a PTPN11 mutation 
(about 50% of all patients). The FDA has approved  
GH treatment for short stature associated with Noonan 
syndrome at doses up to 0.066 mg/kg/day.

Down Syndrome

The encouraging results of hGH trials in Turner and 
Noonan syndromes have led to studies of hGH in other 
chromosomal disorders, such as Down syndrome. Sev-
eral preliminary studies have confirmed the ability of 
hGH to accelerate growth in such patients, although 
ethical issues have been raised concerning the appropri-
ateness of such therapy.783,784 The mean height of chil-
dren with Down syndrome increased significantly from 
21.8 to 20.8 SD score during 3 years of GH therapy in 
a study from Sweden, whereas the mean height fell in a 
control group from 21.7 to 22.2 SD score. The study 
showed no effect on mental or gross-motor development, 
but some improvement in fine-motor development  
was reported in the GH-treated subjects.785 Because no 
convincing study data exist to indicate that hGH  
improves neurologic or intellectual function in Down 
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syndrome patients, therapy with GH is not recom-
mended in these children unless they also have GH  
deficiency.

Intrauterine Growth Retardation or Small 
for Gestational Age

A number of studies, employing pituitary-derived or re-
combinant DNA–derived hGH, have been performed  
in children with short stature resulting from IUGR/
SGA.786,787 These studies are hampered by the inherent 
heterogeneity of this group of patients, whose poor growth 
may reflect maternal factors, chromosomal disorders, dys-
morphic syndromes, toxins, and so on. The interpretation 
of the results from these studies are frequently compli-
cated by an accompanying diagnosis of GHD, often  
lacking stringency in diagnostic criteria.

Coutant and colleagues,788 for example, compared 
children treated with GH for a diagnosis of IUGR as-
sociated with “idiopathic” GHD and children with 
IUGR not treated with GH and found no significant 
differences in adult height. Furthermore, almost 80% 
of the alleged GH-deficient IUGR children proved to 
have normal GH levels when reevaluated after cessa-
tion of growth. Two studies have examined the effects 
of two doses of continuous GH treatment administered 
over a 6-year period.362,789,790 GH at doses of 0.033 and 
0.067 mg/kg/day resulted in 2- and 2.7-SD increments 
in height, respectively.

In a prospective, randomized, double-blind, dose– 
response study, GH treatment for 6 years (with either 
0.033 or 0.067 mg/kg/day) caused the majority of SGA 
patients to reach a height within the normal range.362 
The higher-dose group also had a greater height SD 
score increase than the lower-dose group, respectively, 
12.5 and 12 SD score. After a mean treatment period of 
7.8 years, 85% of patients had reached adult heights 
above 22 SD score and 98% reached adult heights 
within target height range (Figure 10-32).791

A meta-analysis of data from four different random-
ized controlled trials has been done (n 5 391). Adult 
height of patients from the GH treated groups was  
significantly greater compared to the control groups: the 
mean difference was 10.9 SD score, yielding a 5.7 cm 
greater height (p , 0.0001).792 Taken together, most 
studies have demonstrated taller final height, leading to 
approval in most countries of GH therapy for SGA chil-
dren who lacked catch-up growth. The doses commonly 
used in SGA children are between 50 and 70 mcg/kg/day, 
and treatment is typically started at age 3 years.789

Prader-Willi Syndrome

One form of IUGR/short stature in which GH therapy 
has been studied fairly extensively is Prader-Willi syn-
drome. Early studies in a limited number of subjects 
demonstrated promising short-term results.377 Lindgren 
and colleagues793 demonstrated that patients with Prader-
Willi syndrome had lower serum IGF-1 concentrations 
than did normal obese controls. Prader-Willi subjects 
treated with GH at a dosage of 0.033 mg/kg/day showed 
a 1-year increase in height velocity, whereas untreated 

Prader-Willi subjects experienced a decrease in height 
velocity.

GH treatment also resulted in a reduction of relative 
fat mass and an increase in fat-free mass. Carrel and co-
workers181 employed a similar dosage of GH in Prader-
Willi patients with reduced clonidine-stimulated GH 
levels and low serum IGF-1 concentrations and demon-
strated an increase in height velocity, whereas untreated 
controls showed no significant change in height velocity.

The FDA has recognized Prader-Willi syndrome to 
be an accepted diagnosis for GH therapy, even in the 
absence of demonstrable GHD. The GH treatment is 
effective in improving growth during childhood, final 
adult height, and body composition as well. 

Randomized controlled studies using a GH dose of  
1 mg/m2/day showed a significant increase in height and 
height velocity during the first year of treatment, accom-
panied by reduction in total body fat and an increase in 
lean body mass, as demonstrated by dual-energy x-ray 
absorptiometry (DEXA), as well as an increase in muscle 
strength and agility, sustained in the second year of 
therapy. After the initial 2 years of GH therapy,794 2 ad-
ditional years demonstrated continued beneficial effects on 
body composition with GH doses of 1 and 1.5 mg/m2/day. 
Bone mineral density also improved.795 Few studies, 
however, have reported data on adult height. In the 
KIGS database analysis, 33 patients were followed to 
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treatment and at adult height (AH) in relation to the target 
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Group A: 0.033 mg/kg/day GH; group B: 0.067 mg/kg/day GH. 
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height after long-term, continuous growth hormone (GH) treatment 
in short children born small for gestational age: results of a random-
ized, double-blind, dose-response GH trial. J Clin Endocrinol Metab, 
88, 3584–3590.)
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near-adult or adult height; in nearly two thirds of the 
patients, height fell above 22 SD score, and median 
adult height was 21 SD score after a mean of 8.4 years of 
GH therapy.796

The benefits of administering GH treatment as early 
as 2 years of age are well known, but there is also some 
evidence of additional benefit when starting GH between 
6 and 12 months of age. This further benefit affects the 
Prader-Willi syndrome child’s head growth, muscle func-
tion, motor development, and may even positively impact 
cognition.797

Since the 1990s, additional case reports have pointed 
to a possible GH-associated mortality in patients with 
Prader-Willi syndrome who have massive obesity. This 
may be related to a complication from a respiratory tract 
infection, worsening sleep apnea with or without hy-
poventillation, adenoid or tonsil hypertrophy, or aspira-
tion associated with obesity.549 A review that included 
64 children (42 boys and 22 girls, 28 on GH treatment) 
suggested there may be a high-risk period for death dur-
ing the first 9 months after GH was commenced. For this 
reason it has been advised that GH should be started at a 
relatively low dose (e.g., 0.25 to 0.30 mg/m2/day or 0.009 
to 0.012 mg/kg/day) with gradual increases during the first 
weeks and months toward a standard GH replacement 
dosage around 1 mg/m2/day or 0.035 mg/kg·day. Clinicians 
should monitor clinical effects closely, particularly screen-
ing for the presence or worsening of sleep apnea.798

Osteochondrodysplasias

Therapy with hGH has been studied in several studies 
of skeletal dysplasias. The largest initial experience 
was in achondroplasia and published by Seino and  
coworkers,799 who reported on hGH administration to 
40 children. During the first year of treatment, the 
height velocity increased from 3.8 to 6.6 cm/year.  
In year 2, the height velocity decreased to approxi-
mately 5 cm/year. A modest improvement was seen in 
the ratio of lower limb length to height. Although 
hGH was well tolerated, it is of note that one patient 
with atlantoaxial dislocation during hGH therapy has 
been reported. In another 5-year trial, GH treatment 
was given to 35 children with achondroplasia to inves-
tigate height and body proportion responses (GH 
therapy was omitted for one of the study years). Mean 
height velocities improved during the first 2 years of 
GH therapy, but growth velocity decreased during the 
third year below baseline. Height SD score increased 
significantly (by 11.3 to 11.6, based on the GH dose 
used) during the 5 years of the study. Sitting height SD 
score also improved during the study. Body proportion 
did not show any significant change.800 The effects of 
3 years of GH treatment in patients with hypochon-
droplasia are better than in achondroplasia: respective 
increase in height SD score of 11.4 versus 10.3.801 
Further studies are needed to determine if continued 
treatment of hypochondroplasia patients improves 
adult height or has additional benefit on bone miner-
alization and quality of life. There has also been  
limited experience with GH treatment of other skele-
tal disorders, such as hereditary multiple exostoses, 

osteogenesis imperfecta, spondyloepiphyseal dysplasia 
congenita, Schmid type metaphyseal dysplasia, and 
Ellis-van Creveld syndrome.

Idiopathic Short Stature

Several countries, including the United States, have  
approved GH therapy of ISS. It is important to recognize 
that this is a heterogeneous group of patients, as empha-
sized by Kelnar and coworkers.802 Even though they are 
grouped under the title “normal short children” or as 
having “idiopathic short stature,” this group includes 
children who have passed provocative GH testing but are 
nevertheless IGF deficient—reflecting the inadequacies 
of GH testing.

There is abundant evidence that determination of 
provocative GH levels does not adequately discriminate 
between true GHD (IGF deficiency) and ISS. In addi-
tion, the group labeled “normal short children” will 
inevitably contain children with unidentified syndromes 
and possibly with unidentified chronic illnesses or  
endocrine disorders. These issues have made it difficult 
to properly evaluate existing clinical trials. Further-
more, published clinical trials have not contained long-
term control groups and have indicated considerable 
variability in growth response.803-805

The majority of normal short children treated with 
hGH have shown growth acceleration that is generally 
sustained over the first several years of therapy (although 
attenuation of the response is seen, just as in all other 
instances of hGH treatment). Longer-term data are inad-
equate, however, to address the impact of therapy on 
adult height. Hintz and coworkers806 treated 80 children 
with ISS (0.3 mg/kg/wk) for 2 to 10 years and compared 
results with those in untreated short retrospective con-
trol subjects. In children with ISS, GH therapy increased 
the mean height SDS scores from 22.7 at the start of 
treatment to 21.4 at final height. The mean increase in 
final height over the pretreatment predicted adult height 
was 5 cm for boys and 5.9 cm for girls. Concern has been 
raised that hGH therapy in normal short children may 
result in an earlier onset of puberty—and as a result, 
earlier fusion of the epiphyses—and thereby may offset 
the positive response observed during the early years of 
hGH treatment.807

Other important questions have been raised about the 
financial, ethical, and psychosocial impact of hGH therapy 
on normal short children.808 Given the current cost of 
hGH, the financial implications of treating normal short 
children (whether it is the bottom 5, 3, 1, or 0.1%) is con-
siderable and potentially diverts a limited pool of health 
care resources away from other needs. The point is well 
taken that 5% of the population will always be below the 
5th percentile whether we treat them with hGH or not. 
Concern has been raised that focusing on a short child’s 
stature potentially disables an otherwise normal child, 
handicapping that child psychologically or socially. No 
convincing data have been presented that hGH treatment 
of normal short children improves psychological, social, or 
educational function. Finally, the known and unknown 
treatment risks of hGH therapy must be considered when 
treatment of otherwise normal children is an issue.
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On the other hand, given the current limitations in 
our ability to clinically or biochemically discriminate 
definitively between GHD and normal short stature, our 
inadequate understanding of neurosecretory defects of 
GH secretion, our inadequate definition of “partial” 
GHD, and the need to move to a more global concept of 
“IGF deficiency,” it seems unfair to prevent hGH ther-
apy of short children who do not meet a definition of 
GHD (i.e., provocative testing) we recognize as inade-
quate. Many of these children behave clinically and 
biochemically in a manner identical to those with classic 
GHD.

The mean improvement in adult height in children 
with ISS attributable to GH therapy (average duration of 
4 to 7 years) is 3.5 to 7.5 cm compared to initial predicted 
adult height. Responses are highly variable and are dose 
dependent. Concern has been raised that in ISS, higher 
GH doses (. 50 ug/kg/day) may advance bone age (BA) 
and the onset of puberty, but this has not been seen in 
other studies.

Multiple factors affect the growth response to GH in 
ISS, most of which are unknown. The first-year response 
is influenced negatively by age at start (and positively by 
GH dose), weight at start, and difference from target 
height—and these factors account for approximately 
40% of the variance. Adult height outcome is influenced 
negatively by age at start and positively by midparental 
height, height at start, bone age delay, and the first-year 
response to growth hormone.807 The utility of baseline 
and treatment-related biochemical data including IGF-I 
has not been validated in long-term studies, but 2-year 
studies suggest that the rise in IGF-I correlates with 
short-term height gain.

Children treated with GH should be monitored for 
height, weight, pubertal development, and adverse ef-
fects at 3- to 6-month intervals. Periodic monitoring for 
scoliosis, tonsillar hypertrophy, papilledema, and slipped 
femoral capital epiphyses (SCFE) should be performed as 
part of the regular physical exam during follow-up visits. 
We recommend that after 1 year the response to therapy 
be assessed by calculating height velocity SDS as well as 
the change in height SDS. Bone age may be obtained 
periodically to reassess height prediction and for consid-
eration of manipulation of the tempo of puberty. IGF-1 
levels may be helpful in guiding GH dose adjustment, 
but the significance of abnormally elevated IGF-1 levels 
remains unknown. Thus far, no cases of elevated blood 
glucose in GH treated patients with ISS have been re-
ported—but there is controversy regarding the need for 
routine monitoring of glucose metabolism.

Dosage is usually selected and adjusted by weight. If 
the growth response is considered inadequate, the dose 
may be increased. There are no definitive data concern-
ing the long-term safety of doses exceeding 50 ug/kg/day 
in ISS. The upper limit of GH dosage used in ISS and 
other indications is approximately 70 ug/kg/day,789,806 but 
the possibility of using such doses varies in terms of na-
tional health economics. In the future, growth prediction 
models may improve GH dosing strategies. IGF-1 levels 
may be helpful in assessing compliance and GH sensitiv-
ity. Levels that are consistently elevated (. 2.5 SDS) 
should prompt consideration of GH dose reduction. 

Studies on IGF-based dose adjustments in ISS have dem-
onstrated increased short-term growth when higher IGF 
targets were selected, but this strategy has not been vali-
dated in long-term studies in terms of safety or final 
height effects.

If height prediction is below –2 SDS at the time of 
pubertal onset in either sex, the addition of GnRH 
analogues may be considered. Alternatively, in males 
aromatase inhibitors may also be an option. However, 
long-term efficacy and safety data are not available for 
either of these interventions. In addition, the impact of 
delayed puberty on somatic and psychological develop-
ment is not known. We do not recommend aromatase 
inhibitors in girls.

There are two schools of thought about the duration of 
treatment. One is that treatment should stop when near-
adult height is achieved, which is Ht velocity , 2 cm/year 
or bone age . 16 years (in boys) and . 14 years (in girls). 
Alternatively, therapy can be discontinued when height is 
in the “normal” adult range (above –2 SD) or has reached 
another cutoff for the reference adult population (for  
example, in Australia the 10th percentile; elsewhere,  
the 50th percentile). Stopping therapy is influenced by 
patient/family satisfaction with the result of therapy,  
ongoing cost-benefit analysis, and when the child wants 
to stop for other reasons.

Miscellaneous Causes of Growth Failure

In addition to the clinical conditions described previ-
ously, hGH has been employed in treatment of short 
stature associated with a variety of other conditions 
characterized by postnatal growth failure (e.g., neurofi-
bromatosis or inflammatory bowel disease). In general, 
such trials have been uncontrolled and have not included 
sufficient numbers of subjects for adequate evaluation of 
efficacy. A review of a large database, however, indicates 
that many of these conditions might in fact be respon-
sive to GH therapy.809

Although this database is uncontrolled, 4-year results 
of GH treatment of Russell-Silver syndrome dwarfism, 
neural tube defects, neurofibromatosis, and familial hy-
pophosphatemic rickets were indistinguishable from 
those observed with GH treatment of “idiopathic GHD” 
using comparable dosages of GH. Furthermore, a variety 
of other conditions (such as Down syndrome, cystic  
fibrosis, fetal alcohol syndrome, Crohn’s disease, sickle 
cell anemia, hypochondroplasia, and thalassemia) re-
sponded in a manner comparable to that observed with 
Turner syndrome.

Although management of such patients is often com-
plex and important ethical issues may characterize the 
use of GH, one must conclude that, at least on auxologic 
grounds, it becomes difficult to discriminate among 
GHD (as currently diagnosed), Turner syndrome, and 
many other medical conditions characterized by growth 
failure. If, as proposed by Allen and Fost,810 responsive-
ness to GH rather than GHD should be the most impor-
tant criterion for GH treatment, these findings indicate 
that GH therapy for many of these “other” conditions 
warrants an open-minded appropriately controlled eval-
uation. From a practical perspective however, it has  
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become more difficult for the clinician to consider a GH 
trial in patients with the aforementioned conditions. 
Reasons for this include not only the paucity of long-
term data from controlled studies but also the cost burden 
to society associated with the high expense of GH ther-
apy itself. Finally, the lack of strong quality-of-life data 
warrants that consideration of a GH trial in these 
“other” patients is done via research protocols. Only 
with well-designed studies enrolling sufficient patient 
numbers and continuing until near-adult height has 
been attained will we determine if GH therapy is both 
efficacious and safe in these “other” conditions.

Normal Aging and Other Catabolic States

A lengthy discussion of the potential use of hGH in 
normal aging is beyond the scope of this chapter.184 
The rationale for therapy is based on the concept of the 
“somatopause,” referring to the fact that GH secretion 
normally declines progressively after 30 years of age—
reflected in decreasing serum concentrations of IGF-1. 
Aging can be viewed as a catabolic state, with the  
potential that hGH therapy will reverse or retard the 
loss of muscle mass and strength and the decrease in 
bone density characteristic of the older population.

It is also conceivable, however, that aging individuals 
may be more sensitive to the metabolic changes pro-
duced by hGH, resulting in fluid accumulation, carpal 
tunnel syndrome, and glucose intolerance. Clinical 
studies are currently in progress. hGH therapy is also 
being investigated in a variety of catabolic states,185 such 
as burns, tumor cachexia, major abdominal surgery, 
AIDS, sepsis, and hyperalimentation. Although the 
frontiers of new indications of GH therapy are being 
explored in well-controlled trials, we believe that,  
outside of appropriate clinical studies, clinicians should 
not routinely treat aging, catabolic states, and other 
unapproved indications for GH therapy.

Side Effects of Growth Hormone
Pituitary-derived hGH, which for a quarter of a century 
had an enviable safety record, proved to be the agent for 
transmission of the fatal spongiform encephalopathy 
Creutzfeldt-Jakob disease.727,805 Although this risk 
does not exist with recombinant DNA-derived hGH, 
the experience with pituitary hGH serves as a grim  
reminder of the potential toxicity that can reside in 
“normal” products and “physiologic replacement.” Nev-
ertheless, 20-plus years of extensive experience with 
rhGH has been encouraging. Concerns have been raised, 
however, about a number of potential complications that 
clearly required continued follow-up and assessment. 
This evaluation has been greatly facilitated by the exten-
sive databases established by hGH manufacturers.

Development of Leukemia

In 1988, the development of leukemia as a complication 
of hGH therapy was reported in 5 cases from Japan.392 
Since then, more than 30 cases of leukemia in hGH-
treated patients have been reported—a disproportionate 

number coming from Japan,393 but with cases also re-
ported in the United States.394 One of the difficulties in 
assessing the role of hGH treatment in these cases was 
that many children with GHD have clinical conditions 
that may predispose them to the development of leuke-
mia, such as histories of previous malignancies, histories 
of irradiation, and underlying syndromes known to  
predispose to the development of leukemia (Bloom  
syndrome, Down syndrome, Fanconi anemia).

Patients have included recipients of pituitary-derived 
and recombinant DNA–derived hGH, and leukemia has 
occurred both during treatment and after termination of 
therapy. Cases of leukemia have been also reported in 
GH-deficient individuals without any history of hGH 
therapy, suggesting that the GHD state by itself might be 
a predisposing factor. In a comprehensive set of large 
cohorts of patients from the United States, Europe, and 
(most recently) Japan, the concern of increased leukemia 
risk in patients with GHD without predisposing factors 
has been dispelled.

In a large series describing the entire Japanese experi-
ence, the same authors who first reported the increased 
incidence of leukemia in GHD reanalyzed their data— 
together with a much larger number of patients treated 
since the original report—and showed that the risk for 
leukemia is the same for GH recipients and controls.811 
Consequently, most authorities now agree that hGH 
treatment is not a causative agent in the development of 
leukemia in individuals without a predisposing condition. 
The notion that hGH therapy is linked to development 
of leukemia should be dispelled and the authors recom-
mend that this issue be discussed with all potential  
recipients of hGH.

Recurrence of CNS Tumors and Occurrence 
of Second Malignancies

Because many recipients of hGH have acquired GHD 
from CNS tumors or their treatment, the possibility of 
tumor recurrence is of obvious importance. Extensive 
analysis of the data on 1300 American children treated 
for a CNS malignancy before receiving hGH has not 
indicated any increased risk. A similar conclusion has 
emerged from analysis of a European database. How-
ever, one study suggests that GH recipients who had  
a brain tumor have a slightly higher risk of a second 
malignancy.812

Pseudotumor Cerebri

Pseudotumor cerebri (idiopathic intracranial hyperten-
sion) has been reported in at least 26 hGH-treated pa-
tients, approximately half of whom had classic GHD.813 
The mechanism of hGH action is unclear, but it may 
reflect changes in fluid dynamics within the CNS. 
Pseudotumor cerebri has also been described after  
thyroid hormone replacement and may represent  
restoration of a normal physiologic state. In any case, 
physicians need to be alert to complaints of headache, 
nausea, dizziness, ataxia, and visual changes; the pres-
ence of papilledema warrants temporary discontinua-
tion of GH treatment.
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Slipped Capital Femoral Epiphysis

The potential association of slipped capital femoral 
epiphysis (SCFE) and GHD was first suggested by stud-
ies in rats.814 It is clear that SCFE can be associated with 
hypothyroidism and GHD.815,816 The potential role of 
hGH therapy has been more difficult to determine. This 
is in part because the incidence of SCFE in the normal 
population varies by age, sex, race, and geographic  
locale—being variously reported as between 2 and  
142 cases per 100,000. Accordingly, although SCFE  
cannot at this time be definitively attributed to hGH 
therapy per se, complaints of hip and knee pain or  
displaying a limp should receive appropriate evaluation.

Miscellaneous Side Effects

A number of other physical concerns have been raised as 
possible consequences of hGH treatment, but available 
data are inadequate to ascribe a causal role to hGH treat-
ment. The potential side effects include prepubertal gyne-
comastia, increased growth of nevi, behavior changes, 
scoliosis and kyphosis, worsening of neurofibromatosis, 
hypertrophy of tonsils and adenoids, and sleep apnea. This 
list is obviously only partial. It is best for the clinician to 
remember that GH and the peptide growth factors it 
stimulates are potent mitogens with diverse metabolic and 
anabolic actions. All patients receiving hGH treatment, 
even as replacement therapy, must be carefully monitored 
for side effects.

For the most part, the side effects of GH are minimal 
and rare. When they occur, careful history and physical 
examination are adequate to identify their presence. 
Management of these side effects may include transient 
reduction of dosage or temporary discontinuation of 
GH.817 The association of GH treatment with insulin 
resistance is well documented,818 and one report sug-
gested that there is an increased incidence of develop-
ment of diabetes in pediatric recipients of GH.819 Most 
authorities agree, however, that rather than a side effect 
of GH this relationship probably represents a common 
susceptibility of patients to develop growth disorders and 
diabetes owing to a common genetic trait.820

In the absence of other risk factors, there is no evi-
dence that the risk of leukemia, brain tumor recurrence, 
SCFE, and diabetes is increased in recipients of long-
term GH treatment. In any case, any patient receiving 
GH who has a second major medical condition (such as  
a tumor survivor receiving GH) should be followed in 

conjunction with a specialist such as an oncologist or a 
neurosurgeon when appropriate. Although GH has been 
shown to increase the mortality of critically ill patients in 
the intensive care unit,152 there is no evidence that GH 
replacement needs to be discontinued during intercur-
rent illness in children with GHD.

The Question of Long-Term Cancer Risk
Several epidemiologic studies have been published sug-
gesting an association between high serum IGF-1 levels 
and the incidence of malignancies.821,822 In addition, the 
risk of cancer calculated in those studies was increased for 
patients with low IGFBP-3 levels. Although additional 
studies are being conducted to verify or disprove the as-
sociation between serum IGF-1 and cancer risk, the role 
of GH in this potential phenomenon should be carefully 
examined.

In a study analyzing the risk of colon cancer, it was 
shown that IGF-1 was not statistically associated with 
cancer risk. However, the combination of high IGF-1 
and low IGFBP-3 was shown to be related to an in-
creased risk (Table 10-11).823 Notably, GH positively in-
fluences both parameters in parallel. This casts doubt on 
its role as a driving force in the IGF-cancer equation.

Additional epidemiologic data of note involve the risk 
of malignancy associated with acromegaly. A number of 
studies have been published that claimed to identify an as-
sociation between acromegaly and colon cancer risk,824-826 
whereas others did not find significant associations.827,828 
The interpretation of these studies is hampered by their 
small size, uncontrolled retrospective nature, and mul-
tiple possible sources of bias. The largest study to date, 
reviewing more than a thousand patients, indicated that 
overall cancer incidence is not increased in acromeg-
aly.829 The overall incidence of colon cancer was also not 
shown to be increased in a study, although mortality 
from colon cancer was higher in this population— 
suggesting perhaps an effect of GH or IGF-1 on estab-
lished tumors.830

One prospective analysis of colon cancer and colonic 
polyps in acromegalics using controlled colonoscopies 
did not observe an association between these two diseases 
when using autopsy series or prospective colonoscopy 
screening series for the control population.831 It is nota-
ble that acromegaly is associated with a dramatic increase 
in the incidence of benign hyperplasia of several organs, 
including colonic polyps.832 These findings raise the pos-
sibility that the GH-IGF axis may lead to symptomatic 

IGF-I Lowest Tertile IGF-I Middle Tertile IGF-I Upper Tertile

IGFBP-3 upper tertile — — —
IGFBP-3 middle tertile — — —
IGFBP-3 lowest tertile — — Fourfold increased 

risk

TABLE 10-11  Risk of Future Cancer Relative to Serum IGF-I and IGFBP-3 
Tertiles 837

IGF, insulin-like growth factor; IGFBF-3, insulin-like growth factor-binding protein-3.
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benign proliferative disease, which could be associated 
with symptoms (such as rectal bleeding) that would then 
lead to a potential detection (or ascertainment) bias.

Children receiving GH have not been shown to have 
an increased risk of de novo tumors. An earlier concern 
that leukemia risk was increased has been dispelled by 
the same authors who first published on this topic, 
showing in a large cohort that the risk for leukemia is the 
same for GH recipients and controls.833 Several studies 
now indicate absolutely no increase in the risk of tumor 
recurrence in pediatric GH recipients.834

In a number of studies, no increased incidence of can-
cer was found in GH recipients among adults treated for 
GHD.835,836 Clearly, these reports represent imperfect 
uncontrolled studies. However, the experience gained 
through them demonstrates that even though the IGF-1 
levels are normalized, GH therapy is not associated with 
tumor recurrence or with de novo tumors in the absence 
of other risk factors. The use of IGF-1 and IGFBP-3 in 
the monitoring of GH recipients, adult and pediatric, has 
been recommended and endorsed by international bodies 
such as the GH Research Society.817

Until the issue of cancer risk in GH therapy is fully 
resolved, the most prudent approach appears to be regu-
lar monitoring of IGF-1 and IGFBP-3 and modulation 
of the GH dose to ensure that the theoretical risk profile 
induced by GH therapy is favorable. This can be done 
by avoiding the unlikely situation in which a GH-treated 
patient will have an IGF-1 level at the upper end and 
IGFBP-3 levels at the lower end. In the 21st century, 
many patients with GHD will receive lifetime GH re-
placement. In that setting, it is especially important that 
we monitor serum IGF-1 and IGFBP-3 on a regular 
basis.

Overall, many controversies still surround the issue of 
the GH-IGF axis and cancer risk, specifically concern-
ing the safety of GH therapy. In general, the currently 
approved indications for GH therapy in children and 
adults do not warrant concern regarding future cancer 
risk. Although additional research coupled with strin-
gent pharmacologic vigilance is clearly warranted, the 
state of the clinical field mandates that patients’ physi-
cians be aware of the vast body of evidence regarding the 
safety of GH in this regard.837

Treatment of Primary Severe IGFD: 
Use of IGF-I
The production of IGF peptides by recombinant DNA 
technology has permitted clinical trials of IGF therapy. 
IGF-I administration to normal adult male volunteers 
as a single intravenous injection of 100 mg/kg caused 
hypoglycemia within 15 minutes. On a molar basis, 
IGF-I has approximately 6% of the hypoglycemic  
potency of insulin. In contrast, intravenous infusions  
of IGF-I to normal men at a rate of 20 mg/kg/hr re-
sulted in serum IGF-I levels within the normal range 
and did not produce hypoglycemia—but did suppress 
GH levels, increase creatinine clearance, and decrease 
plasma urea nitrogen.100,838-846

The most obvious clinical use of IGF-I therapy is in 
patients with GHI. A number of short-term growth-related 

studies with IGF-I treatment at varied doses have been 
reported since the mid-1990s. Walker and associates842 
reported an increase in growth rate from 6.5 to 11.4 cm/year 
in a patient with GHRD treated with twice-daily subcu-
taneous injections of 120 mg/kg. Wilton and coworkers843 
have reported preliminary data in 30 children, aged 3 to 23 
years, with GHI (due to GHRD or GHD-IA with anti-
GH antibodies). The dosage of IGF-I varied from 40 to 
120 mg/kg twice daily. With the exception of the two old-
est patients, the growth rates of all subjects increased by 
at least 2 cm/year. These results have since then been 
updated and indicate a continued good response by most 
subjects (n 5 32).844 Observed side effects included hypo-
glycemia, headache, convulsions, possible urolithiasis, 
and papilledema—the last indicating the possibility of 
pseudotumor cerebri, as has been reported with GH 
therapy. Data from 17 patients in the European collab-
orative trial, treated for at least 4 years, showed an in-
crease in mean height SD score from –6.5 to –4.9—with 
two adolescents reaching the third percentile.846 This 
emphasizes the importance of early diagnosis and initia-
tion of therapy. Side effects reported were again hypogly-
cemia, headache, convulsions, and papilledema. The  
latter, which suggests the possibility of pseudotumor 
cerebri, resolved spontaneously while the patient was 
receiving IGF-I. Laron and coworkers841 reported sig-
nificant growth acceleration—to rates of 8.8 to 13.6 cm/
year in five children treated for 3 to 10 months with a 
single daily injection of 150 mg/kg. The use of IGF-I in 
milder forms of primary IGFD has also been the subject 
of investigation. Vaccarello and coworkers101 treated six 
adults with GHRD for 7 days with subcutaneous IGF-I 
at a dosage of 40 mg/kg every 12 hours. Normal serum 
IGF-I concentrations were achieved 2 to 6 hours postin-
jection, followed by a rapid decline—reflecting low se-
rum concentrations of IGFBP-3. Symptomatic hypogly-
cemia was not observed, but mean 24-hour GH levels 
were significantly suppressed and urinary calcium level 
was increased. A randomized double-blind placebo- 
controlled trial of IGF-I therapy in GHRD was per-
formed in Ecuador, probably the only place where the 
population is sufficiently large and homogeneous to per-
mit such investigation.845 Subjects receiving IGF-I 
showed a significant increase in growth rate (from 2.9 to 
8.6 cm/year), which was sustained over the 1-year course 
of therapy. The placebo group grew 4.4 cm/year during 
the placebo phase, and their height velocity increased to 
8.4 cm/year during the IGF-I phase. Incidents of hypo-
glycemia were equal in the two experimental groups. One 
recipient of IGF-I developed papilledema, which resolved 
spontaneously while the patient was being treated.

In the longest treatment trial from North America, 
Chernausek and colleagues840 showed data similar to that 
found in the European study—with an initial burst of 
growth followed by slowing to just above baseline by the 
sixth year of therapy. Height SD score improved from 
–5.6 to –4.2 by the end of the sixth year (Figure 10-33).

Although these early studies were promising, little was 
known about the long-term effects of IGF-I or about the 
optimal dose or frequency of administration. With all 
clinical studies combined, the total number of children 
treated is still only several hundred—and relatively few 
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have been treated for more than 5 years. The long-term 
trial from the United States now has reported on final 
and near-final adult height from 16 of the patients  
(9 males, 7 females).847 Recombinant human IGF-I was 
administered for a mean of 10 years at a dose of 120 mg/kg 
subcutaneously twice daily. Mean baseline height SD 
score improved from 27.1 to 25.2 at last analysis. As a 
result of IGF-I therapy, the mean estimated gain in 
height was 13.2 cm (range 20.4 to 23.4 cm). No new 
safety signals were identified in these patients, which 
made up a subset of those previously reported.840 Addi-
tional patients from this cohort have completed treat-
ment since then, and data are currently under review for 

publication. It is likely that this will be the only trial, in 
the near future, that can provide long-term information 
on the efficacy and safety of IGF-I therapy in patients 
who are IGF deficient. Taken together, the IGF-I treat-
ment studies show that, although clinically significant, 
the growth response is neither as successful nor as long-
lived as that of GHD children treated with exogenous 
GH. The failure of serum levels of IGFBP-3 to increase 
with IGF-I administration and the suppression of endog-
enous GH secretion underscores the complexity of the 
treatment. The possibility that local production of IGF-I 
at the growth plate may be critical to optimal growth also 
requires consideration. In addition, suboptimal treatment 
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FIGURE 10-33 n  Linear growth in response to rhIGF-I treatment. A, Height velocity (centimeters per year) before (open circle) and during 
first year of therapy (closed circles) for each child is displayed relative to pretreatment height. B, The dose dependency of first-year 
growth rate is shown. Each point represents a single subject. The equation for the regression line shown is Height velocity (centimeters 
per year) 5 –6.2 1 7.2 log10 rhIGF-I dose (microgram per kilogram, BID). C, Average growth rates before and during rhIGF-I for first and 
subsequent years are shown. Error bar shows upper limit of 95% confidence interval. Number of subjects at each year is indicated. 
 (From Chernausek, S. D., Backeljauw, P. F., Frane, J., et al. for the GH Insensitivity Syndrome Collaborative Group (2007). Long-term treatment 
with recombinant insulin-like growth factor [IGF]-I in children with severe IGF-I deficiency due to growth hormone insensitivity. J Clin Endocrinol 
Metab, 92, 902–910.)
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adherence with prolonged twice-daily administration 
may also have contributed to the modest treatment re-
sponse. Nevertheless, these data indicate that the IGF 
peptides (long considered to function as autocrine or 
paracrine growth factors) can act as classic endocrine 
hormones.

IGF-I has received FDA approval in 2005 for the 
treatment of severe primary IGF deficiency, defined as 
serum IGF-I , 23 SD score, height , 23 SD score, and 
normal GH concentrations. The same indication was 
also approved in Europe in 2007 (although there the low 
IGF-I is defined as , 2.5th percentile). The drug shows 
promise in treatment of severe primary IGFD. However, 
from analysis of the different cohorts previously treated 
with IGF-I we learn that the spectrum of GH insensitiv-
ity, or IGF deficiency for that matter, is likely much 
wider that what the small group of patients with GHRD 
due to homozygous single gene defects would indicate. 
In the U.S. and European studies, as well as in the Ecua-
dorian cohort, the height range of the patients was quite 
variable (from 23 to 24 SD score to 28 to 210 SD 
score). The best treatment approach to such a broad 
range of patients still needs to be determined. Additional 
studies will show which patients will benefit the most 
from IGF-I therapy. One such trial was a 1-year, random-
ized, open-label trial of 136 short, prepubertal subjects 
with low IGF-I (height and IGF-I SD scores , 22, 
stimulated GH  7 ng/mL). IGF-I was administered 
subcutaneously twice daily, using a weight-based ap-
proach (80 or 120 mg/kg; n 5 111), or subjects were 
observed without therapy (n 5 25). First-year height 
velocity for subjects completing the trial was increased 
for both IGF-I treated groups versus the untreated  
control group (7 6 1.0, 7.9 6 1.4, and 5.2 6 1 cm/year, 
respectively; all P , 0.0001).848 These results indicate 
that IGF-I therapy in these short subjects with relatively 
low IGF-I and normal GH achieved growth responses 
similar to—but not superior to—those that have been 
reported in patients with idiopathic short stature on stan-
dard GH therapy. Based on this information, a logical 
management approach for patients with milder forms of 
IGF deficiency would be to combine GH therapy with 
IGF-I therapy. The theoretical basis for this combo-
treatment approach is the potential enhancement of  
the direct growth-promoting effects of GH through 
maintaining normal IGFBPs and ALS concentrations. 
Preliminary information from such a trial have been pre-
sented at endocrinology meetings and seem to indicate a 
superior growth response with the GH plus IGF-I com-
bination over GH alone in patients with short stature 
(height , 22 SD score) and low to low-normal IGF-I.849 
As of late 2012, the data from this study have not been 
subjected to peer review for publication, however. For 
this reason, it is premature to consider such combination 
therapy as either efficacious or safe for patients with mild 
IGF-I deficiency or idiopathic short stature plus low 
IGF-I.

As promising as all these studies are, IGF-I therapy is 
still under active investigation and the exact clinical sce-
narios for which this therapy is most appropriate is still 
evolving. The failure of serum levels of IGFBP-3 to rise 
with IGF-I administration underscores the relevance of 

the IGFBPs to IGF pharmacokinetics.101,845 Neverthe-
less, these results also indicate that the IGF peptides 
(long considered to function primarily as autocrine or 
paracrine growth factors) are capable of acting as classic  
endocrine hormones.

EXCESS GROWTH AND TALL STATURE
Tall Stature and Overgrowth Syndromes
On a statistical basis, as many children have heights be-
low 22 SD as have heights above 12 SD, but referral 
for evaluation of tall stature is much less common than 
for short stature. This referral pattern speaks eloquently 
to the psychosocial pressure involved in referral patterns  
of children with “growth disorders.” Nevertheless, it is 
critical to be able to identify situations in which tall stat-
ure or an accelerated growth rate provides a clue to an 
underlying disorder. Box 10-10 provides a listing of 
causes of statural overgrowth in infancy and during 
childhood.

BOX 10-10 Differential Diagnosis of Statural 
Overgrowth

fetal oVerGrowth

Maternal diabetes mellitus
Genetic hyperinsulinism-(KATP channel defects, acti-

vating Glud1and GCK, others)
Cerebral gigantism (Sotos syndrome)
Weaver syndrome
Beckwith-Wiedemann syndrome
Other IGF-2 excess syndromes

Postnatal oVerGrowth leadInG to chIldhood 
tall stature

Familial (constitutional) tall stature
Cerebral gigantism
Beckwith-Wiedemann syndrome
Exogenous obesity
Excess GH secretion (pituitary gigantism)
McCune-Albright syndrome or multiple endocrine  

neoplasia associated with excess GH secretion
Precocious puberty
Marfan syndrome
Klinefelter syndrome (XXY)
Weaver syndrome
Fragile X syndrome
Homocystinuria
XYY
Hyperthyroidism

Postnatal oVerGrowth leadInG to adult tall 
stature

Familial (constitutional) tall stature
Androgen or estrogen deficiency/estrogen resistance (in 

males)
Testicular feminization
Excess GH secretion
Marfan syndrome
Klinefelter syndrome (XXY)
XYY

GH, growth hormone; IGF, insulin-like growth factor.
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Overgrowth in the Fetus

Maternal diabetes constitutes the most common cause of 
overgrowth in infants who are large for gestational age. 
Even in the absence of clinical symptoms or a family  
history, the birth of an excessively large infant should lead 
to evaluation for maternal (or gestational) diabetes or for  
a genetic cause of hyperinsulinism most commonly involv-
ing inactivating mutations in the KATP genes ABCC8  
and KCNJ11 (see Chapter 6). A group of disorders  
associated with excessive somatic growth and growth of 
specific organs has been described and collectively referred 
to as overgrowth syndromes.850 These overgrowth disor-
ders appear, at least in part, to be caused by excess avail-
ability of the IGF-2 encoded by the gene Igf2. The best 
described of these syndromes is the Beckwith-Wiedemann 
syndrome, which is an overgrowth malformation syn-
drome that occurs with an incidence of , 1:13,700 births. 
Children conceived through assisted reproductive tech-
niques (ART) are several-fold more likely to develop 
Beckwith-Wiedemann syndrome. It is unclear if maternal 
loss of methylation, seen in children post-ART, is due to 
the procedure of in vitro fertilization or could be associ-
ated to the preexisting decreased fertility or some other 
genetic/environmental factor inherent to the parents using 
ART to conceive.

Beckwith-Wiedemann syndrome is manifested as  
a fetal overgrowth syndrome in which hypertrophy/ 
hemihyperplasia dominates the clinical picture. Typically, 
macroglossia, omphalocele, hepatosplenomegaly, neph-
romegaly, and hypoglycemia secondary to pancreatic 
beta cell hyperplasia in an infant who is large for gesta-
tional age constitute the clinical picture at birth. Infants 
often have the pathognomonic creases and pits of the 
ear lobes. An additional complication is that these chil-
dren are predisposed to a specific subset of childhood 
neoplasms, including Wilms tumor, hepatoblastoma, 
rhabdomyosarcoma, neuroblastoma, and adrenocortical 
carcinoma.

Beckwith-Wiedemann syndrome is an imprinting dis-
order. About 80% to 85% of newly diagnosed cases are 
sporadic; this means that about 15% 20% of cases are 
familial. Various lines of investigation have localized sev-
eral “imprinted” genes involved in Beckwith-Wiedemann 
syndrome and associated childhood tumors to chromo-
some 11p15.5.851 Beckwith-Wiedemann syndrome is due 
to epigenetic or genomic changes that potentially affect 
gene clusters in two distinctly imprinted regions on chro-
mosome 11p15.5. The first of these, an area called do-
main 1, localizes insulin-like growth factor 2 (IGF2) and 
H19 as two monoallelic expressed genes. In children with 
Beckwith-Wiedemann syndrome, overexpression of 
IGF2 may occur by one of several mechanisms: gene 
duplication, loss of heterozygosity, and relaxation or loss 
of maternal imprinting of the Igf2 gene. In each situa-
tion, Igf2 gene up-regulation during early embryo and 
fetal development is thought to play a crucial role in the 
pathogenesis of Beckwith-Wiedemann syndrome. The 
H19 gene, on the other hand, normally encodes a tran-
script believed to play a role in tumor suppression and 
has also been implicated in growth restriction. Molecular 
changes of the domain 1 area are the cause of about 5% 

of cases of Beckwith-Wiedemann syndrome. The other 
implicated region, called domain 2, harbors the growth 
repressor gene CDKN1C and the KCNQ1OT1 gene—
also both normally expressed in a monoallelic fashion.852 
Several molecular mechanisms can result in reduced  
expression of the CDKN1C gene. This is a maternally 
expressed gene that encodes a cyclin-dependent kinase 
inhibitor that normally negatively regulates cell prolif-
eration. Mutations in CDKN1C have been found in about 
10% of patients with Beckwith-Wiedemann syndrome. 
The precise mechanism by which KCNQ1OT1 leads to 
Beckwith-Wiedemann syndrome is still not clear yet. 
Paternal uniparental disomy that incorporates both  
imprinted gene clusters on chromosome 11p15.5 has 
now been reported in a total of about 20% of new pa-
tients with Beckwith-Wiedemann syndrome.853 The clin-
ical characteristics of these patients (all with uniparental 
disomy) include, as noted before, hemihyperplasia of 
several regions of the body; at the same time, these  
patients present with varying degrees of somatic mosa-
icism. For this reason, the molecular defect causing this 
disorder is most likely due to postzygotic somatic recom-
bination.854 Finally, other investigations into new cases 
of Beckwith-Wiedemann syndrome have described  
mutations outside the chromosome 11p15.5 region.855 
Mutations in GPC3 located at Xq26.2, a glypican gene 
that codes for an IGF-2 neutralizing membrane receptor, 
cause the related Simpson-Golabi-Behmel overgrowth 
syndrome.856 Key features include large birth weight, tall 
stature as adults, macrocephaly, coarse facies, vertebral 
anomalies, polydactyly and syndactyly, and thickened 
dark skin. There is some evidence for a nonfunctional 
GPC3 to increase IGF2 signaling. However, certain 
other defects in cellular signaling, potentially involving 
Wnt or fibroblast growth factors, also may be responsible 
for the clinical features of Simpson-Golabi-Behmel  
syndrome.

Children with cerebral gigantism (also known as Sotos 
syndrome) are typically above the 90th percentile for 
both length and weight at birth, and macrocrania may 
also be noted at that time.857 Mutations and (micro) dele-
tions of the NSD-1 gene (located at chromosome 
5q35.2–35.3) and coding for a histone methyltransferase 
implicated in transcriptional regulation were first found 
to be the basis for this disorder. Fluorescence in situ hy-
bridization (FISH) analysis, MLPA, or multiplex quanti-
tative PCR allow the detection of total/partial NSD-1 
deletions—and direct sequencing allows detection of 
NSD-1 mutations. The large majority of NSD-1 abnor-
malities arise as de novo mutations, and there are few 
familial cases. The specific cause is haploinsufficiency of 
the nuclear receptor binding SET domain protein-1, 
which explains about 60% to 90% of cases. Genome wide 
SNP array analysis has indicated that other genetic re-
gions (e.g., pathogenic copy number variants on chromo-
somes 10, 14, 15, and the X chromosome) could also be 
involved in some of the patients diagnosed with Sotos 
syndrome.

Although most cases are sporadic, several reports of 
autosomal-dominant inheritance have been described.857 
Growth is rapid, and by 1 year of age affected infants 
are over the 97th percentile in length. Accelerated 
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growth continues for the first 4 to 5 years and then  
returns to a normal rate. Puberty usually occurs at the 
normal time but may occur slightly early. Adult height 
is usually in the upper normal range. The hands and 
feet are large, with thickened subcutaneous tissue. The 
head is large and dolichocephalic, the jaw is prominent, 
there is hypertelorism, and the eyes have an antimon-
goloid slant. Clumsiness and awkward gait are charac-
teristic, and affected children have great difficulty in 
sports, in learning to ride a bicycle, and in other tasks 
requiring coordination.

Some degree of mental retardation affects most patients. 
In some children, perceptual deficiencies may predominate. 
Osseous maturation is compatible with the patient’s height. 
Results of tests of GH and IGF-1 levels and of other endo-
crine studies are usually normal. There are no distinctive 
chemical or radiologic markers for Sotos syndrome. Abnor-
mal electroencephalograms are common. Imaging studies 
frequently reveal a dilated ventricular system. Most cases are 
sporadic. Familial cases are usually consistent with autoso-
mal-dominant inheritance and occasionally with autosomal-
recessive inheritance. Affected patients may be at increased 
risk for neoplasia; particularly hepatic carcinoma and Wilms, 
ovarian, and parotid tumors have been reported.

Weaver syndrome is a clinical entity of rapid growth and 
skeletal maturation, combined with craniofacial dysmor-
phism, a hoarse and low-pitched cry, hypertonia, and camp-
todactyly. The accelerated growth has a prenatal onset, and 
weight is more increased that height. Clinical presentation 
resembles Sotos syndrome in some way, but there are spe-
cific differences in facial appearance and the risk of malig-
nancy (elevated risk in Sotos syndrome, not in Weaver 
syndrome). The genetic basis of Weaver syndrome has not 
been identified, but mutations in the EZH2 gene or NSD-1 
gene have been implicated.858 Most cases of Weaver syn-
drome are sporadic, with only a few familial cases reported.

Tall Stature and Postnatal Statural 
Overgrowth

The normal distribution of height predicts that 2.5% of the 
population will be taller than 2 SD above the mean. The 
social acceptability and even desirability of tallness (“height-
ism”) makes tall stature an uncommon complaint, however. 
In North America, it is extremely unusual for males to seek 
help regarding excessive height—although in Europe it  
has been somewhat more common in previous decades. 
Even in females, tall stature has become more socially  
acceptable— although an occasional tall girl may still  
approach the physician with a desire to curb her growth rate.

Differential Diagnosis of Tall Stature

Box 10-10 lists the causes of tall stature in childhood and 
adolescence. Of these, the normal variant familial or con-
stitutional tall stature is by far the most common cause. 
Almost invariably, a family history of tallness can be  
elicited—and no pathologic process is present. The child 
is often tall throughout childhood and enjoys excellent 
health. The parent of the constitutionally tall adolescent 
may reflect unhappily on his or her own adolescence as a 
tall teenager. There are typically no abnormalities in the 

physical examination, and the laboratory studies (if ob-
tained) are always negative. Bone maturation tends to be 
commensurate with chronologic age,

As was described for the child with growth failure, 
crossing height percentiles between infancy and the  
onset of puberty always warrants further evaluation.  
Although such growth patterns frequently are of no  
concern to parents, an alert pediatrician will recognize 
that overly rapid statural growth can indicate a serious 
underlying problem. Furthermore, as with short stature, 
children with tall stature must be evaluated in the context 
of their familial growth and pubertal patterns.

Klinefelter syndrome (XXY syndrome) is a relatively 
common (1:500 to 1:1000 live male births) abnormality 
associated with tall stature, mild mental retardation, gy-
necomastia, and decreased upper-to-lower body segment 
ratio. The testes are invariably small, although androgen 
production by Leydig cells is often at the low-normal 
range. Spermatogenesis and Sertoli cell function are  
defective, resulting in infertility. XYY syndrome is associ-
ated with tall stature and possible behavioral and mental 
problems.

Marfan syndrome is an autosomal-dominant connec-
tive tissue disorder consisting of tall stature, increased 
arm span, and decreased upper-to-lower body segment 
ratio. The cause of Marfan syndrome is a mutation in the 
FBN1 gene located on chromosome 15. FBN1 encodes a 
glycoprotein called fibrillin-1, which is a crucial in the 
development of the extracellular matrix and elastin. Ad-
ditional physical abnormalities include arachnodactyly, 
ocular abnormalities (including usually an upward/ 
superotemporal lens subluxation), and cardiac anomalies. 
Homocystinuria is an autosomal-recessive inborn error 
of amino acid metabolism causing mental retardation 
when untreated. Homocystinuria is due to a deficiency in 
cystathionine beta synthase. It has many features resem-
bling Marfan syndrome, particularly ocular manifesta-
tions (lens subluxation is usually downward/inferonasal). 
Hyperthyroidism in adolescence is associated with rapid 
growth but normal adult height. It is almost always 
caused by Graves’ disease and is much more common in 
females. Other clinical entities, mostly rare ones, have 
been associated with increased growth—at least for part 
of postnatal life.858 These include a contiguous deletion 
syndrome known as 22q13 deletion syndrome or Phelan-
McDermid syndrome, Bannayan-Riley-Ruvalcaba syn-
drome (an autosomal dominant disorder caused by hap-
loinsufficiency of the phosphatase and tensin homologue 
(PTEN) gene at 10q23.31), and Proteus syndrome 
(asymmetric and disproportionate overgrowth of body 
parts only now known to be due to an activating mutation 
in AKT1).859 In neurofibromatosis type 1, many patients 
are described to have suboptimal growth in childhood, 
but some patients have tall stature. Perlman syndrome 
(macrosomia, nephromegaly, hypotonia, and often death 
in early infancy), and Nevo syndrome (a subtype of 
Ehlers-Danlos syndrome with increased length early in 
life and caused by mutations in the PLOD1 gene on 
chromosome 1, important for hydroxylation of lysyl resi-
dues in collagen proteins) are extremely rare.

Much more common is exogenous obesity, a frequently 
occurring condition in childhood and adolescence  
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associated with rapid linear growth and early maturation. 
This association is so characteristic that the child with a 
combination of obesity and short stature should always be 
evaluated for an underlying pathologic process such as 
hypothyroidism, GHD, Cushing syndrome, and various 
syndromes (such as Prader-Willi). In exogenous obesity, 
bone age is usually modestly accelerated—and thus  
puberty and epiphyseal fusion occur early, resulting in 
normal adult height. As stated, cerebral gigantism and 
Beckwith-Wiedemann syndrome are associated with 
rapid pre- and perinatal growth, but rapid postnatal 
growth usually ends by early to mid-childhood. Never-
theless, these conditions should be considered when tall 
stature in childhood is accompanied by the characteristic 
phenotypic features, a history of unexplained fetal over-
growth, or the presence of the childhood tumors  
mentioned previously.

Precocious and Delayed Puberty

Precocious puberty, whether mediated centrally (in-
creased gonadotropin secretion) or peripherally (increased 
secretion of androgens, estrogens, or both), results in  
accelerated linear growth in childhood—mimicking the 
pubertal growth spurt. Because skeletal maturation is also 
accelerated, adult height, when left untreated, can be 
compromised. The diagnostic evaluation and manage-
ment of precocious puberty are discussed in Chapters 15 
and 17.

Although delayed puberty may be associated with short 
stature in childhood, as with constitutional delay, failure 
to eventually enter puberty and complete sexual matura-
tion may result in sustained growth during adult life—
with ultimate tall stature. The reports of tall stature in 
men with open epiphyses, resulting from mutations of the 
estrogen receptor or of the aromatase gene, underscores 
the fundamental role of estrogen in promoting epiphyseal 
fusion and termination of normal skeletal growth.18,332

Diagnosing Familial Tall Stature

The purpose of the diagnostic evaluation of tall stature is 
to distinguish the commonly occurring normal variant 
constitutional (or familial) variety from the rare patho-
logic conditions. Often, when the history is suggestive of 
familial tall stature and the physical examination is en-
tirely normal, laboratory tests are not indicated. It is valu-
able to obtain a bone age radiograph to be able to predict 
adult height, which serves as a basis for discussions with 
the family and for management decisions. If, however, the 
history is suggestive for any of the previously mentioned 
disorders or the physical examination reveals abnormali-
ties, additional laboratory tests should be obtained to 
evaluate for brain disorders, GH excess, chromosomal 
abnormalities, or other rare causes of tallness. For some 
of these disorders, genetic screening is available.

IGF-1 and IGFBP-3 are excellent screening tests for 
GH excess and can be verified with a glucose suppres-
sion test. Laboratory evidence of GH excess mandates 
MRI evaluation of the pituitary and the consideration 
of the McCune-Albright syndrome with should be 
made (see below). Thyroid function tests are useful to 

diagnose or rule out hyperthyroidism when Graves’ 
disease is suspected.

Management of Constitutional 
and Syndromic Tall Stature

Reassurance of the family and the patients is the key to 
the management of normal variant tall stature. The use 
of the bone age evaluation and a careful assessment of 
pubertal status to predict adult height may provide some 
comfort for them, as will general supportive discussions 
on the social acceptability of this condition. Although 
treatment is available for girls and boys with excessive 
growth, its use should be restricted to patients with pre-
dicted adult height greater than 3 SD above the mean 
(198 cm in males or 180 cm in females) and evidence of 
significant psychosocial impairment.

For the child with extreme familial tall stature (or  
another condition, such as Marfan syndrome) whose par-
ents feel strongly about treatment, a trial of sex steroids is 
possible. This therapy is designed to accelerate puberty and 
epiphyseal fusion and is therefore of little benefit when 
given in late puberty. Therapy is initiated ideally prepuber-
tally or in early puberty. Oral estrogens in various doses 
have successfully reduced the predicted height of females 
by 5 to 6 cm on the average (and maximum 10 cm).860

This is a direct result of the known effects of sex ste-
roids on promoting epiphyseal fusion, and therapy must 
therefore begin before the bone age has reached 12 years. 
Oral ethinyl estradiol at a dose of 0.15 to 0.5 mg/day until 
cessation of growth occurs has been used successfully in 
girls. If necessary, a progestational agent can be added 
after 1 year of unopposed estrogen. In boys, treatment 
should begin before the bone age reaches 13.5 to 14 years. 
One trial compared the effect of two treatment ap-
proaches using different androgen dosages; testosterone 
enanthate given at a dose of 250 mg every 2 weeks was as 
effective in reducing adult height as a dose of 500 mg 
every 2 weeks861; the lower dose is recommended.

Whereas no long-term complications of sex steroid 
therapy have been clearly documented, short-term side 
effects are common. These include lipid abnormalities, 
thromboembolism, cholelithiasis, hypertension, nausea, 
menstrual irregularities, and acne fulminans. The lack of 
extensive experience with this form of therapy and the 
risks involved should be carefully weighed and discussed 
with the family before embarking on therapy.

The mechanism of estrogen action affects both GH 
and IGF production. Perhaps more important, however, 
is the action of estrogen on the epiphyses. Studies have 
demonstrated that it is estrogen that mediates epiphyseal 
fusion in both females and males. In prepubertal girls, 
adult height is reportedly decreased by as much as 5 to  
6 cm relative to pretreatment predictions. When therapy 
is initiated after the onset of puberty, the decrement in 
adult height is not likely to be as large. Therapy in boys 
with tall stature is even more problematic. For the reasons 
discussed, estrogen is likely to be most efficacious in  
accelerating epiphyseal fusion but is obviously undesir-
able in males. Androgens will also accelerate skeletal 
maturation, presumably through aromatization to estro-
gen, but at the price of rapid virilization.
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Although psychoemotional arguments constitute  
the main reason for treating tall (predominantly) girls, 
prospective well-structured psychological evaluation of 
potential treatment candidates is often not pursued. In 
addition, more than 50 years of experience with growth-
attenuating intervention has not yielded objective infor-
mation indicating that being (too) tall when an adoles-
cent or adult results in unequivocal lifelong psychosocial 
damage. The practice of treating girls with tall stature 
has certainly become less prevalent. This may in part be 
related to data from sociologic studies that confirm a tall 
woman can experience beneficial effects of her stature. 
These studies indicate positive influences of height on 
women’s character perception.862 Taller women are 
now more often perceived by their peers—and by men 
as well—as more intelligent, assertive, and ambitious  
compared to their shorter counterparts.

Excess GH Secretion and Pituitary Gigantism

In young persons with open epiphyses, overproduction of 
GH results in gigantism. In persons with closed epiphyses, 
the result is acromegaly. Often, some acromegalic features 
are seen with gigantism—even in children and adoles-
cents. After closure of the epiphyses, the acromegalic  
features become more prominent. Famous examples of 
gigantism include Robert Wadlow (the Alton giant), who 
stood 271.8 cm at the time of his death in his mid-20s, and 
the well-known Andre Rousimoff (Andre the Giant), who 
was 190.5 cm at age 12 and reached a height of 223.5 cm 
by adulthood.523 Pituitary gigantism is rare, and its cause is 
most often a pituitary adenoma—but gigantism has been 
observed in a 2.5-year-old boy with a hypothalamic tumor 
that presumably secreted GHRH. Other tumors, particu-
larly in the pancreas, have produced acromegaly by secre-
tion of large amounts of GHRH with resultant hyperplasia 
of the somatotrophs.863 Activating mutations of Gsa as 
seen in the McCune-Albright syndrome can be associated 
with gigantism-acromegaly as discussed later.

The cardinal clinical feature of gigantism is longitudi-
nal growth acceleration secondary to the GH excess. The 
usual manifestations consist of coarse facial features and 
enlarging hands and feet. In young children, rapid growth 
of the head may precede linear growth. Some patients 
have behavioral and visual problems. In most of the  
recorded cases, the abnormal growth became evident at 
puberty—but the condition has been established as early 
as the newborn period in one child and at 21 months of 
age in another. Giants may grow to a height of 243.8 cm 
or more. Acromegalic features consist chiefly of enlarge-
ment of the distal parts of the body, but manifestations of 
abnormal growth involve all portions.

The circumference of the skull increases, the nose be-
comes broad, and the tongue is often enlarged—with 
coarsening of the facial features. The mandible grows 
excessively, and the teeth become separated. Visual field 
defects and neurologic abnormalities are common. Signs 
of increased intracranial pressure appear later. The fingers 
and toes grow chiefly in thickness. There may be dorsal 
kyphosis. Fatigue and lassitude are early symptoms. GH 
levels are elevated and may occasionally exceed 100 ng/mL. 
There is typically no suppression of GH levels by the 

hyperglycemia of a glucose tolerance test. IGF-1 and 
IGFBP-3 levels are consistently elevated in gigantism, 
whereas other growth factors are not. Gigantism is  
extremely rare, with only several hundred reported cases. 
The presentation of gigantism is usually dramatic, unlike 
the insidious onset of acromegaly in adults.

The tumor mass itself may cause headaches, visual 
changes from optic nerve compression, and hypopituita-
rism. About half of the patients also have marked hyper-
prolactinemia as a result of plurihormonal adenomas that 
secrete GH and prolactin. This is because mammosomato-
trophs are the most common type of GH-secreting cells 
involved in childhood gigantism. GH-secreting tumors of 
the pituitary are typically eosinophilic or chromophobe 
adenomas. Adenomas may compromise other anterior  
pituitary function through growth or cystic degeneration. 
Secretion of gonadotropins, thyrotropin, or corticotropin 
may be impaired. Delayed sexual maturation or hypogo-
nadism may occur. When GH hypersecretion is accompa-
nied by gonadotropin deficiency, accelerated linear growth 
may persist for decades. In some cases, the tumor spreads 
outside the sella—invading the sphenoid bone, optic nerves, 
and brain. GH-secreting tumors in pediatric patients are 
more likely to be locally invasive or aggressive than are 
those in adult patients.522

The cause of these tumors is uncertain, although stud-
ies of acromegalics have suggested that many cases result 
from mutations that generate constitutively activated  
G proteins with reduced GTPase activity. The resultant 
rise in intracellular cyclic AMP in the pituitary leads to 
increased GH secretion. McCune-Albright syndrome, 
which can also be caused by mutations resulting in  
constitutively activated G proteins, may also include the 
presence of somatotrophic tumors and excess GH secre-
tion. In fact, approximately 20% of patients with gigan-
tism are those with McCune-Albright syndrome (com-
monly consisting of a triad of precocious puberty, 
café-au-lait spots, and fibrous dysplasia). GH-secreting 
tumors have also been reported in multiple endocrine 
adenomatosis and in association with neurofibromatosis, 
tuberous sclerosis, and Carney complex.864,865

Activating mutations of the stimulatory Gsa protein 
have been found in the pituitary lesions in patients with 
McCune-Albright syndrome and are believed to be re-
sponsible for the other glandular adenomas observed in 
this condition as well. Somatic point mutations of the 
Gsa protein have also been identified in somatotrophs of 
up to 40% of sporadic GH-secreting pituitary adenomas.

Mutations in several additional genes have been iden-
tified. The aryl hydrocarbon receptor interacting protein 
(AIP) gene is implicated in about 15% of familial isolated 
pituitary adenomas (FIPA), a small number of cases of 
sporadic acromegaly, and an unknown number of spo-
radic prolactinomas. Defects in cyclin-dependent kinase 
inhibitor (CDKI) genes have also been demonstrated in 
a few families with features similar to MEN type 1.  
A report on a large cohort of children and adolescents 
with pituitary adenomas found that germline AIP and 
MEN1 gene mutations (found in 5 of 11 [45.5%] cases 
with GH- or PRL-secreting tumors) are common in pe-
diatric patients with GH-secreting pituitary adenomas.866 
A positive family history is often not present.
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Diagnosis of GH Excess

The “gold standard” for making the diagnosis of GH 
excess is a failure to suppress serum GH levels to less 
than 5 ng/dL after a 1.75-g/kg oral glucose challenge 
(maximum, 75 g). This test measures the ability of IGF-1 
to suppress GH secretion because the glucose load re-
sults in insulin secretion, leading to suppression of 
IGFBP-1, which results in an acute increase in free 
IGF-1 levels. The increased free IGF-1 suppresses GH 
secretion within 30 to 90 minutes.867 This test can be 
abnormal in diabetic patients. Note that a single mea-
surement of GH is inadequate because GH is secreted  
in a pulsatile manner. Therefore, the use of a random 
GH measurement can lead to both false-positive and 
false-negative results.

Measurement of serum IGF-1 concentration is a sensi-
tive screening test for GH excess. An excellent linear 
dose-response correlation between serum IGF-1 levels 
and 24-hour mean GH secretion has been demonstrated. 
An elevated IGF-1 level in a patient with appropriate 
clinical suspicion is almost always indicative of GH excess. 
Potential confusion may arise when evaluating normal 
adolescents because significantly higher IGF-1 levels  
occur during puberty than in adulthood.

For accurate control comparison, the IGF-1 level 
must be age and gender matched. Serum IGFBP-3 levels 
may also be useful in the diagnosis of GH excess. In pa-
tients with confirmed somatotroph adenomas, increased 
IGFBP-3 levels have been reported to be a sensitive 
marker of GH elevations and may be elevated despite 
normal IGF-1 levels. If laboratory findings suggest GH 
excess, the presence of a pituitary adenoma should be 
confirmed using MRI. In rare cases, a pituitary mass may 
not be identified. This may be an occult pituitary micro-
adenoma or an ectopic tumor. Computed tomography is 
acceptable when MRI is unavailable.

Treatment of GH Oversecretion

The goals of therapy are to remove or shrink the pituitary 
mass, to restore GH and secretory patterns to normal, to 
restore IGF-1 and IGFBP-3 levels to normal, to retain 
the normal pituitary secretion of other hormones, and to 
prevent recurrence of disease. For well-circumscribed 
pituitary adenomas, trans-sphenoidal surgery is the treat-
ment of choice and may be curative.868 If possible, the 
tumor should be removed completely. The likelihood of 
surgical cure depends greatly on the surgeon’s expertise as 
well as on the size and extension of the mass. Intraopera-
tive GH measurements can improve the results of tumor 
resection. Trans-sphenoidal surgery to resect the tumors 
has been shown to be as safe in children as in adults.  
At times, a transcranial approach may be necessary. The 
primary goal of treatment is to normalize GH levels. GH 
levels (, 1 ng/mL within 2 hours after a glucose load) 
and serum IGF-1 levels (age-adjusted normal range) are 
the best tests to define a biochemical cure.

If GH secretion is not normalized by surgery, the  
options include pituitary radiation and medical therapy. In 
general, radiation therapy is recommended if GH hyper-
secretion is not normalized by surgery. Further growth of 

the tumor is prevented by radiation in more than 99% of 
the patients. The main disadvantage is the delayed efficacy 
in decreasing GH levels. GH is reduced approximately 
50% from the initial concentration by 2 years and 75% by 
5 years, and approaches 90% by 15 years. Hypopituitarism 
is a predictable outcome, occurring in 40% to 50% of 
patients 10 years after irradiation.

It is now clear that surgery fails to cure a significant 
number of patients, and therefore medical therapy has 
taken on a more important role in the management of 
patients with GH excess. Indeed, the greatest progress in 
recent years in the treatment of GH excess has been within 
the realm of medical therapy. Treatment has been im-
proved by the availability of effective and well-tolerated 
long-acting somatostatin analogs and dopamine agonists, 
as well as by novel GH antagonists.

The somatostatin analogs have been found to be 
highly effective in the treatment of patients with GH 
excess. Octreotide suppresses GH to less than 2.5 ng/mL 
in 65% of patients with acromegaly, and it normalizes 
IGF-1 levels in 70%. Studies of patients for more than 
14 years have shown that the effects of octreotide are 
well sustained over time. Tumor shrinkage also occurs 
with octreotide, but it is generally modest. Consistent 
GH suppression has been obtained with a continuous 
subcutaneous pump infusion of octreotide in a pubertal 
boy with pituitary gigantism.869 New long-acting for-
mulations, including octreotide and lanreotide, have 
been shown to produce consistent GH and IGF-1 sup-
pression in acromegalic patients with once-monthly 
intramuscular depot injections. They both appear 
equivalent for control of these biochemical markers and 
symptoms. Octreotide as well as lanreotide inhibit GH 
secretion better than native somatostatin because they 
possess greater potency and demonstrate a longer 
plasma half-life. The sustained-release preparations 
have not been formally tested in children. Octreotide 
injection in the pediatric population has been used at 
doses of 1 to 40 mg/kg/day.

Dopamine agonists, such as bromocriptine, bind to 
pituitary dopamine type 2 (D2) receptors and suppress 
GH secretion—although the precise mechanism of ac-
tion remains unclear. Prolactin levels are often ade-
quately suppressed. However, GH levels and IGF-1 
levels are rarely normalized with this treatment modal-
ity. Less than 20% of patients achieve GH levels less 
than 5 ng/mL, and less than 10% achieve normalization 
of IGF-1 levels. Tumor shrinkage occurs in a minority 
of patients. It is generally used as adjuvant medical 
treatment for GH excess. Its effectiveness may be addi-
tive to that of octreotide.870 The dose of bromocriptine 
needed ranges between 10 and 60 mg orally divided 
four times a day. Only a minority of patients benefit 
from doses greater than 20 mg/day. It has been found to 
be safe when used in children for an extended period of 
time, but side effects may include nausea, vomiting, 
abdominal pain, arrhythmias, nasal stuffiness, ortho-
static hypotension, sleep disturbances, and fatigue.  
Another dopamine agonist, cabergoline, may inhibit 
GH secretion more efficiently than bromocriptine and 
has therefore become the preferred drug in this cate-
gory. In a meta-analysis of 15 studies of cabergoline 
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treatment in acromegaly (n 5 227), cabergoline achieved 
normal IGF-1 levels in 34% of patients, whereas when 
combined with a somatostatin analogue, 52% normal-
ized IGF-1 concentrations.871

An addition to the armamentarium for the treatment 
of GH excess is the novel GHR antagonist, pegvisomant. 
This is a mutated GH molecule that has a polymer chain 
attached at several sites to prolong its half-life. Despite 
its similar binding affinity compared to wild-type GH, 
pegvisomant blocks endogenous GH from binding to its 
GHR, and it does not activate the post-GHR intracellu-
lar signaling cascade, thereby avoiding the undesirable 
effect of GH excess—exactly what needs to be blocked. 
Pegvisomant has now been approved for use in adults 
with acromegaly. Pegvisomant is administered as a daily 
subcutaneous injection. The initial daily dose is 10 mg. 
The serum IGF-1 concentration should be measured 
every 4 to 6 weeks and the dose can be adjusted, in 5-mg 
increments, to a maximum of 30 mg/day. The ultimate 
goal is to keep the serum IGF-1 within the normal range. 
It has been shown to effectively suppress GH and IGF-1 
levels in patients with acromegaly from pituitary tumors 
as well as ectopic GHRH hypersecretion.872 Normaliza-
tion of IGF-1 levels occurs in up to 90% of patients 
treated daily with this drug for 3 months or longer.873 
More long-term studies need to be performed, as it  
remains uncertain, based on initial data from postmarket-
ing surveillance studies, if long-term GH suppression 
continues as was reported in the initial studies. Although 
experience with this therapy in pediatrics is limited, the 
well-tolerated long-term efficacy of pegvisomant was 
reported in an 8-year-old girl who had protracted GH 
excess after surgical removal of a pituitary macroade-
noma and failure to suppress GH with long-acting  
somatostatin analogs.874

CONCLUSIONS

The advancement in our understanding of the molecu-
lar mechanisms of growth has resulted in a dramatic 
enhancement of our ability to diagnose and treat growth 
disorders. Further rapid changes to the available genetic 
diagnostic tools are expected. These will continue to 
alter the manner by which pediatric endocrinologists 
shall evaluate and manage patients with growth disor-
ders in the near future. Undoubtedly, in the coming 
years, new and improved methods of identifying specific 
abnormalities leading to short stature (particularly in 
the form of genetic tests) will refine even more the  
diagnostic process. Although hormonal testing is still 
the mainstay of endocrine assessment in the evaluation 
of growth disorders, we can now start to envision  
the age of the “gene-chip” approach. In addition, the 
therapies available to treat growth disorders will con-
tinue to undergo constant improvements and in the  
future will surely allow more efficacious, safer, and  
easier-to-tolerate management of growth abnormali-
ties. These changes, both in our diagnostic capabilities 
and in the area of pharmacogenomics, will allow for a 
more individualized approach to the patient with a 
growth disorder.
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QUESTIONS

boy’s constellation of features is most consistent with 
which of the following diagnoses?
 a. Weaver syndrome
 b. Fragile X syndrome
 c. Beckwith-Wiedemann syndrome
 d. Marfan syndrome
 e. McCune-Albright syndrome

Answer: a

 3. You are preparing a lecture for medical students ad-
dressing genetic abnormalities that result in com-
bined pituitary hormone deficiency. Which of the 
following does not lead to this multiple hormone in-
sufficiency?
 a. PROP1 gene mutation
 b. HESX1 gene mutation
 c. STAT5B gene mutation
 d. LHX3 gene mutation
 e. POU1F1 gene mutation

Answer: c

 4. The measurement of serum IGF-I concentrations, as 
part of the evaluation of short stature, can be affected 
by all except which of the following factors?
 a. Estradiol
 b. Melatonin
 c. Growth hormone
 d. Thyroxine
 e. Testosterone

Answer: b

 5. The parents of a 6-year-old girl want to know how tall 
their daughter will be as an adult. The mother is 155 cm 
(5910). The father is 178 cm (59100). Despite all the 
nuances involved in the determination of the pre-
dicted adult height that you plan to discuss with them, 
you calculate her midparental height to be closest to 
which of the following?
 a. 155 cm
 b. 168 cm
 c. 165 cm
 d. 160 cm
 e. 175 cm

Answer: d

 1. You are seeing a 2.8-year-old boy for severe growth 
failure. His mother reports he has a good appetite, 
but he often wakes up once at night to take a bottle. 
His exam reveals frontal bossing, midface hypopla-
sia, and micrognathia. He also has small hands and 
feet. His abdomen is slightly protuberant, with a fat 
distribution that is more pronounced on his trunk 
than on his extremities. You are very concerned 
about his growth and obtain laboratory tests that 
include the following:
• Random GH 5 10 ng/mL
• IGF-I 5 11 ng/mL (normal 31 to 160)
• IGFBP-3 5 0.7 mg/L (normal 1.4 to 3)
• ALS, acid-labile subunit 5 0.2 mg/L (normal 0.9 

to 9.3)
• GHBP 5 59 pmol/L (normal 125 to 762)
• Prolactin 5 13 ng/mL (normal 3 to 18)
• Free T4 5 2.2 ng/dL (normal 1 to 2.8)
• TSH 5 2.45 mIU/mL (normal 0.5 to 4)

What is the most likely diagnosis for this patient?
 a. IGF-I gene defect
 b. GH gene defect
 c. STAT5 B defect
 d. ALS defect
 e. GH receptor defect

Answer: e

 2. An 8-year-old boy is referred by his pediatrician be-
cause of an advanced skeletal age. The film was ob-
tained because the pediatrician was worried about 
rapid growth in this patient. The boy’s mother states 
that her son has always been tall compared to his 
classmates. Midparental height is at the 50th to 75th 
percentile. The boy has mild developmental delay 
with some speech impairment. On physical exam, his 
height and weight are both at 13 SD score. He has a 
flat nasal bridge with a wide tip, large ears, broad 
philtrum, and a small chin. His skin is relatively loose. 
He has deep-set nails. He has clinodactyly and over-
riding toes. There is limited extension at the elbows 
and the knees, mild kyphosis, and obvious scoliosis by 
inspection. He underwent an orchidopexy early in 
life. Small testes are palpable in the scrotal sac. This 
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INTRODUCTION

Maintenance of the tonicity of extracellular fluids within a 
very narrow range is crucial for proper cell function.1,2 
Extracellular osmolality regulates cell shape as well as  
intracellular concentrations of ions and other osmolytes. 
Furthermore, proper extracellular ionic concentrations 
are necessary for the correct function of ion channels,  
action potentials, and other modes of intercellular com-
munication. Extracellular fluid tonicity is regulated almost 
exclusively by the amount of water intake and excretion, 
whereas extracellular volume is regulated by the level of 
sodium chloride intake and excretion. In children and 
adults, normal blood tonicity is maintained over a 10-fold 
variation in water intake by a coordinated interaction 
among thirst, vasopressin, and renal systems. Dysfunction 
in any of these systems can result in abnormal regulation 
of blood osmolality, which if not properly recognized and 
treated may cause life-threatening dysfunction in neuronal 
and other cellular activities.

The posterior pituitary, or the neurohypophysis,  
secretes the nonapeptide hormones vasopressin and  
oxytocin. Vasopressin controls water homeostasis, and 
oxytocin regulates smooth muscle contraction during 
parturition and lactation. Disorders of vasopressin secre-
tion and action lead to clinically important derangements 
in water metabolism. This chapter summarizes the phys-
iology of water and volume regulation, presents a symp-
tom-based approach to the differential diagnosis of the 
diseases of water homeostasis, and provides a review of 
the pathology and treatment of disorders involving these 
systems. (See Chapter 13 for a discussion of defects in 

mineralocorticoid regulation that result in disturbances 
in volume regulation.)

PHYSIOLOGY OF OSMOTIC AND VOLUME 
REGULATION

The control of plasma tonicity and intravascular volume 
involves a complex integration of endocrine, neural, and 
paracrine pathways. Osmotic sensor and effector path-
ways control the regulation of vasopressin release and 
signal transduction, whereas volume homeostasis is  
determined largely through the action of the renin- 
angiotensin-aldosterone system, with contributions from 
both vasopressin and the natriuretic peptide family.  
An improved understanding of the anatomic structures 
and molecules involved has developed through detailed 
molecular biologic and physiologic studies.

Osmotic Sensor and Effector Pathways
Vasopressin and Oxytocin Biochemistry

Vasopressin and oxytocin are evolutionarily related peptides 
(paralogs), having arisen from gene duplication of a phylo-
genetically common molecule approximately 450 million 
years ago.3,4 Both peptides consist of a 6-amino-acid disul-
fide ring plus a 3-amino-acid tail, with amidation of the 
carboxy terminus.5,6 As early as 1895, a potent biologic 
principle—consisting of vascular pressor activity, “birth 
quickening,” and milk secretory effects—was recognized  
in neurohypophyseal extracts.7 The sequences of the 
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of vasopressin and its neurophysin, with vasopressin im-
munoreactivity in the 1000-dalton component.18,19

Since 1990, molecular genetic analyses have furthered 
the understanding of the synthesis, the processing, and the 
evolution of the vasopressin and oxytocin preprohormones. 
Human, mouse, rat, and bovine vasopressin and oxytocin 
genes each consist of three exons (Figure 11-2).20,21 The 
first exon encodes the 19-amino-acid signal peptide, fol-
lowed by vasopressin or oxytocin nonapeptides. This is 
followed by a 3-amino-acid protease cleavage site leading 
into the first nine amino acids of neurophysin II (for vaso-
pressin) or neurophysin I (for oxytocin). After interruption 
of the coding region by an intron, exon 2 continues with 
neurophysin coding sequences. The third exon completes 
the sequence of the neurophysin and, for vasopressin only, 
is followed by coding information for an additional 
39-amino-acid glycopeptide (copeptin) whose function is 
unclear. Preprovasopressin contains 16 cysteines, which 
likely participate in eight disulfide bridges that determine 
the tertiary structure of the protein (Figure 11-3). One 
cysteine pair is present in vasopressin peptide, whereas the 
rest are in neurophysin.

In all mammalian species analyzed thus far, oxytocin 
and vasopressin genes are adjacent in chromosomal loca-
tion (chromosome 20 in the human22) and linked tail to 
tail, in opposite transcriptional orientation. In the human, 
they are separated by 12 kb.22 This likely explains their 
origin from the ancient duplication of a common ances-
tral gene.23 Whether this adjacent linkage is of regulatory 
significance is under investigation.

Vasopressin and oxytocin genes are expressed in the 
hypothalamic paraventricular and supraoptic nuclei.18,24 
The magnocellular components of each of these nuclei 
are the primary neuronal populations involved in water 
balance, with vasopressin synthesized in these areas car-
ried by means of axonal transport to the posterior pitu-
itary, its primary site of storage and release into the sys-
temic circulation (Figure 11-4). The bilaterally paired 
hypothalamic paraventricular and supraoptic nuclei are 
separated from one another by relatively large distances 
(approximately 1 cm). Their axons course caudally, converge 

individual peptides with pressor and antidiuretic capacity 
(vasopressin) and oxytocic capacity were determined by  
du Vigneaud and colleagues during the mid-1950s,6 culmi-
nating in the synthesis of each hormone in its biologically 
active form.8,9 In most mammals, vasopressin and oxytocin 
differ in only two amino acids—one substitution within  
the ring and one within the tail structure (Figure 11-1). 
Exploration of the structure-function relationship of spe-
cific amino acids within both vasopressin and oxytocin  
has allowed characterization of molecules with substantial 
clinical use. Most notably, by replacement of l-arginine with 
d-arginine at position 8 of the vasopressin molecule, and 
amino-terminal deamidation, an analog with enhanced, 
prolonged antidiuretic to pressor activity was found (des-
mopressin [desamino-d-arginine vasopressin; dDAVP], see 
Figure 11-1).10 Desmopressin, with an antidiuretic potency 
more than double that of its parent vasopressin, is now rou-
tinely used in clinical practice.

The association of vasopressin and oxytocin with spe-
cific proteins, the neurophysins, while stored in the neuro-
hypophysis, was apparent as early as 1900.11 Subsequent 
isolation and characterization of the neurophysins revealed 
two distinct forms, one type exclusively associated with 
vasopressin and the other exclusively associated with oxyto-
cin.12,13 Both are single-polypeptide chains of molecular 
weight 10,000 daltons. Despite extensive biophysical char-
acterization, including crystallography of the oxytocin-
neurophysin complex,14,15 the biologic function of the 
neurophysins remains unclear. Possible roles for the neuro-
physins include stabilization against degradation during 
intracellular storage, more efficient packaging within secre-
tory granules, and enhancement of posttranslation process-
ing by the proenzyme convertases.

The common origin of vasopressin and its neurophysin 
from a single larger precursor was first proposed by Sachs 
and colleagues,16,17 who showed increased incorporation of 
35S cysteine, infused into the canine third ventricle, into 
vasopressin isolated from the hypothalamus compared with 
vasopressin isolated from the posterior pituitary. Isolation 
of the larger precursor from the hypothalamus followed by 
trypsin digestion produced fragments of size similar to that 

FIGURE 11-1 n  Structures of vasopressin, dDAVP, and oxytocin. In dDAVP, the de-amidated cysteine is enclosed in the box.
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at the infundibulum, and terminate at different levels 
within the pituitary stalk and the posterior pituitary gland 
(see Figure 11-4). Vasopressin is also synthesized in the 
parvocellular neurons of the paraventricular nucleus, 
where it has a role in modulating hypothalamic-pituitary-
adrenal axis activity. In this site, vasopressin is colocalized 
in cells that synthesize corticotropin-releasing hormone,25,26 

and both are secreted at the median eminence and carried 
through the portal-hypophyseal capillary system to the 
anterior pituitary, where together they act as the major 
regulators of adrenocorticotropic hormone synthesis and 
release.27 Vasopressin is also present in the hypothalamic 
suprachiasmatic nucleus, the circadian pacemaker of the 
body, where its function is unknown.
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FIGURE 11-2 n  Structure of the human genes and peptide products of vasopressin (VP) (A) and oxytocin (OT) (B). Shown are the sizes of 
exons and intron, in nucleotide base pairs (bp) and peptide products in amino acids (aa). Depicted are the amidation-dibasic cleavage 
signal (Gly-Lys-Arg) at the carboxy terminus of vasopressin and oxytocin and the monobasic cleavage signal at the end of neurophysin. 
Signal, signal peptide; VP, vasopressin; OT, oxytocin; CHO, carbohydrate.

FIGURE 11-3 n  Structure of preprovasopressin peptide. The 164-amino-qcid preprovasopressin peptide consists of signal peptide, 
vasopressin, neurophysin, and copeptin. The latter three entities are separated by basic residues (gray), which serve as cleavage 
sites for proconvertase enzymes. The 16 cysteines are connected by eight putative disulfide bridges. Amino acid mutations are clas-
sified as missense, in-frame deletion, or nonsense/frameshift mutations. Most mutations are inherited with an autosomal dominant 
pattern. The one that has an autosomal recessive pattern is boxed. (Reproduced with permission from Uyeki TM, Barry FL, Rosenthal 
SM, et al. Successful treatment with hydrochlorothiazide and amiloride in an infant with congenital nephrogenic diabetes insipidus. Pediatr 
Nephrol 1993; 7:554-6.)
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Regulation of Vasopressin Secretion 
and Thirst

Osmotic Regulation.  The rate of secretion of vasopressin 
from the paraventricular and supraoptic nuclei is influenced 
by several physiologic variables, including plasma osmolality 
and intravascular volume, as well as nausea and a number of 
pharmacologic agents. The major osmotically active con-
stituents of blood are sodium, chloride, and glucose (with 
insulin deficiency). Normal blood osmolality ranges between 
280 and 290 mOsm/kg H2O.

The work of Verney28 first demonstrated the relation-
ship of increased vasopressin release in response to  
increasing plasma osmolality, as altered by infusion of 
sodium chloride or sucrose. At that time, it was postu-
lated that there existed intracranial sensors sensitive  
to changes in plasma osmolality. Multiple researchers 
have subsequently confirmed that plasma vasopressin 
concentration increases in response to increasing plasma 
tonicity, although the exact nature of the osmosensor has 
not been defined.29,30 Neurons of the supraoptic nucleus 
can respond directly to hypertonic stimuli with depolar-
ization and vasopressin secretion,31 but the majority 
of evidence indicates that osmosensor- and vasopressin-
secreting neurons are anatomically distinct.32,33 The 
osmosensor is likely to reside outside the blood-brain 
barrier, as implicated by differential vasopressin secretory 
response to similar changes in plasma osmolality depend-
ing on whether the change was induced by salt, sucrose, 
or urea.28,34 The organ vasculosum of the lamina termi-
nalis (OVLT) and the subfornical organ (SFO), areas  
of the preoptic hypothalamus outside the blood-brain 

barrier, are likely sites of osmosensing, because lesions of 
the OVLT result in impaired vasopressin secretion and 
hypernatremia.32,33 Also, the site of action of angiotensin 
II infused intracerebrally or peripherally to produce  
vasopressin secretion and antidiuresis resides within the 
OVLT.35-37

The pattern of secretion of vasopressin into blood has 
been characterized extensively in normal individuals  
and in those with abnormalities in water homeostasis. 
Normally, at a serum osmolality of less than 280 mOsm/kg, 
plasma vasopressin concentration is at or below 1 pg/mL, 
the lower limit of detection of most radioimmunoas-
says.29,30 Above 283 mOsm/kg—the normal threshold for 
vasopressin release—plasma vasopressin concentration 
increases in proportion to plasma osmolality, up to a 
maximum concentration of about 20 pg/mL at a blood 
osmolality of approximately 320 mOsm/kg (Figure 11-5). 
The osmosensor can detect as little as a 1% change in 
blood osmolality. Plasma concentrations in excess of  
5 pg/mL are also found with nausea, hypotension, hypo-
volemia, and insulin-induced hypoglycemia, but further 
increments in urine concentration do not occur, because 
the peak antidiuretic effect is achieved at 5 pg/mL. The 
rate of increase of plasma vasopressin concentration, and 
thus the sensitivity of the osmosensor, exhibits substantial 
(as much as 10-fold) interindividual variation as plasma 
osmolality increases.38 The set point for vasopressin 
secretion varies in a single individual in relation to 
changes in volume status and hormonal environment 
(e.g., pregnancy39) or glucocorticoid status.40,41 After 
the seventh week of gestation, osmotic thresholds for 
both vasopressin release and thirst are reduced by  

FIGURE 11-4 n  Vasopressin cells in the hypothalamus. Diagram of vasopressin cell bodies in the supraoptic, paraventricular, and supra-
chiasmatic hypothalamic nuclei, and axonal termination in the posterior pituitary and median eminence. Because vasopressin axons 
terminate at different levels in the pituitary stalk and posterior pituitary, the amount of permanent cell loss following neurosurgical 
insult is determined by the highest level of damage, which will dictate the degree of vasopressin axon transection and retrograde neu-
ronal degeneration. (Modified with permission from reference 507 Baylis, P. H. (1989). Vasopressin and its neurophysin. In L. D. Degroot (Ed.), 
Endocrinology, (2nd ed.) (p. 213). Philadelphia: WB Saunders.)
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approximately 10 mOsm/kg (see Figure 11-5), such that 
normal blood osmolality during pregnancy is approxi-
mately 273 mOsm/kg (serum sodium 135 mEq/L).39,42 
Similarly, thresholds for vasopressin release and thirst 
during the luteal phase of the menstrual cycle are  
approximately 5 mOsm/kg lower than those in the fol-
licular phase.43,44 Human chorionic gonadotropin during 
pregnancy45 and luteinizing hormone during the second 
half of the menstrual cycle may contribute to these 
changes in osmotic thresholds.

The sensation of thirst, a more integrated cortical  
activity, is determined by other anatomically distinct  
hypothalamic neurons, with afferents involving the ven-
tromedial nucleus.46 The activation of the thirst mecha-
nism is also probably mediated by angiotensin II.47 
Whether the osmosensor for thirst and vasopressin release 
are the same is not certain, although this is suggested by 
lesions in the anteroventral region of the third ventricle 
that abolish both thirst sensation and vasopressin re-
lease.48 It makes physiologic sense that the threshold for 
thirst (293 mOsm/kg) is approximately 10 mOsm/kg 
higher than that for vasopressin release (see Figure 11-5). 
Otherwise, during the development of hyperosmolality, 
the initial activation of thirst and water ingestion would 
result in polyuria without activation of vasopressin re-
lease, causing a persistent diuretic state. Immediately af-
ter water ingestion, before a change in blood osmolality 
or volume, vasopressin concentration falls and thirst 
ceases.49 The degree of suppression is directly related to 
the coldness50 and volume51 of the ingested fluid. This 
effect is probably mediated by chemoreceptors present in 
the oropharynx, which guard against the rapid overdrink-
ing of fluids after intense thirst during the time before 
the lowering of blood osmolality.

As noted earlier, water balance is regulated in two 
ways: (1) vasopressin secretion stimulates water reabsorp-
tion by the kidney, thereby reducing future water loss, and 
(2) thirst stimulates water ingestion, thereby restoring 

previous water loss. Ideally, these two systems work in 
parallel to efficiently regulate extracellular fluid tonicity 
(Figure 11-6); however, each system by itself can maintain 
plasma osmolality in the near-normal range. For example, 
in the absence of vasopressin secretion but with free  
access to water, thirst drives water ingestion up to the 5 to 
10 L/m2 of urine output seen with vasopressin deficiency. 
Conversely, an intact vasopressin secretory system can 
compensate for some degree of disordered thirst regulation. 
When both vasopressin secretion and thirst are compro-
mised, however, by either disease or iatrogenic means, there 
is great risk of the occurrence of life-threatening abnor-
malities in plasma osmolality.

Nonosmotic Regulation.   Separate from osmotic regula-
tion, vasopressin has been shown to be secreted in response 
to alterations in intravascular volume. Afferent barorecep-
tor pathways arising from the right and left atria and the 
aortic arch (carotid sinus) are stimulated by increasing  
intravascular volume and stretch of vessel walls, and they 
send signals through the vagus and glossopharyngeal 
nerves, respectively, to the brainstem nucleus tractus soli-
tarius.52,53 Noradrenergic fibers from the nucleus tractus 
solitarius synapse on the hypothalamic paraventricular  
nucleus and the supraoptic nucleus and, on stimulation, 
inhibit vasopressin secretion.54,55 Experimental verification 
of this pathway has included demonstration of increased 
vasopressin concentration after interruption of barore-
ceptor output to the brainstem and decreased plasma 
vasopressin concentration after mechanical stimulation 
of baroreceptors, an effect diminished by vagotomy.56,57

The pattern of vasopressin secretion in response to 
volume as opposed to osmotic stimuli is markedly differ-
ent (Figure 11-7). Although minor changes in plasma 

FIGURE 11-6 n  Regulation of vasopressin secretion and serum 
osmolality. Hyperosmolality, hypovolemia, or hypotension are 
sensed by osmosensors, volume sensors, or barosensors, respec-
tively. These stimulate both vasopressin (VP) secretion and thirst. 
Vasopressin, acting on the kidney, causes increased reabsorption 
of water (antidiuresis). Thirst causes increased water ingestion. 
The results of these dual negative feedback loops cause a reduc-
tion in hyperosmolality or hypotension/hypovolemia. Additional 
stimuli for vasopressin secretion include nausea, hypoglycemia, 
and pain.

FIGURE 11-5 n  Osmotic thresholds for vasopressin and thirst. The 
threshold for vasopressin release is below that for thirst. In non-
pregnant persons there is linear increase in vasopressin (VP) 
release up to a serum osmolality of 320 mOsm/kg, after which 
no further increase occurs. In pregnancy, there is a decreased 
threshold for vasopressin release and thirst sensation, with no 
change in the sensitivity (slope) of the vasopressin-osmolality 
relationship. Vasopressin secretion in pregnancy presumably 
also plateaus at some level of hyperosmolality, although this has 
not been studied. Normal nonpregnant persons indicated by 
solid line and arrows; pregnant women indicated by dashed line 
and arrows.
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osmolality above 280 mOsm/kg evoke linear increases in 
plasma vasopressin, substantial alteration in intravascular 
volume is required for alteration in vasopressin out-
put.58-60 No change in vasopressin secretion is seen until 
blood volume decreases by approximately 8%. With  
intravascular volume deficits exceeding 8%, vasopressin 
concentration increases exponentially. Furthermore,  
osmotic and hemodynamic stimuli can interact in a mu-
tually synergistic fashion, so that the response to either 
stimulus may be enhanced by the concomitant presence 
of the other (see Figure 11-7). When blood volume (or 
blood pressure61-63) decreases by approximately 25%, 
vasopressin concentrations are evident of 20- to 30-fold 
above normal and vastly exceeding those required for 
maximal antidiuresis. Surprisingly, the use of vasopressin 
antagonists has suggested that the high concentration of 
vasopressin observed with hypotension does not contrib-
ute to the maintenance of blood pressure in humans.64

Nausea—as evoked by apomorphine,65 motion sick-
ness,66 and vasovagal reactions—is a very potent stimulus 
for vasopressin secretion. This effect is likely mediated 
by afferents from the area postrema of the brainstem and 
may result in vasopressin concentrations two to three 
orders of magnitude above basal levels. Nicotine is also a 
strong stimulus for vasopressin release.67 These pathways 
probably do not involve osmotic or hemodynamic sensor 
systems, because blockade of the emetic stimulus with 
dopamine or opioid antagonists does not alter the vaso-
pressin response to hypernatremia or hypovolemia.

Vasopressin secretion is inhibited by glucocorticoids; 
for this reason, loss of negative regulation of vasopressin 
secretion occurs in the setting of primary or secondary 
glucocorticoid insufficiency.68,69 The effects of cortisol 
loss of both enhancing hypothalamic vasopressin produc-
tion and directly impairing free water excretion70 are 
important considerations in the evaluation of the patient 
with hyponatremia, as is subsequently discussed.

Vasopressin Metabolism

Once in the circulation, vasopressin has a half-life of only  
5 to 10 minutes, owing to its rapid degradation by a cyste-
ine amino-terminal peptidase called vasopressinase. A syn-
thetic analog of vasopressin, desmopressin, is insensitive  
to aminoterminal degradation and thus has a much longer 
half-life of 8 to 24 hours. During pregnancy, the placenta 
secretes increased amounts of this vasopressinase,71 result-
ing in a fourfold increase in the metabolic clearance rate  
of vasopressin.72 Normal women compensate with an in-
crease in vasopressin secretion, but women with preexisting 
deficits in vasopressin secretion or action,73 or those with 
increased concentrations of placental vasopressinase associ-
ated with liver dysfunction74 or multiple gestations,75 may 
develop diabetes insipidus in the last trimester, which re-
solves in the immediate postpartum period.76 As expected, 
this form of diabetes insipidus responds to treatment with 
desmopressin but not with vasopressin.77,78

Sites of Vasopressin Action
Vasopressin Receptors.  Vasopressin released from the 
posterior pituitary and the median eminence affects the 

FIGURE 11-7 n  Relationships between osmotic and nonosmotic 
stimuli for vasopressin release. A, Relationship of plasma vaso-
pressin (AVP) concentration to the percentage increase in blood 
osmolality (open circles) or decrease in blood volume (closed 
circles). B, Alteration of sensitivity of osmotic stimulation of va-
sopressin secretion by volume or pressure stimuli. (Reproduced 
with permission from referene (508) Dunn Brennan, T. J., Nelson, A. 
E., et al. (1973). The role of blood osmolality and volume regulating 
vasopressin secretion in the rat. J Clin Invest, 52, 3212; reference 
(509) Robertson, G. L. (1985). The kidney, physiology and patho-
physiology Regulation of vasopressin secretion. In D. W. Seldin, & 
G. Giebisch (Eds.), New York: Raven Press.) (p. 869).

function of several tissue types by binding to members of 
a family of G protein–coupled cell surface receptors, 
which subsequently transduce ligand binding into al-
terations of intracellular second messenger pathways.79 
Biochemical and cell biologic studies have defined at least 
three receptor types, designated V1, V2, and V3 (or 
V1b). The major sites of V1 receptor expression are on 
vascular smooth muscle80 and hepatocytes,81-84 where 
receptor activation results in vasoconstriction85,86 and 
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glycogenolysis,87 respectively. The latter activity may be 
augmented by stimulation of glucagon secretion from the 
pancreas.87 The V1 receptor on platelets also stimulates 
platelet aggregation.88 V1 receptor activation mobilizes 
intracellular calcium stores through phosphatidylinositol 
hydrolysis.86,89 Despite its initial characterization as a 
powerful pressor agent, the concentration of vasopressin 
needed to significantly increase blood pressure is several-
fold higher than that required for maximal antidiuresis,90 
although substantial vasoconstriction in renal and 
splanchnic vasculature can occur at physiologic concen-
trations.91 The cloning of the V1 receptor80,81,83 has 
greatly elucidated the relationship of the vasopressin (and 
oxytocin92,93) receptors and, through sensitive in situ hy-
bridization analysis, has further localized V1 expression 
to the liver and the vasculature of the renal medulla, as 
well as to many sites within the brain, including the hip-
pocampus, the amygdala, the hypothalamus, and the 
brainstem.82,84 Compared to their normal counterparts, 
mice genetically modified to be deficient in the V1 recep-
tor (V1a KO) have been found to manifest insulin resis-
tance, increased hepatic glucose production, decreased 
hepatic glycogen content, decreased aldosterone secretion 
despite a lower plasma volume, lower basal blood pressure, 
a greater degree of lipolysis, and impaired nuclear trans-
port of the renal tubular mineralocorticoid receptor.94 The 
V3 (or V1b) receptor is present on corticotrophs in the 
anterior pituitary95 and acts through the phosphatidylino-
sitol pathway96 to increase adrenocorticotropic hormone 
secretion. Its binding profile for vasopressin analogs  

resembles more closely that of the V1 than the V2 recep-
tor. The structure of this receptor has been determined  
in humans by cloning of its complementary DNA.96,97 
Its structure is similar to that of the V1 and oxytocin  
receptors, and it is expressed in the kidney as well as in the 
pituitary. Mice with deletion of the V1b (V3) receptor 
gene (V1bKO) have been created and studied.97-99 As 
expected, they have defective activation of the pituitary-
adrenal axis following some acute and chronic stressors. 
Male V1bKO mice were also found to have decreased  
aggression and social motivation. 100

Modulation of water balance occurs through the action 
of vasopressin on V2 receptors located primarily in the 
renal collecting tubule, along with other sites in the kid-
ney, including the thick ascending limb of the loop of 
Henle and periglomerular tubules.82,84,101 It is also present 
on vascular endothelial cells in some systemic vascular 
beds, where vasopressin stimulates vasodilation,102 possi-
bly through the activation of nitric oxide synthase.103 
Vasopressin also stimulates von Willebrand factor, factor 
VIIIa, and tissue plasminogen activator through V2- 
mediated actions. For this reason, desmopressin is used to 
improve the prolonged bleeding times characteristic of 
uremia, type I von Willebrand disease, and hemophilia.104 
The V2 receptor consists of 370 amino acids encoding 
seven transmembrane domains characteristic of the G 
protein–coupled receptors.101,105 These transmembrane 
domains share approximately 60% sequence identity  
with the V1 receptor but substantially less with other 
members of this family (Figure 11-8). Unlike the V1 and 

FIGURE 11-8 n  Structure of the V1 and V2 vasopressin receptors and the oxytocin receptor. Depicted are predicted membrane topol-
ogy, with the extracellular domain at the top of the figure and amino acids in the one-letter code. Amino acids in open circles encode 
the V1 receptor, whereas those in black circles are common to all three receptors. (Reproduced with permission from reference (510) 
Bichet, D. G. (1995). The posterior pituitary. In S. Melmed (Ed.), The pituitary (p. 277). Cambridge: Blackwell Science.)
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V3 receptors, the V2 receptor acts through adenylate  
cyclase to increase intracellular cyclic adenosine mono-
phosphate (AMP) concentration. The human V2 receptor 
gene is located on the long arm of the X chromosome 
(Xq28),106,107 at the locus associated with congenital, X-linked 
vasopressin-resistant diabetes insipidus. Mice in which 
V2R has been deleted have a similar phenotype. 108

Renal Cascade of Vasopressin Function.   Vasopressin-
induced increases in intracellular cyclic AMP as mediated 
by the V2 receptor triggers a complex pathway of events 
resulting in increased permeability of the collecting duct 
to water and efficient water transit across an otherwise 
minimally permeable epithelium (Figure 11-9).109 Activa-
tion of a cyclic AMP-dependent protein kinase imparts 
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FIGURE 11-9 n  Vasopressin action in the kidney. A, Solute and water handling in the kidney. B, Action of vasopressin in the collecting 
duct cell. Vasopressin (AVP) binds to the V2 receptor (V2R), causing the binding of GTP to the stimulatory alpha G protein subunit (a). 
This activates adenylate cyclase (AC), resulting in an increase in cAMP and activation of protein kinase A (PKA). The catalytic subunit 
of PKA, via phosphorylation of serine 256 of the water channel, aquaporin-2 (AQP2), causes aggregation of AQP2 homotetramers in 
membrane vesicles and their fusion with the collecting duct luminal membrane, resulting in an increase in water flow from the urine 
into the renal medullary interstitium. Demeclocycline, lithium, high calcium, and low potassium interfere with these processes, possibly 
at the level of cAMP generation and AQP2 synthesis or action. (A from reference (511) Reeves, W. B., & Andreoli, T. E. (1989). Nephrogenic 
diabetes insipidus. In C. R. Scriver, A. L. The metabolic basis of inherited disease Beaudet, & W. S. Sly (Eds.), (6th ed.) (p. 1985) New York: 
McGraw-Hill.)
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remodeling of cytoskeletal microtubules and microfila-
ments that culminate in the insertion of aggregates of 
water channels into the apical membrane.110 These 
mechanisms may involve a vesicle-associated membrane 
protein-2–like protein (VAMP-2), which also regulates 
synaptic vesicle activity in neuronal terminals111 and its 
associated receptor syntaxin-4.112

Insertion of the water channels causes an up to 100-fold 
increase in water permeability of the apical membrane, 
allowing water movement along its osmotic gradient into 
the hypertonic inner medullary interstitium from the tu-
bule lumen and excretion of a concentrated urine (see 
Figure 11-9). The molecular analysis of the water channels 
has revealed a family of related proteins, designated aqua-
porins, that differ in their sites of expression and pattern of 
regulation.113 Each protein consists of a single polypeptide 
chain with six membrane-spanning domains (Figure 11-10). 
Although functional as monomers, they are believed to 
form homotetramers in the plasma membrane.109

Aquaporin-2 is expressed mostly within the kidney,114 
primarily within the collecting duct.115 It is also expressed 
in the vas deferens, at least in the rat, although it is not 
regulated by vasopressin in this location.116 Studies with 
immunoelectron microscopy have demonstrated large 
amounts of aquaporin-2 in the apical plasma membrane 
and subapical vesicles of the collecting duct, consistent with 
the “membrane shuttling” model of water channel aggre-
gate insertion into the apical membrane after vasopressin 
stimulation.116 Studies analyzing the mechanism by which 
aquaporin-2 traffics to the apical plasma membrane have 
demonstrated that vasopressin-induced, protein kinase  

A–mediated serine phosphorylation at amino acid 256 is 
required for its exocytosis,117 a process also requiring a 
heterotrimeric G protein of the Gi family.118 In response to 
water restriction or desmopressin infusion in humans, the 
content of urinary aquaporin-2 in both soluble and mem-
brane-bound forms has been found to increase.119 Mice 
with targeted deletion of the aquaporin-2 gene have been 
made.120 As expected, they have nephrogenic diabetes 
insipidus that is unresponsive to treatment with vasopressin.

In addition to aquaporin-2, different aquaporins appear 
to be involved in other aspects of renal water handling.  
In contrast to the apical localization of aquaporin-2,  
aquaporin-3 and aquaporin-4 are expressed on the basolat-
eral membrane of the collecting duct epithelium. They 
appear to be involved in the flow of water and urea from 
the inside of the collecting duct cell into the extracellular 
renal medullary space. Mice made genetically deficient in 
aquaporin-4 demonstrate a mild urinary concentrating 
defect,121 whereas those with deficiency of aquaporin-3 
alone, or together with aquaporin-4, demonstrate more 
severely impaired urinary concentrating ability.122 Mice 
made genetically deficient in aquaporin-1 demonstrate a 
urinary concentrating defect caused by decreased water 
permeability in the proximal tubule.123

Volume Sensor and Effector Pathways
Renin-Angiotensin-Aldosterone System

In contrast to the vasopressin system, the classic, or 
peripheral, renin-angiotensin system primarily affects 
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FIGURE 11-10 n  Structure of the aquaporin-2 protein inserted into the luminal membrane of the distal tubule. The 271-amino-acid 
protein consists of five transmembrane domains, four intracellular domains, and three extracellular domains. Amino acid mutations 
are denoted by filled circles. Most mutations are transmitted with an autosomal recessive pattern; the two dominant mutations are 
bounded by squares. Vasopressin-dependent, protein kinase A–mediated phosphorylation of serine at amino acid 256 (P*) is noted. 
 (Reproduced with permission from Uyeki TM, Barry FL, Rosenthal SM, et al. Successful treatment with hydrochlorothiazide and amiloride in 
an infant with congenital nephrogenic diabetes insipidus. Pediatr Nephrol 1993; 7:554-6.)
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maintenance of intravascular volume as opposed to 
plasma tonicity. In addition to the well-established endo-
crine regulatory system, several local renin-angiotensin 
systems have emerged, with both autocrine and paracrine 
effects in their tissue of synthesis, whose regulation is 
independent of the classic system. Finally, brain and pitu-
itary angiotensin systems involved in blood pressure, 
autonomic function, and fluid balance have been charac-
terized with extensive interaction with the vasopressin 
system, and vasopressin has been found to play a role in 
the normal action of aldosterone on the renal tubular 
epithelium.124

Endocrine Renin-Angiotensin-Aldosterone System
Anatomy and Biochemistry. Renin, which is synthe-

sized by the renal juxtaglomerular apparatus, is a proteolytic 
enzyme that catalyzes the cleavage of angiotensinogen, syn-
thesized by hepatocytes, into the decapeptide angiotensin 
I.125,126 Angiotensin I possesses no intrinsic vasoreactive or 
mineralocorticoid secretagogue activity but is efficiently 
cleaved by angiotensin-converting enzyme in the lungs, as 
well as other peripheral sites, to generate the octapeptide 
angiotensin II. Angiotensin II is further metabolized to the 
heptapeptide angiotensin III by removal of one aminoter-
minal amino acid. Angiotensin II possesses greater vaso-
pressor activity and is present in approximately a fourfold 
greater amount than angiotensin III. Angiotensins II and III 
possess equivalent mineralocorticoid secretory activity on 
the adrenal glomerulosa cells.

Angiotensin II and III act through cell surface receptors 
(AT1) on the adrenal glomerulosa cells to activate the 
phospholipase C/protein kinase C pathway.127-131 This ac-
tivation results in increased production of pregnenolone 
from cholesterol by side-chain cleavage enzyme (20,22- 
desmolase) and of aldosterone from corticosterone by the 
glomerulosa-specific corticosterone methyloxidase I and  
II activities (18-hydroxylation and dehydrogenation, respec-
tively).132-135 A distinct receptor subtype for angiotensin II, 
the AT2 receptor, is not G protein coupled and is of 
unclear physiologic significance in the periphery.136-138 
Aldosterone, the primary and most potent endogenous 
mineralocorticoid released by the zona glomerulosa, acts 
on target tissues expressing the nuclear mineralocorticoid 
(or type I glucocorticoid) receptor to promote sodium 
absorption and potassium excretion. For control of intra-
vascular volume, the primary target of action of aldoste-
rone is the distal nephron. Here, aldosterone increases 
synthesis of apical membrane sodium channels, mito-
chondrial enzymes involved in adenosine triphosphate 
production, and components of Na1,K1 adenosine tri-
phosphatase to increase sodium reabsorption and potas-
sium excretion.139

Regulation of Secretion.  Decreased intravascular vol-
ume as sensed by the renal juxtaglomerular apparatus 
results in release of renin.125,140 Increased plasma renin 
activity then allows increased conversion of angiotensin-
ogen to angiotensin I, which in turn is converted periph-
erally to angiotensins II and III. Increased angiotensin II 
activity causes vasoconstriction and blood pressure eleva-
tion, whereas both angiotensins II and III stimulate aldo-
sterone release from the zona glomerulosa and subsequent 
salt and water retention and potassium excretion by the 

distal tubule of the kidney. Conversely, expanded intra-
vascular volume causes decreased renin output and less 
sodium and water resorption in the kidney, serving to 
decrease intravascular volume and restore homeostasis.

Changes in vascular volume are not the only regu-
lators of the renin-angiotensin-aldosterone system. 
Serum potassium concentration directly modulates 
aldosterone release by the adrenal glomerulosa by its 
effects on plasma membrane potential and activation 
of voltage-gated calcium channels.126,141 By membrane 
depolarization, increased serum potassium leads to in-
creased aldosterone synthesis, which promotes renal po-
tassium excretion, whereas low serum potassium reduces 
aldosterone synthesis and decreases urinary potassium 
losses. Pituitary adrenocorticotropin hormone and vaso-
pressin act through their respective receptors on the 
glomerulosa cells to increase acute aldosterone secretion. 
These effects are of short duration because long-term 
chronic infusions do not chronically elevate aldosterone 
concentrations. Direct inhibitors of aldosterone secre-
tion, and thus promoters of natriuresis, include atrial 
natriuretic peptide (ANP),142,143 somatostatin,144-146 and 
dopamine.147,148

Local Renin-Angiotensin Systems
Anatomy and Biochemistry. In addition to the 

well-defined endocrine circuit, the components of the 
renin-angiotensin system have been found in a wide vari-
ety of tissues, including brain, pituitary, arterial wall, 
heart, ovary, kidney, and adrenal where paracrine and 
autocrine regulatory functions149-153 have been postu-
lated, undergoing regulation independent of the systemic 
counterpart. From the standpoint of regulation of water 
and volume homeostasis, the brain renin-angiotensin 
system merits further description.154 It has long been 
known that peripherally synthesized angiotensin II could 
increase blood pressure by effects on the brain outside 
the blood-brain barrier, at sites such as the OVLT, SFO, 
area postrema, and median eminence as revealed by  
ligand-binding studies.35,154-156 Since the early 2000s, 
it has become clear that the complete system for gen-
eration of angiotensin II is present within the brain. 
Angiotensinogen has been localized to astrocytes by 
both immunohistochemical peptide localization and in 
situ hybridization analysis of messenger RNA.157 In con-
trast, renin has been found in high concentration in nerve 
terminals, with enhanced release on nerve depolariza-
tion.158 Angiotensin-converting enzyme has been found 
within vascular, choroid plexus, and neuronal compo-
nents of the central nervous system,159-161 most notably 
the SFO and many hypothalamic nuclei, sites of endog-
enous angiotensin II receptor expression, primarily of  
the AT1 subtype, as well as sites not expressing the angio-
tensin II receptor such as the basal ganglia. The primary 
effector molecule, angiotensin II, has been localized spe-
cifically to neurons and subcellularly to synaptic vesicles.162 
Two of the most significant sites include the circumven-
tricular organs and the paraventricular nucleus of the  
hypothalamus. Within the paraventricular nucleus, angio-
tensin II immunoreactivity colocalizes with magnocellular 
vasopressin, whereas its receptors are within the parvocel-
lular region of the paraventricular nucleus.163
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Regulation of Secretion.  The forebrain angiotensin II 
pathway, of which the paraventricular nucleus is one 
component, and circumventricular organ angiotensin II 
pathway are important control centers for maintenance 
of osmotic and volume homeostasis.164 Increased concen-
tration of peripheral angiotensin II, as would be expected 
in intravascular volume depletion, stimulates drinking 
behavior.35 This action of peripheral angiotensin II 
can be abolished by destruction of the OVLT or SFO, 
regions whose destruction has long been recognized as 
causing adipsia.36 Further effects of central angiotensin II 
action include augmentation of sodium appetite and 
stimulation of vasopressin release, all serving, as with 
peripheral angiotensin II, to restore intravascular volume 
and maintain blood pressure.35 The signal of hypovole-
mia is transduced through the vagal nerve from volume 
sensors to the brainstem and the region of the nucleus 
tractus solitarius. Efferents from these brainstem centers 
project to the median preoptic nucleus and paraventricu-
lar nucleus, as does the forebrain angiotensin II pathway, 
where drinking and pressor effects as well as vasopressin 
release are elicited.165-170

Separate pathways for vasopressin release mediate the 
response to either peripheral angiotensin II or purely  
osmotic stimulation of the osmosensors.171 The release of 
vasopressin in response to osmotic stimulation is not in-
creased by peripheral angiotensin II, and pure osmotic 
stimulation does not increase salt appetite. Central angio-
tensin II, in contrast, may function as a transmitter in the 
osmosensing circuit, leading to vasopressin release.172

The Natriuretic Peptide System

In addition to the classic vasopressin and renin-angiotensin-
aldosterone systems, the natriuretic peptide families of  

ligands and their receptors add further potential for the 
modulation of salt and water balance. The interaction of  
the natriuretic peptide system occurs both in the central 
nervous system, through effects on vasopressin secretion, 
and peripherally, through its ability to both directly pro-
mote natriuresis in the kidney and indirectly inhibit adrenal 
aldosterone production.

Anatomy and Biochemistry.   Atrial natriuretic peptide 
was initially discovered as a component of cardiac atrial 
muscle that was able to induce natriuresis, a decrease  
in blood pressure, and an increase in hematocrit when 
injected into rats.173,174

The biologically active form of ANP consists of a  
28-amino-acid peptide that includes a 17-amino-acid 
ring structure175 (Figure 11-11). The primary sequence 
of the peptide has been conserved among mammalian 
species and, in addition to synthesis in cardiac atrial  
tissue,176 has been detected in brain, spinal cord, pitu-
itary, and adrenal gland.177-180 Within the brain, ANP 
synthesis occurs at several critical neuroendocrine regula-
tory sites, including the periventricular, arcuate, anteroven-
tral preoptic, and lateral hypothalamic nuclei.181,182 ANP is 
synthesized as a 151-amino-acid preprohormone and is 
stored as a 126-amino-acid prohormone after removal of 
the signal peptide sequence.175,183 Coupled with secretion 
of pro-ANP is its cleavage between amino acids 98 and  
99 to yield the mature 28-amino-acid 99–126 fragment.

Subsequent investigation defined a second peptide 
from porcine brain with structural homology to ANP.184 
This peptide, designated brain natriuretic peptide (BNP), 
was later found to be secreted by the heart as well, in this 
case from both ventricular and atrial tissue.185-187 Human 
BNP consists of a 32-amino-acid processed from a larger 
preprohormone188 sharing a central ring structure with 

FIGURE 11-11 n  Amino acid composition of the human natriuretic peptides. Amino acids identical between the three peptides are 
indicated by bold letters, and the disulfide bond between Cys residues is shown.
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ANP (see Figure 11-11), although it is less conserved 
between species than ANP.

A third member of this family, C-type natriuretic pep-
tide (CNP), was also isolated from porcine brain.189 In 
brain, CNP is the most abundant member of the natri-
uretic peptide family. Within the hypothalamus, specific 
sites of synthesis largely overlap sites of ANP expres-
sion.182 Little CNP can be detected in plasma, and in 
marked contrast to ANP and BNP, CNP does not in-
crease in plasma in the setting of cardiac failure.190,191 
Outside the brain, CNP is synthesized in endothelial and 
vascular smooth muscle. In tissues capable of CNP gene 
expression, two forms of the peptide are produced, a 
53-amino-acid peptide and a less abundant 22-amino-acid 
molecule192 (see Figure 11-11).

Three distinct endogenous receptors exist for the  
natriuretic peptides. The first of these receptors, isolated 
NPR-A or GC-A, was cloned by virtue of its homology 
to sea urchin sperm guanylyl cyclase and was later found 
to have ANP and BNP as its normal ligands.193-195 A 
second guanylyl cyclase type receptor (NPR-B) has sub-
stantial homology to NPR-A; however, it binds CNP 
with substantially greater affinity than ANP or BNP.196 
A third receptor, NPR-C,197 does not possess guanylyl 
cyclase activity and probably functions to clear all three 
natriuretic peptides from the circulation.198 In situ hy-
bridization studies using probes capable of distinguishing 
the different receptor types have revealed some interspe-
cies discrepancy in distribution. The NPR-A receptor 
has been localized to kidney, adrenal, pituitary, brain, and 
heart in the monkey, with NPR-B limited to adrenal, 
pituitary, and brain.199 In the rat, broad tissue distribu-
tion of both NPR-A and NPR-B has been described.200 
The NPR-C receptor has similarly been found in adre-
nal, heart, brain, and pituitary.199

Regulation  of  Secretion  and  Action.   Secretion of 
ANP by cardiac tissue occurs in response to increasing 
atrial transmural pressure, from both left and right 
atria.191,201 Studies employing intravascular volume ex-
pansion, exercise, and hypoxia demonstrate increased 
plasma concentration of ANP after these stimuli in both 
animal and human paradigms.190,201-203 Also, increased 
heart rate, especially increased atrial contractile fre-
quency, results in increased ANP secretion. In the setting 
of supraventricular tachycardia, high plasma concentra-
tion of ANP as well as suppressed concentration of vaso-
pressin (both probably caused by an increase in atrial 
volume and pressure) contribute to the polyuria associ-
ated with this syndrome.204-206 Ventricular production of 
ANP has also been demonstrated; it is increased in states 
of left-sided overload associated with ventricular hyper-
trophy.186 ANP synthesized within the central nervous 
system varies in a volume-dependent fashion in a manner 
similar to peripheral ANP, suggesting similar function.177

The physiologic ramifications of increased ANP pro-
duction are several. Infusion of ANP in the setting of 
normovolemia causes natriuresis, diuresis, and a small 
increase in divalent cation excretion.190,191,207 ANP, 
through the NPR-A receptor, primarily inhibits sodium 
reabsorption within the renal inner medullary collect-
ing duct but also opposes the salt-retaining effects of 

angiotensin II at the level of the proximal tubule.207 ANP 
similarly inhibits the actions of vasopressin and aldoste-
rone in the renal tubules.208-210 Direct cardiovascular 
effects of ANP include arterial smooth muscle relaxation, 
both acutely and with chronic administration. In part, 
this effect may be mediated through opposition of angio-
tensin II action.211

ANP modulates mineralocorticoid production in a 
manner that results in the reduction of intravascular vol-
ume or pressure. Although direct reduction in plasma 
renin activity has been described with ANP infusion,212,213 
the most dramatic response to ANP occurs at the level  
of the adrenal glomerulosa cell. ANP inhibits aldoste-
rone production by inhibiting action of most aldosterone 
secretagogues, with the most pronounced reduction being 
angiotensin II activity.190,201,207 The serum concentration 
of ANP at which the effects on PRA and aldosterone pro-
duction occur is within the physiologic range, although 
the importance of this pathway in normal human physiol-
ogy remains incompletely defined.

Direct injection of ANP into the central nervous 
system of animals has suggested an important role for 
ANP (or CNP) in cardiovascular and salt homeostasis. 
Vasodepression and bradycardia have both been ob-
served,214 as has inhibition of vasopressin, adrenocortico-
tropic hormone, and gonadotropin-releasing hormone 
secretion.177,215 Thus, the antagonistic actions of ANP 
and angiotensin II on intravascular volume and blood 
pressure remain congruent between central and periph-
eral systems.

BNP synthesis and secretion from cardiac ventricular 
tissue are augmented in congestive heart failure and, as 
for ANP, with hypertension, chronic renal, and chronic 
liver failure.187,191 BNP binds the NPR-A receptor, where 
it is capable of stimulating cyclic guanosine monophos-
phate production.193 Infusion of BNP inhibits aldoste-
rone production and results in natriuresis similar to that 
reported for ANP. With infusion rates generating BNP 
concentrations 10-fold greater than baseline, reduction 
in blood pressure has also been found. In addition to 
modulating sodium homeostasis, ANP and BNP, via 
NPR-A receptors, stimulate the transition of white to 
beige fat, and therefore may be involved in thermoregu-
lation and energy balance.216

In contrast to ANP and BNP, CNP expression pri-
marily causes activation of the NPR-B receptor.196 Plasma 
concentration of CNP does not change significantly with 
volume overload, and it is believed most CNP action  
occurs in a paracrine fashion both within the brain and 
vasculature.191 CNP synthesized within vascular endo-
thelium acts on receptors in vascular smooth muscle  
to cause relaxation.217 CNP infusions in dogs acutely 
reduce blood pressure and right atrial pressure but do  
not result in natriuresis, whereas, in humans, moderately 
supraphysiologic doses cause neither hypotension nor 
natriuresis.218 In contrast to ANP, intracerebroventricular 
infusion of CNP leads to a reduction in blood pressure, 
suggesting a role for CNP in central control of arterial 
pressure.219 CNP inhibits angiotensin II–stimulated 
vasopressin secretion but stimulates thirst.220 The overall 
importance of the CNP central pathways in the modulation 
of water balance in humans remains to be defined.
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APPROACH TO THE PATIENT: DIFFERENTIAL 
DIAGNOSIS OF DISORDERS OF WATER 
METABOLISM
Hyponatremia
Hyponatremia (serum sodium, 130 mEq/L) in children is 
usually associated with severe systemic disorders. It is 
most often caused by intravascular volume depletion  
or excessive salt loss and is also encountered with hypo-
tonic fluid overload, especially in infants. Inappropriate 
vasopressin excess is one of the least common causes  
of hyponatremia in children, except after vasopressin 
administration for treatment of diabetes insipidus.

In evaluating the cause of hyponatremia, one should 
first determine whether the patient is dehydrated and 
hypovolemic. This is usually evident from the physical 
examination (decreased weight, skin turgor, central  
venous pressure) and laboratory data (high blood urea 
nitrogen, renin, aldosterone, uric acid). With a decrease 
in the glomerular filtration rate, proximal tubular reab-
sorption of sodium and water will be high, leading to a 
urinary sodium value less than 10 mEq/L. Patients with 
decreased “effective” intravascular volume from conges-
tive heart failure, cirrhosis, nephrotic syndrome, or lung 
disease will present with similar laboratory data but will 
also have obvious signs of their underlying disease, which 
often includes peripheral edema. Patients with primary 
salt loss will also appear volume depleted. If the salt loss 
is from the kidney (e.g., diuretic therapy or polycystic 
kidney disease), the urine sodium level will be elevated, as 
may urine volume. Salt loss from other regions (e.g., the 
gut in gastroenteritis or the skin in cystic fibrosis) will 
cause urine sodium to be low, as in other forms of sys-
temic dehydration. Cerebral salt wasting is encountered 
with central nervous system insults and results in high 
serum ANP concentrations, leading to high urine sodium 
and urine excretion.

The syndrome of inappropriate antidiuresis (SIAD) 
exists when a primary elevation in vasopressin secretion 
or inappropriate activation of the vasopressin V2 recep-
tor is the cause of hyponatremia. It is characterized by 
hyponatremia, an inappropriately concentrated urine 
(.100 mOsm/kg), normal or slightly elevated plasma 
volume, and a normal-to-high urine sodium (because of 
volume-induced suppression of aldosterone and eleva-
tion of ANP). Serum uric acid is low in patients with 
SIAD, whereas it is high in those with hyponatremia 
caused by systemic dehydration or other causes of de-
creased intravascular volume.221 Measurement of plasma 
vasopressin is often not very useful because it is elevated 
in nearly all causes of hyponatremia except for primary 
hypersecretion of ANP222 or mutations in the vasopressin 
receptor that lead to inappropriate regulation of its activ-
ity. Because cortisol and thyroid deficiency cause hypona-
tremia by several mechanisms, discussed subsequently, 
they should be considered in all hyponatremic patients. 
Drug-induced hyponatremia should be considered in 
patients on potentially offending medications, as dis-
cussed later. In children with SIAD who do not have an 
obvious cause, a careful search for a tumor (thymoma, 
glioma, bronchial carcinoid) should be considered.

Polyuria, Polydipsia, and Hypernatremia
In children, it must first be determined whether patho-
logic polyuria or polydipsia (exceeding 2 L/m2/day) is 
present. The following questions are asked: Is there a 
psychosocial reason for either polyuria or polydipsia? 
Can either be quantitated? Has either polyuria or poly-
dipsia interfered with normal activities? Is nocturia or 
enuresis present? If so, does the patient also drink after 
nocturnal awakening? Does the history (including longi-
tudinal growth data) or physical examination suggest 
other deficient or excessive endocrine secretion or an 
intracranial neoplasm?

If pathologic polyuria or polydipsia is present, the  
following should be obtained. In the outpatient setting: 
serum osmolality; serum concentrations of sodium,  
potassium, glucose, calcium, and blood urea nitrogen; 
and urinalysis, including measurement of urine osmolal-
ity, specific gravity, and glucose concentration. A serum 
osmolality greater than 300 mOsm/kg, with urine osmo-
lality less than 300 mOsm/kg, establishes the diagnosis  
of diabetes insipidus. If serum osmolality is less than  
270 mOsm/kg or urine osmolality is greater than  
600 mOsm/kg, the diagnosis of diabetes insipidus is un-
likely. If, on initial screening, the patient has a serum 
osmolality less than 300 mOsm/kg but the intake/output 
record at home suggests significant polyuria and polydip-
sia that cannot be attributed to primary polydipsia (i.e., 
the serum osmolality is greater than 270 mOsm/kg), the 
patient should undergo a water deprivation test to estab-
lish a diagnosis of diabetes insipidus and to differentiate 
central from nephrogenic causes.

After a maximally tolerated overnight fast (based on 
the outpatient history), the child is admitted to the out-
patient testing center in the early morning of a day 
when an 8- to 10-hour test can be carried out, and the 
child is deprived of water.223,224 The physical signs and 
biochemical parameters shown in the accompanying pro-
tocol are measured (Figure 11-12). If at any time during 
the test, the urine osmolality exceeds 1000 mOsm/kg,  
or 600 mOsm/kg and is stable over 1 hour, the patient 
does not have diabetes insipidus. If at any time the  
serum osmolality exceeds 300 mOsm/kg and the urine 
osmolality is less than 600 mOsm/kg, the patient  
has diabetes insipidus. If the serum osmolality is less 
than 300 mOsm/kg and the urine osmolality is less than 
600 mOsm/kg, the test should be continued unless vital 
signs disclose hypovolemia.

A common error is to stop a test too soon, based  
on the amount of body weight lost, before either urine 
osmolality has plateaued above 600 mOsm/kg or a serum 
osmolality above 300 mOsm/kg has been achieved.  
Unless the serum osmolality increases above the thresh-
old for vasopressin release, a lack of vasopressin action (as 
inferred by a nonconcentrated urine) cannot be deemed 
pathologic. If the diagnosis of diabetes insipidus is made, 
aqueous vasopressin (Pitressin, 1 U/m2) should be given 
subcutaneously. If the patient has central diabetes insipi-
dus, urine volume should fall and osmolality should at 
least double during the next hour, compared with the 
value before vasopressin therapy. If there is less than a 
twofold increase in urine osmolality after vasopressin 
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administration, the patient probably has nephrogenic 
diabetes insipidus. Desmopressin should not be used for 
this test, because it has been associated with water in-
toxication in small children in this setting.225 Patients 
with long-standing primary polydipsia may have mild 
nephrogenic diabetes insipidus because of dilution of 

their renal medullary interstitium. This should not be 
confused with primary nephrogenic diabetes insipidus, 
because patients with primary polydipsia should have a 
tendency toward hyponatremia, rather than hypernatre-
mia, in the basal state. Patients with a family history of 
X-linked nephrogenic diabetes insipidus can be evaluated 

FIGURE 11-12 n  Protocol for evaluation of diabetes insipidus using water deprivation. IV, intravenous; OSM, osmolality; S.G., urinary 
specific gravity; SQ, subcutaneous.
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for the disorder in the prenatal or perinatal period by 
DNA sequence analysis, thus allowing therapy to be  
initiated without delay.226

The water deprivation test should be sufficient in most 
patients to establish the diagnosis of diabetes insipidus 
and to differentiate central from nephrogenic causes. 
Plasma vasopressin concentrations may be obtained dur-
ing the procedure (see Figure 11-12), although they are 
rarely needed for diagnostic purposes in children.227 
They are particularly helpful in differentiating between 
partial central diabetes insipidus and nephrogenic diabe-
tes insipidus, in that they are low in the former and high 
in the latter situation.228 If urine osmolality concentrates 
normally, but only after serum osmolality is well above 
300 mOsm/kg, the patient may have an altered threshold 
for vasopressin release, also termed a reset osmostat. 
This may occur after head trauma, neurosurgery, or brain 
tumors.229 More recently, an immunoassay for copeptin, 
the carboxy-terminus of the vasopressin precursor, has 
been developed, which may replace the measurement of 
vasopressin in the evaluation of diabetes insipidus.230 
Copeptin is more stable than vasopressin, and blood con-
centrations of the two peptides are highly correlated.230

Magnetic resonance imaging (MRI) is not very help-
ful in distinguishing central diabetes insipidus from 
nephrogenic diabetes insipidus.231 Normally, the poste-
rior pituitary is seen as an area of enhanced brightness  
in T1-weighted images after administration of gado-
linium.232 The posterior pituitary “bright spot” is 
diminished or absent in both forms of diabetes insipi-
dus, presumably because of decreased vasopressin syn-
thesis in central, and increased vasopressin release in 
nephrogenic, disease.232-234 In primary polydipsia, the 
bright spot is normal, probably because vasopressin  
accumulates in the posterior pituitary during chronic 
water ingestion,232 whereas it is decreased in SIADH, 
presumably because of increased vasopressin secre-
tion.231 Dynamic, fast-frame, MRI analysis has allowed 
the estimation of blood flow to the posterior pitu-
itary.235 With this technique, both central and nephro-
genic diabetes insipidus are associated with delayed 
enhancement in the area of the neurohypophysis.236

In the inpatient, post-neurosurgical setting, central 
diabetes insipidus is likely if hyperosmolality (serum  
osmolality . 300 mOsm/kg) is associated with urine 
osmolality less than serum osmolality. One must beware 
of intraoperative fluid expansion with subsequent hypo-
osmolar polyuria masquerading as diabetes insipidus.

SPECIFIC DISORDERS OF WATER 
METABOLISM

Hyponatremia with Normal Regulation 
of Vasopressin
Hyponatremia with Appropriate Decreased 
Secretion of Vasopressin

Increased Water Ingestion (Primary Polydipsia).  In 
a hypo-osmolar state with vasopressin secretion nor-
mally suppressed, the kidney can excrete urine with an 

osmolality as low as 50 mOsm/kg. Under these condi-
tions, a daily solute load of 500 mOsm/m2 could be 
excreted in 10 L/m2 of urine per day. Neonates cannot 
dilute their urine to this degree and are prone to develop 
water intoxication at levels of water ingestion above  
4 L/m2/day (approximately 60 mL/hr in a newborn). This 
may happen when concentrated infant formula is diluted 
with excess water, either by accident or in a misguided 
attempt to make it last longer.237 A primary increase in 
thirst, without apparent cause, leading to hyponatremia 
has been reported in infants as young 5 weeks of age.238 In 
older children, with a normal kidney and the ability to 
suppress vasopressin secretion, hyponatremia does not 
occur unless water intake exceeds 10 L/m2/day, a feat that 
is almost impossible to accomplish. Long-standing inges-
tion of large volumes of water will decrease the hyperto-
nicity within the renal medullary interstitium, which will 
impair water reabsorption and guard against water intoxi-
cation.239 Hyponatremia will occur at lower rates of water 
ingestion when renal water clearance is impaired, either 
because of inappropriately elevated vasopressin secretion 
or for other reasons.

The rare patient in whom the osmotic thresholds for 
thirst and vasopressin release are reversed illustrates the  
importance of the normal relationship between these two 
responses to osmotic stimulation.240 If thirst is activated 
below the threshold for vasopressin release, water intake and 
hypo-osmolality will occur and suppress vasopressin secre-
tion, leading to persistent polydipsia and polyuria. As long  
as daily fluid intake is less than 10 L/m2, hyponatremia will 
not occur. Despite the presence of polyuria and polydipsia, 
this entity should not be confused with diabetes insipidus 
because of the absence of hypernatremia. Desmopressin 
treatment of such a patient may lower serum osmolality  
below the threshold for thirst, suppressing water ingestion 
and the consequent polyuria.

Decreased Renal Free Water Clearance.   Adrenal insuf-
ficiency, either primary or secondary, has long been known 
to result in compromised free water excretion.40,70 The 
mechanisms by which glucocorticoids and mineralocorti-
coids modulate water diuresis have been the subject of 
substantial investigation. Some studies have demonstrated 
increased plasma vasopressin activity in the context of glu-
cocorticoid insufficiency,241,242 consistent with more recent 
molecular biologic evidence that glucocorticoids inhibit 
transcription of the vasopressin gene.243 Other investiga-
tors, however, have failed to detect vasopressin in plasma  
of patients with adrenal insufficiency and abnormal water 
clearance.244 Consistent with vasopressin-independent 
actions of adrenal steroids on water metabolism, Brattle-
boro rats with hypothalamic diabetes insipidus manifest 
impaired excretion of a water load after adrenalectomy.70 
In adrenalectomized Brattleboro rats, glucocorticoid ad-
ministration restored urine flow rate but did not restore 
maximal urinary diluting capacity. Conversely, mineralo-
corticoid administration restored maximal urinary diluting 
capacity but not flow rate. Thus, both mineralocorticoids 
and glucocorticoids are required for normal free water 
clearance. In part, these vasopressin-independent actions 
of mineralocorticoids and glucocorticoids have been at-
tributed to the increased glomerular filtration rate arising 
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from reexpansion of extracellular fluid volume (reduced 
owing to salt wasting) and improved cardiovascular tone, 
respectively.41,245,246 By restoring the glomerular filtration 
rate, more free water is delivered to the distal tubule for 
excretion. Additionally, volume repletion reduces the non-
osmotic stimuli for vasopressin release of volume depletion 
and hypotension. Nitric oxide has been found to stimulate 
cyclic guanosine monophosphate–dependent membrane in-
sertion of aquaporin-2 into renal epithelial cells.247 Because 
glucocorticoid has been shown to inhibit endothelial nitric 
oxide synthase,248 it is possible that under conditions of 
glucocorticoid deficiency high levels of nitric oxide synthase 
result in elevated levels of endothelial nitric oxide in the re-
nal vasculature, which in the distal renal tubule stimulate 
increased, vasopressin-independent, aquaporin-2 activity 
and decreased free water clearance.

Direct effects of glucocorticoid or mineralocorticoid 
insufficiency on aquaporin expression and function 
have not been reported. In addition to impairing maxi-
mal renal diluting capacity, adrenal insufficiency com-
promises maximal urine-concentrating capacity.249 This 
effect has been shown to result from reduced tubular 
response to vasopressin.

Thyroid hormone is also required for normal free water 
clearance, and its deficiency likewise results in decreased 
renal water clearance and hyponatremia. Although some 
studies suggest that vasopressin mediates the hyponatre-
mia of hypothyroidism because ethanol increases free  

water excretion in hypothyroid patients, this effect has  
not been found in other reports.250 Additionally, in severe 
hypothyroidism, hypovolemia is not present and hypo-
natremia is accompanied by appropriate suppression of 
vasopressin.251 Similar to the consequences of isolated 
glucocorticoid deficiency described earlier, hypothy-
roidism impairs free water clearance more than maximal 
urine diluting capacity.252 This decrease in free water 
clearance may result from a diminished glomerular fil-
tration rate and delivery of free water to the diluting 
segment of distal nephron, as suggested by both ani-
mal253 and human studies.254

Given the often subtle clinical findings associated 
with adrenal and thyroid deficiency, all patients with 
hyponatremia should be suspected of having these dis-
ease states and have appropriate diagnostic tests per-
formed if indicated. Moreover, patients with coexisting 
adrenal failure and diabetes insipidus may have no 
symptoms of the latter until glucocorticoid therapy 
unmasks the need for vasopressin replacement.255,256 
Similarly, resolution of diabetes insipidus in chronically 
polyuric and polydipsic patients may suggest inade-
quate glucocorticoid supplementation or noncompli-
ance with glucocorticoid replacement.

Some drugs may cause hyponatremia by inhibiting renal 
water excretion without stimulating secretion of vasopres-
sin (Table 11-1), an action that could be called nephrogenic 
SIAD. In addition to augmenting vasopressin release, both 

Increases AVP Increases AVP
AVP- 
independent

Class Drug Secretion Effect Renal Effects Hyponatremia

Angiotensin-converting 
enzyme inhibitors

Lisinopril Yes

Anticonvulsants Carbamazepine/ 
oxcarbazepine

Yes Yes Possibly Yes

Valproic acid Yes
Antineoplastics Cis-platinum Yes Yes

Cyclophosphamide No Yes Yes
Vinblastine Yes Yes Yes
Vincristine Yes Yes

Antiparkinsonian Amantadine,  
trihexyphenidyl

Yes Yes

Antipsychotics Haloperidol,  
thioridazine

Yes

Antipyretics Acetaminophen Yes

Hypolipidemics Clofibrate Yes No

Oral hypoglycemics Chlorpropamide,  
tolbutamide

Yes Yes No Yes

Selective serotonin Fluoxetine, sertraline,  
others

Likely Yes

Uptake inhibitors

Tricyclic antidepressants Imipramine,  
amitriptyline

Yes Yes

TABLE 11-1 Drugs Impairing Free Water Clearance

Note: Proven actions of the drugs, if known, and whether the drugs have resulted in hyponatremia in humans, are indicated. Adapted from 
references 258-260, 265, and 500-506.
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carbamazepine257,258 and chlorpropamide259,260 increase the 
cellular response to vasopressin. Acetaminophen also in-
creases the response of the kidney to vasopressin259; however, 
this has not been found to cause hyponatremia. High-dose 
cyclophosphamide treatment (15 to 20 mg/kg intravenous 
bolus) is often associated with hyponatremia, particularly 
when it is followed by a forced water diuresis to prevent 
hemorrhagic cystitis.261-263 Plasma vasopressin concentra-
tions are normal, suggesting a direct effect of the drug to 
increase water resorption.264 Similarly, vinblastine, indepen-
dent of augmentation of plasma vasopressin concentration 
or vasopressin action,265 and cisplatin266,267 cause hyponatre-
mia. These drugs may damage the collecting duct tubular 
cells, which are normally highly impermeable to water, or 
they may enhance aquaporin-2 water channel activity and 
thereby increase water reabsorption down its osmotic gradi-
ent into the hypertonic renal interstitium.

Treatment.   Hyponatremia due to cortisol or thyroid 
hormone deficiency reverses promptly after the institution 
of hormone replacement. Because the hyponatremia is 
often chronic, too rapid an increase in the serum sodium 
concentration should be avoided if possible to reduce the 
risk of developing central pontine myelinolysis. When 
drugs that impair free water excretion must be used, water 
intake should be limited, as if the patient has SIADH, to 1 
L/m2/24 hr, using the regimen discussed.

Hyponatremia with Appropriate Increased 
Secretion of Vasopressin

Increased vasopressin secretion causing hyponatremia 
may be either an appropriate response or an inappropri-
ate response to a pathologic state. Inappropriate secre-
tion of vasopressin or V2 receptor activity (SIAD) is the 
much less common of the two entities.268,269 Whatever 
the cause, hyponatremia is a worrisome sign often associ-
ated with increased morbidity and mortality.270

Causes
Systemic Dehydration. Systemic dehydration (water 

in excess of salt depletion) initially results in hypernatre-
mia, hyperosmolality, and activation of vasopressin secre-
tion, as discussed earlier. In addition, the associated fall in 
the renal glomerular filtration rate results in an increase 
in proximal tubular sodium and water reabsorption, with 
a concomitant decrease in distal tubular water excretion. 
This limits the ability to form a dilute urine and, along 
with the associated stimulation of the renin-angiotensin-
aldosterone system and suppression of ANP secretion, 
results in the excretion of urine that is very low in sodium. 
As dehydration progresses, hypovolemia and hypotension 
become major stimuli for vasopressin release, much more 
potent than hyperosmolality. This effect, by attempting 
to preserve volume, decreases free water clearance further 
and may lead to water retention and hyponatremia, espe-
cially if water replacement in excess of salt is given. In 
many cases, hyponatremia caused by intravascular vol-
ume depletion is evident from physical and laboratory 
signs such as decreased skin turgor, low central venous 
pressure, hemoconcentration, and elevated blood urea 
nitrogen levels. The diagnosis may be subtle, however. 

For example, patients with meningitis may present with 
hyponatremia, for which water restriction has been ad-
vocated in the belief that it is due to central SIAD. 
Several studies have found that volume depletion, rather 
than SIAD, is often the cause of the hyponatremia271,272 
and that it resolves more readily when supplemental, 
rather than restricted, fluid and solute are adminis-
tered.273 In patients with hyponatremia after head 
trauma, volume depletion rather than central SIAD is 
the cause in approximately half of cases.274 Similarly, 
many patients with gastroenteritis who present with 
mild hyponatremia and elevated plasma vasopressin 
levels275 have these on the basis of systemic dehydration 
rather than SIAD, and they benefit from volume expan-
sion rather than fluid restriction.276 More generally, 
most hospitalized pediatric patients with hyponatremia 
benefit from isotonic rather than hypotonic fluid re-
placement, suggesting that the underlying cause of the 
electrolyte disturbance is dehydration.277

Primary Loss of Sodium Chloride.  The kidney can 
lose salt, as it does in patients with congenital polycystic 
kidney disease, acute interstitial nephritis, and chronic 
renal failure. Mineralocorticoid deficiency, pseudohy-
poaldosteronism (sometimes seen in children with urinary 
tract obstruction or infection), diuretic use, and gastroin-
testinal disease (usually gastroenteritis with diarrhea or 
vomiting) can also result in an excess loss of sodium chlo-
ride. Hyponatremia can also result from salt loss in sweat 
in cystic fibrosis, although obstructive lung disease with 
an elevation of plasma vasopressin probably plays a more 
prominent role, as has been discussed. With the onset of 
salt loss, any tendency toward hyponatremia will initially 
be countered by suppression of vasopressin and increased 
water excretion. With continuing salt loss, hypovolemia 
or hypotension ensues, causing nonosmotic stimulation 
of vasopressin. This, plus increased thirst, which leads to 
ingestion of hypotonic fluids with low solute content, 
results in hyponatremia. Weight loss is usually evident, as 
is the source of sodium wasting. If it is the kidney, it is 
accompanied by a rate of urine output and a urine sodium 
content greater than those associated with most other 
causes of hyponatremia except a primary increase in ANP 
secretion.

Decreased Effective Plasma Volume.  Congestive heart 
failure, cirrhosis, nephrotic syndrome, positive-pressure 
mechanical ventilation,278 severe burns,279 lung disease 
(bronchopulmonary dysplasia280-282 [in neonates]), cystic 
fibrosis with obstruction,283,284 and severe asthma285,286 are 
all characterized by a decrease in “effective” intravascular 
volume.250,287 This occurs because of impaired cardiac 
output, an inability to keep fluid within the vascular space, 
or impaired blood flow into the heart, respectively. As 
with systemic dehydration, in an attempt to preserve  
intravascular volume, water and salt excretions by the 
kidney are reduced; and decreased barosensor stimulation 
results in a compensatory, appropriate increase in vaso-
pressin secretion, leading to an antidiuretic state and  
hyponatremia.288 Because of the associated stimulation of 
the renin-angiotensin-aldosterone system, these patients 
also have an increase in the total-body content of sodium 
chloride and may have peripheral edema, which distin-
guishes them from those with systemic dehydration.  
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In patients with impaired cardiac output and elevated atrial 
volume (e.g., congestive heart failure or lung disease), 
ANP concentrations are elevated, which contributes to 
hyponatremia by promoting natriuresis.

Treatment.   Patients with systemic dehydration and 
hypovolemia should be rehydrated with salt-containing 
fluids such as normal saline or lactated Ringer solution. 
Because of activation of the renin-angiotensin-aldoste-
rone system, the administered sodium will be avidly 
conserved and a water diuresis will quickly ensue as 
volume is restored and vasopressin concentrations 
fall.289 Under these conditions, caution must be taken 
to prevent too rapid a correction of hyponatremia, 
which may itself result in brain damage.

Hyponatremia caused by a decrease in effective 
plasma volume from cardiac, hepatic, renal, or pulmo-
nary dysfunction is more difficult to reverse. The most 
effective therapy is the least easily achieved: treatment 
of the underlying systemic disorder. Patients weaned 
from positive-pressure ventilation undergo a prompt 
water diuresis and resolution of hyponatremia as car-
diac output is restored and vasopressin concentrations 
fall. The only other effective route is to limit water 
intake to that required for the renal excretion of the 
obligate daily solute load of approximately 500 mOsm/
m2 and to replenish insensible losses. In a partial an-
tidiuretic state with a urine osmolality of 750 mOsm/kg 
H2O and insensible losses of 500 mL/m2, oral intake 
would have to be limited to approximately 1200 mL/
m2/day. Because of concomitant hyperaldosteronism, 
the dietary restriction of sodium chloride needed to 
control peripheral edema in patients with heart failure 
may reduce the daily solute load and further limit the 

amount of water that can be ingested without exacer-
bating hyponatremia. Hyponatremia in these settings is 
often slow to develop, rarely causes symptoms, and 
usually does not need treatment. If the serum sodium 
falls below 125 mEq/L, water restriction to 1 L/m2/day 
is usually effective in preventing a further decline.  
Because water retention in these disorders is a compen-
satory response to decreased intravascular volume, an 
attempt to reverse it with drugs such as demeclocycline 
or specific V2 receptor antagonists (which induce 
nephrogenic diabetes insipidus as discussed subse-
quently) could worsen hypovolemia, with potentially 
dire consequences.290

In general, patients with hyponatremia caused by salt 
loss require ongoing supplementation with sodium chlo-
ride and fluids. Initially, intravenous replacement of urine 
volume with fluid containing sodium chloride (150 to 
450 mEq/L depending on the degree of salt loss) may be 
necessary; oral salt supplementation may be required 
subsequently.222 This treatment contrasts to that of 
SIAD, in which water restriction without sodium supple-
mentation is the mainstay.

Precautions  in  the Emergency Treatment of Hypo-
natremia.   Most children with hyponatremia develop the 
disorder gradually, are asymptomatic, and should be 
treated with water restriction alone. The development of 
acute hyponatremia, or a serum sodium concentration 
below 120 mEq/L, may be associated with lethargy, psy-
chosis, coma, or generalized seizures, especially in younger 
children. Acute hyponatremia causes cell swelling owing 
to the entry of water into cells (Figure 11-13), which can 
lead to neuronal dysfunction from alterations in the ionic 
environment or to cerebral herniation because of the  

FIGURE 11-13 n  Changes in organic osmolytes with hyponatremia and after its correction. Under normal conditions, osmotic 
balance exists between extracellular and intracellular compartments. With acute hyponatremia, water enters cells, causing cell 
swelling. After approximately 24 hours of continued hyponatremia, intracellular organic osmolytes decrease, restoring cell 
volume toward normal. Hypertonic saline treatment of acute hyponatremia results in restoration of normal cell volume, 
whereas the same treatment of chronic hyponatremia results in cell shrinkage. Large circle, water; closed smaller circle, solute; 
arrow, direction of water flow.
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encasement of the brain in the cranium. If present for 
more than 24 hours, cell swelling triggers a compensatory 
decrease in intracellular organic osmolytes, resulting in 
the partial restoration of normal cell volume in chronic 
hyponatremia.291

The proper emergency treatment of cerebral dysfunc-
tion depends on whether the hyponatremia is acute or 
chronic.1,292 In all cases, water restriction should be insti-
tuted. If hyponatremia is acute, and therefore probably 
not associated with a decrease in intracellular organic os-
molyte concentration, rapid correction with hypertonic 
3% sodium chloride administered intravenously may be 
indicated. As a general guide, this solution, given in the 
amount of 12 mL/kg, will result in an increase in serum 
sodium concentration of approximately 10 mEq/L. If 
hyponatremia is chronic, hypertonic saline treatment 
must be undertaken with caution, because it may result in 
both cell shrinkage (see Figure 11-13) and the associated 
syndrome of central pontine myelinolysis.293 This syn-
drome, affecting the central portion of the basal pons as 
well as other brain regions, is characterized by axonal 
demyelination, with sparing of neurons. It becomes evi-
dent within 24 to 48 hours after too rapid correction of 
hyponatremia, has a characteristic appearance by com-
puted tomography and MRI, and often causes irreversible 
brain damage.293-295 If hypertonic saline treatment is 
undertaken, the serum sodium concentration should be 
raised only high enough to cause an improvement in 
mental status, and in no case faster than 0.5 mEq/L/hr or 
12 mEq/L/day.292-295 In the case of systemic dehydration, 
the increase in serum sodium level may occur rapidly  
using this regimen. The associated hyperaldosteronism 
will cause avid retention of the administered sodium, 
leading to rapid restoration of volume and suppression of 
vasopressin secretion and resulting in a brisk water diure-
sis and an increase in the serum sodium concentration.289

Acute treatment of hyponatremia is more difficult in 
patients with decreased effective plasma volume. This is 
both because the underlying disorder makes it difficult to 
maintain the administered fluid within the intravascular 
space and because an associated increase in ANP promotes 
natriuresis and loss of the administered salt. Furthermore, 
patients with cardiac disease who are administered hyper-
tonic saline may require concomitant treatment with a 
diuretic such as furosemide to prevent worsening of heart 
failure, which will also increase natriuresis.

Hyponatremia with Abnormal Regulation 
of Vasopressin
Hyponatremia with Inappropriate Increased 
Secretion of Vasopressin or Increased 
Vasopressin V2 Receptor Activity (Syndrome 
of Inappropriate Antidiuresis [SIAD])

Causes of SIAD.  SIAD is uncommon in children.268,269,296 
It can occur with encephalitis, brain tumor,297 head 
trauma,274,298 or psychiatric disease299; in the postictal pe-
riod after generalized seizures300; and after prolonged 
nausea,301,302 pneumonia,303,304 or AIDS.305 Many drugs 
have been associated with impaired free water clearance  
as indicated in Table 11-1. Impaired free water clear-
ance can result from alteration in vasopressin release,  
increased vasopressin effect at the same plasma vasopres-
sin concentration, or vasopressin-independent changes  
in distal collecting tubule water permeability. Common 
drugs that have been shown to increase antidiuretic hor-
mone (ADH) secretion and result in hyponatremia in-
clude carbamazepine,258 chlorpropamide,306 vinblastine,265 
vincristine,307 and tricyclic antidepressants.308,309 Newer 
sulfonylurea agents, including glyburide, are not associ-
ated with SIAD.310 Other rarer causes of SIAD in children 
are listed in Table 11-2. Although it has been believed 
to be the cause of hyponatremia associated with viral 
meningitis, volume depletion is more commonly the eti-
ology.271,273 In contrast, the majority of children with tu-
berculous meningitis have hyponatremia and SIADH, 
which predict more severe disease and poor outcome.311-313 
SIAD is the cause of the hyponatremic second phase  
of the triple-phase response seen after hypothalamic- 
pituitary surgery. Hyponatremia with elevated vasopressin 
secretion is found in up to 35% of patients 1 week after 
transsphenoidal pituitary surgery.314,315 The mechanism is 
most likely retrograde neuronal degeneration with cell 
death and vasopressin release. Secondary adrenal insuffi-
ciency causing stimulation of vasopressin release69 may 
also play a role, because hyponatremia most commonly 
follows the removal of adrenocorticotropin hormone- 
secreting corticotroph adenomas.315 In the majority of 
children with SIAD, the cause is the excessive administra-
tion of vasopressin to treat either central diabetes insipi-
dus,225,316 or, less commonly, bleeding disorders317 (as has 
been discussed previously), or, most uncommonly, follow-
ing dDAVP therapy for enuresis.

Central Nervous System Cancer Infections Pulmonary

Head trauma Small cell of lung Herpes zoster Viral pneumonia
Subarachnoid hemorrhage Duodenum Respiratory syncytial virus Bacterial pneumonia
Brain abscess Pancreas Tuberculosis Abscess
Guillain-Barré syndrome Thymoma Aspergillosis
Hydrocephalus Bladder Botulism
Meningitis Ureter

Lymphoma
Ewing sarcoma

TABLE 11-2 Causes of Syndrome of Inappropriate Secretion of Antidiuretic Hormone (Vasopressin)
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Two unrelated infants with mutations in the vasopres-
sin V2 receptor that presented with severe hyponatremia 
in the first months of life heralded a new genetic cause 
of hyponatremia.318 These two infants had missense mu-
tations at codon 137 that converted arginine to cysteine 
or leucine and lead to constitutive activation of the V2 
receptor with appropriately suppressed arginine vaso-
pressin plasma concentration. This genetic disorder has 
been termed “nephrogenic syndrome of inappropriate 
antidiuresis (NSIAD).” It remains unclear what portion 
of isolated early onset chronic SIAD results from acti-
vating mutations of the V2 receptor, though the inci-
dence is likely to be very low. Interestingly, this same 
codon is also the site of a loss-of-function mutation 
(R137H) that leads to X-linked nephrogenic diabetes 
insipidus.319 A total of 16 patients with NSIAD have 
been reported.320

Treatment of SIAD.   Chronic SIAD is best treated by 
chronic oral fluid restriction. Under full vasopressin an-
tidiuretic effect (urine osmolality of 1,000 mOsm/L), a 
normal daily obligate renal solute load of 500 mOsm/m2 
would be excreted in 500 mL/m2 H2O. This, plus a daily 
nonrenal water loss of 500 mL/m2, would require that 
oral fluid intake be limited to 1000 mL/m2/day to avoid 
hyponatremia, as has been discussed more fully. In young 
children, this degree of fluid restriction may not provide 
adequate calories for growth. In this situation, the cre-
ation of nephrogenic diabetes insipidus using demeclocy-
cline therapy may be indicated to allow sufficient fluid 
intake for normal growth.315

Demeclocycline is superior to lithium for this pur-
pose.316 Lithium and demeclocycline, however, are asso-
ciated with significant toxicities—which may limit their 
use in pediatric patients. Oral urea has been effectively 
used to treat adult patients with chronic SIAD by virtue 
of its ability to induce an effective osmotic diuresis. This 
therapy was also demonstrated to be safe and effective in 
four children with chronic SIAD, including two with 
mutations in the vasopressin V2 receptor.317 Specific 
nonpeptide V2 receptor antagonists (vaptans) have also 
been developed for use in subacute or chronic SIAD due 
to inappropriate increased vasopressin secretion.318-320 
The aquaretic effects of the vaptans, after either parental 
or oral administration, have a rapid onset of action, exert 
peak effects within a few hours, and subside within  
24 hours.321,322 In a large series of adult patients with 
euvolemic or hypervolemic hyponatremia resulting from 
cirrhosis, heart failure, or SIAD, these vasopressin recep-
tor antagonists were effective in sustained elevation of 
serum sodium concentration.320 Another study in adults, 
limited to subjects with SIAD arising from inappropriate 
vasopressin secretion, demonstrated the efficacy of long-
term treatment with an orally active vaptan in conjunc-
tion with fluid restriction to 1.5 L per day.323 Substantial 
variability in the degree of serum sodium elevation was 
observed, however. This variability resulted from both 
interindividual differences in drug efficacy/disposition 
and the failure to adequately restrict water consumption. 
The primary adverse effect from these agents is inflam-
mation at infusion sites, though rises in serum sodium 
above rates recommended to prevent myelinolysis have 

also been found.321 Limited experience with vaptans 
has been reported in children, though they have been 
used to promote hydration during chemotherapy with 
malignancy-associated SIAD.324 These agents have not 
been effective in treating activating mutations of the V2 
receptor,325 although low-dose urea has been useful.320 
Because the predictability of hypertonic saline adminis-
tration for acute, severe forms of SIAD is greater than 
that of vaptans, hypertonic saline infusion for symptomatic 
hyponatremia due to inappropriate vasopressin secretion 
remains the recommended intervention.321 Of note, some 
of these V2 receptor antagonists facilitate the proper 
transport of loss-of-function V2 receptor mutants to the 
cell surface.321

Acute treatment of hyponatremia due to SIAD is only 
indicated if cerebral dysfunction is present. In that case, 
treatment is dictated by the duration of hyponatremia 
and the extent of cerebral dysfunction. Because patients 
with SIAD have volume expansion, salt administration is 
not very effective in raising the serum sodium concentra-
tion because it is rapidly excreted in the urine due to 
suppressed aldosterone and elevated atrial natriuretic 
peptide concentrations.

Hyponatremia with Inappropriate Decreased 
Secretion of Vasopressin, Due to Increased 
Secretion of Atrial Natriuretic Peptide

Although atrial natriuretic peptide does not usually play 
a primary role in the pathogenesis of disorders of water 
metabolism, it may have an important secondary 
role.280,326-328 Patients with SIAD have elevated atrial 
natriuretic peptide concentrations, probably due to  
hypervolemia, which may contribute to the elevated 
natriuresis of SIAD and which decrease as water intake 
is restricted.326 Likewise, the suppressed atrial natri-
uretic peptide concentrations found in central diabetes 
insipidus, probably due to the associated hypovolemia, 
rise after dDAVP therapy.326 However, hyponatremia 
in some patients, primarily those with central nervous 
system disorders including brain tumor, head trauma, 
hydrocephalus, neurosurgery, cerebral vascular accidents, 
and brain death, may be due to the primary hypersecre-
tion of atrial natriuretic peptide.222,329-331 This syndrome, 
called cerebral salt wasting, is defined by hyponatremia 
accompanied by elevated urinary sodium excretion  
(often more than 150 mEq/L), excessive urine output, 
hypovolemia, suppressed vasopressin, and elevated 
atrial natriuretic peptide concentrations (. 20 pmol/L). 
Thus, it is distinguished from SIAD, in which normal 
or decreased urine output, euvolemia, only modestly 
elevated urine sodium concentration, and elevated va-
sopressin concentration occur. Direct measurement of 
intravascular volume status with a central venous line 
is often helpful. The distinction is important because 
the therapies of the two disorders are markedly differ-
ent. There is controversy regarding the prevalence  
of cerebral salt wasting.332 In patients in an intensive 
care setting with the initial diagnosis of cerebral  
salt wasting, none of them upon further investigation 
were hypovolemic, one of the cardinal criteria of the 
syndrome.333
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Treatment of Cerebral Salt Wasting

Treatment of patients with cerebral salt wasting consists 
of restoring intravascular volume with sodium chloride 
and water, as with the treatment of other causes of sys-
temic dehydration. The underlying cause of the disorder, 
which is usually acute brain injury, should also be treated 
if possible.

Other Causes of True and Factitious 
Hyponatremia
True hyponatremia occurs with hyperglycemia, which 
causes the influx of water into the intravascular space. 
Serum sodium will decrease by 1.6 mEq/L for every  
100-mg/dL increment in blood glucose above 100 mg/dL. 
Glucose is not ordinarily an osmotically active agent and 
does not stimulate vasopressin release, probably because it 
is able to equilibrate freely across plasma membranes. 
However, in the presence of insulin deficiency and hyper-
glycemia, glucose acts as an osmotic agent, presumably 
because its normal intracellular access to osmosensor sites 
is prevented.334 Under these circumstances, an osmotic 
gradient exists, and this stimulates vasopressin release. In 
diabetic ketoacidosis, this, together with the hypovolemia 
caused by the osmotic diuresis secondary to glycosuria, 
results in marked stimulation of vasopressin secretion.335-338 
Rapid correction of hyponatremia may follow soon after 
the institution of fluid and insulin therapy. Whether this 
contributes to the pathogenesis of cerebral edema occa-
sionally seen following treatment of diabetic ketoacidosis 
is not known. Elevated concentrations of triglycerides may 
cause factitious hyponatremia, as can obtaining a blood 
sample downstream from an intravenous infusion of hypo-
tonic fluid.

Hypernatremia with Inappropriate 
Decreased Vasopressin Secretion or 
Action
Central Diabetes Insipidus

Causes of Central Diabetes Insipidus.  Central (hypo-
thalamic, neurogenic, or vasopressin-sensitive) diabetes 
insipidus can be caused by disorders of vasopressin gene 
structure; accidental or surgical trauma to vasopressin 
neurons; congenital anatomic hypothalamic or pituitary 
defects; neoplasms; infiltrative, autoimmune, and infec-
tious diseases affecting vasopressin neurons or fiber tracts; 
and increased metabolism of vasopressin. The etiology of 
central diabetes insipidus is not apparent in anywhere 
between 9% and 55% of children and young adults in 
different series published in the literature.339,340 Long-term 
surveillance can identify an underlying cause that is not appar-
ent at the time of initial diagnosis sometimes after as long as  
21 years.341

Genetic Causes.  Familial, autosomal dominant cen-
tral diabetes insipidus is manifest within the first half of 
the first decade of life.342 Vasopressin secretion, ini-
tially normal, gradually declines until diabetes insipi-
dus of variable severity ensues. Patients respond well to 

vasopressin replacement therapy. The disease has a 
high degree of penetrance, but it may be of variable 
severity within a family343 and may spontaneously im-
prove in middle age.343,344 Vasopressin-containing neu-
rons are absent from the magnocellular paraventricular 
neurons345 but present in parvocellular regions.346 Several 
different oligonucleotide mutations in the vasopressin 
structural gene have been found to cause the disease 
(www.medcon.mcgill.ca/nephros/avp_npii.html). To date, 
more than 25 mutations have been detected in the coding 
region of the vasopressin gene (see Figure 11-3). Most 
mutations are in the neurophysin portion of the vasopres-
sin precursor, except for five in either the signal peptide 
or vasopressin peptide regions of the gene. This suggests 
that neurophysin has a valuable function, possibly in the 
proper intracellular sorting or packaging of vasopressin 
into secretory granules. There are no disease-causing 
mutations in the copeptin region of the vasopressin pre-
cursor. This suggests either that this region has a low 
mutation rate or more likely that it does not serve a criti-
cal function in vasopressin biology.

A family with a missense mutation within the vaso-
pressin peptide region (ProlinenLeucine at amino acid 7) 
of the gene, causing markedly reduced biologic activity, 
was reported.347 The disease in this family is transmitted 
with an autosomal recessive pattern. This indicates that 
haploinsufficiency is not the basis for the autosomal 
dominant nature of the disease in families with the more 
common mutations in the neurophysin region of the 
gene. Rather, the abnormal gene product may interfere 
with the processing and secretion of the product of the 
normal allele,348 or it may cause neuronal degeneration 
and cell death.349 In support of this theory, mutant vaso-
pressin precursors impair the secretion of the normal 
protein in cell models,348 and in a transgenic mouse 
model of the disease, a progressive loss of hypothalamic 
vasopressin-containing neurons occurs as the mice de-
velop diabetes insipidus.350 Heterozygous mice with a 
mutation (C67X) in the vasopressin gene, known to cause 
autosomal dominant familial neurohypophyseal diabetes 
insipidus in humans, developed diabetes insipidus by  
2 months of age. They were found to have retention  
of the precursor of vasopressin within the neurons and 
the induction of an endoplasmic reticulum chaperone 
protein (BiP).351

Vasopressin deficiency is also found in the DID-
MOAD syndrome, consisting of diabetes insipidus, dia-
betes mellitus, optic atrophy, and deafness.352,353 The 
gene for this syndrome complex, also known as Wolfram 
syndrome, was localized to human chromosome 4p16  
by polymorphic linkage analysis348 and isolated.349 
The Wolfram syndrome gene, WFS1, encodes an 
890-amino-acid tetrameric transmembrane protein that 
primarily localizes to the endoplasmic reticulum. It is 
thought to function as a calcium channel or regulator of 
a calcium channel.354,355

Trauma.  The axons of vasopressin-containing mag-
nocellular neurons extend uninterrupted to the posterior 
pituitary over a distance of approximately 10 mm. Trauma 
to the base of the brain can cause swelling around or 
severance of these axons, resulting in either transient  
or permanent diabetes insipidus.356 Permanent diabetes 
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insipidus can occur after seemingly minor trauma.  
Approximately half of patients with fractures of the sella 
turcica will develop permanent diabetes insipidus,357 
which may be delayed as long as a month following the 
trauma, during which time neurons of severed axons may 
undergo retrograde degeneration.358 Septic shock359 and 
postpartum hemorrhage associated with pituitary infarc-
tion (Sheehan syndrome)360,361 may involve the posterior 
pituitary with varying degrees of diabetes insipidus. Dia-
betes insipidus is never associated with cranial irradiation 
of the hypothalamic-pituitary region, although this treat-
ment can cause deficits in all of the hypothalamic releas-
ing hormones carried by the portal-hypophyseal system 
to the anterior pituitary (see the discussion of growth 
hormone in Chapter 10). This occurs because vasopres-
sin is carried directly to the posterior pituitary via mag-
nocellular axonal transport, whereas radiation affects 
hypothalamic releasing hormone function by interrupt-
ing the portal-hypophyseal circulation, which is absent 
from the vasopressin circuitry.

Neurosurgical Intervention.  One of the most common 
causes of central diabetes insipidus is the neurosurgical 
destruction of vasopressin neurons following pituitary- 
hypothalamic surgery. It is important to distinguish 
polyuria associated with the onset of acute postsurgical 
central diabetes insipidus from polyuria due to the nor-
mal diuresis of fluids given during surgery. In both cases, 
the urine may be very dilute and of high volume, exceed-
ing 200 mL/m2/hr. However, in the former case, serum 
osmolality will be high, whereas in the latter case it will 
be normal. A careful examination of the intraoperative 
record should also help distinguish between these two 
possibilities. Vasopressin axons traveling from the hypo-
thalamus to the posterior pituitary terminate at various 
levels within the stalk and gland (see Figure 11-4). 
Because surgical interruption of these axons can result  
in retrograde degeneration of hypothalamic neurons, 
lesions closer to the hypothalamus will affect more neu-
rons and cause greater permanent loss of hormone  
secretion. Not infrequently, a “triple phase” response is 
seen.362 Although the exact incidence of this phenome-
non remains unknown, in a small study nearly one in 
three children who underwent surgery for a craniopha-
ryngioma developed it.363 Following surgery, an initial 
phase of transient diabetes insipidus is observed, lasting 
a half-day to 2 days, and possibly due to edema in the 
area interfering with normal vasopressin secretion. If 
significant vasopressin cell destruction has occurred, this 
is often followed by a second phase of SIAD, which may 
last up to 10 days, and is due to the unregulated release 
of vasopressin by dying neurons. A third phase of perma-
nent diabetes insipidus may follow if more than 90%  
of vasopressin cells are destroyed. Usually, a marked 
degree of SIAD in the second phase portends significant 
permanent diabetes insipidus in the final phase of this 
response. In patients with coexisting vasopressin and 
cortisol deficits (e.g., in combined anterior and posterior 
hypopituitarism following neurosurgical treatment of 
craniopharyngioma), symptoms of diabetes insipidus 
may be masked because cortisol deficiency impairs renal 
free water clearance, as discussed subsequently. In such 
cases, the institution of glucocorticoid therapy alone 

may precipitate polyuria, leading to the diagnosis of dia-
betes insipidus.

Congenital Anatomic Defects.  Midline brain ana-
tomic abnormalities such as septo-optic dysplasia with 
agenesis of the corpus callosum,364 the Kabuki syn-
drome,365 holoprosencephaly,366 and familial pituitary 
hypoplasia with absent stalk367 may be associated with 
central diabetes insipidus. These patients need not 
have external evidence of craniofacial abnormalities.366 
Central diabetes insipidus due to midline brain abnor-
malities is often accompanied by defects in thirst per-
ception,364 suggesting that a common osmosensor may 
control both vasopressin release and thirst perception. 
Some patients with suspected defects in osmosensor 
function but with intact vasopressin neurons may have re-
cumbent diabetes insipidus, with a baroreceptor-mediated 
release of vasopressin while upright and vasopressin-
deficient polyuria while supine.368

Neoplasms.  Several important clinical implications 
follow from knowledge of the anatomy of the vasopressin 
system. Because hypothalamic vasopressin neurons are 
distributed over a large area within the hypothalamus, 
tumors that cause diabetes insipidus must either be very 
large or infiltrative or be strategically located at the point 
of convergence of the hypothalamoneurohypophyseal 
axonal tract in the infundibulum. Germinomas and pine-
alomas typically arise near the base of the hypothalamus 
where vasopressin axons converge before they enter the 
posterior pituitary and for this reason are among the 
most common primary brain tumors associated with dia-
betes insipidus. Germinomas causing the disease can be 
very small369,370 and undetectable by magnetic resonance 
imaging (MRI) for several years following the onset of 
polyuria.371 For this reason, quantitative measurement of 
the b-subunit of human chorionic gonadotropin, often 
secreted by germinomas and pinealomas, and regularly 
repeated MRI scans should be performed in children 
with idiopathic or unexplained diabetes insipidus. Empty 
sella syndrome, possibly due to unrecognized pituitary 
infarction, can be associated with diabetes insipidus in 
children.372 Craniopharyngiomas and optic gliomas can 
also cause central diabetes insipidus when very large,  
although this is more often a postoperative complication 
of the treatment for these tumors. Hematologic malig-
nancies can cause diabetes insipidus. In some cases, such 
as with acute myelocytic leukemia, the cause is infiltra-
tion of the pituitary stalk and sella.373-375 However, more 
than 30 patients with monosomy or deletion of chromo-
some 7 associated with acute blast transformation of 
myelodysplastic syndrome presented with central diabe-
tes insipidus376-379 without evidence of infiltration of the 
posterior pituitary by neoplastic cells, leaving the cause 
of the diabetes insipidus unresolved.

Infiltrative, Autoimmune, and Infectious Diseases.  
Langerhans cell histiocytosis and lymphocytic hypophysitis 
are the most common types of infiltrative disorders causing 
central diabetes insipidus. Approximately 10% of patients 
with histiocytosis will have diabetes insipidus. These  
patients tend to have more serious, multisystem disease  
for longer periods of time than those without diabetes  
insipidus,380,381 and anterior pituitary deficits often accom-
pany posterior pituitary deficiency.382 MRI characteristically 
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shows thickening of the pituitary stalk.383 One report sug-
gests that in patients with Langerhans cell histiocytosis, 
radiation treatment to the pituitary region within 14 days 
of the onset of symptoms of diabetes insipidus may result 
in return of vasopressin function in more than one third of 
affected patients.384

Lymphocytic infundibuloneurohypophysitis may account 
for more than a third of patients with “idiopathic” central 
diabetes insipidus.385 This entity may be associated with 
other autoimmune diseases.386 Image analysis discloses an 
enlarged pituitary and thickened stalk,385,387 and biopsy of 
the posterior pituitary reveals lymphocytic infiltration of the 
gland, stalk, and magnocellular hypothalamic nuclei.388 A 
necrotizing form of this entity has been described, which also 
causes anterior pituitary failure and responds to steroid treat-
ment.389 Diabetes insipidus can also be associated with pul-
monary granulomatous diseases390 including sarcoidosis.391

Whether antibody-mediated destruction of vasopressin 
cells occurs is controversial. More than half of patients with 
central diabetes insipidus of a nontraumatic cause have 
antibodies directed against vasopressin-containing cells,392 
and patients with other autoimmune diseases have such 
antibodies without evidence of diabetes insipidus.393 Many 
patients with central diabetes insipidus also have antivaso-
pressin peptide antibodies, although their appearance usu-
ally follows the institution of vasopressin treatment.394 It 
is possible that antibodies directed against vasopressin-
containing cells or vasopressin are not pathogenetic but 
instead are markers of prior neuronal cell destruction.

Infections involving the base of the brain, such as menin-
gococcal,395 cryptococcal, listeria,396 and toxoplasmosis397 
meningitis, congenital cytomegalovirus infection,398 and 
nonspecific inflammatory disease of the brain,399 can cause 
central diabetes insipidus. The disease is often transient, 
suggesting that it is due to inflammation rather than  
destruction of vasopressin-containing neurons.

Brain Death.  Central diabetes insipidus can appear in 
the setting of hypoxic brain death.400 Although its pres-
ence has been suggested as a marker for brain death in 
children,401 in some studies only a minority of patients 
with brain death manifest the disorder,402 and up to 15% 
of patients with cerebral insults and diabetes insipidus 
ultimately recover brain function.403 Polyuria in the set-
ting of brain death can be accompanied by high concen-
trations of plasma vasopressin,404 suggesting that some 
cases mistaken for diabetes insipidus are actually due to 
other causes, such as cerebral salt wasting with polyuria, 
as discussed subsequently.

Increased Metabolism of Vasopressin.  The meta-
bolic clearance rate of vasopressin increases fourfold 
during pregnancy due to the elaboration of a vasopres-
sinase by the placenta.72 If the mother cannot respond 
with a concomitant increase in vasopressin action be-
cause of preexisting subclinical central or nephrogenic 
diabetes insipidus,73 overt, transient disease will ap-
pear, usually early in the third trimester and resolve 
within a week of delivery.76,405 Even without prior 
defects, vasopressin function—an extreme elevation  
in vasopressinase concentrations in primigravidas  
with either preeclampsia, liver dysfunction, or multi-
ple gestation74,75,78,406-408—may result in the develop-
ment of the syndrome.

Drugs.  The most common agent associated with the 
inhibition of vasopressin release and impaired urine con-
centrating ability is ethanol.409 Because the inhibition of 
vasopressin release by ethanol can be overcome in the set-
ting of concurrent hypovolemia, clinically important diabe-
tes insipidus due to ethanol ingestion is uncommon.410 
Phenytoin, opiate antagonists, halothane, and b-adrenergic 
agents have also been associated with impaired vasopressin 
release.411,412

Children with Primary Enuresis.  Although normal 
children have a nocturnal rise in plasma vasopressin  
associated with an increase in urine osmolality and a  
decrease in urine volume, those with primary enuresis 
have a blunted or absent rise in vasopressin and excrete a 
higher urine volume of lower tonicity.413,414 This has sug-
gested that enuretic children have a primary deficiency in 
vasopressin secretion, although the same outcome could 
be caused solely by excessive water intake in these chil-
dren. The use of the V2 agonist dDAVP is highly effec-
tive in abolishing bed-wetting episodes, although relapse 
is high once therapy ends.415-417 Fluid intake must be 
limited while a child is exposed to the antidiuretic action 
of dDAVP to guard against water intoxication.

Treatment of Central Diabetes Insipidus
Fluid Therapy. Patients with otherwise untreated dia-

betes insipidus crave cold fluids, especially water. With 
complete central diabetes insipidus, maximum urine  
concentrating ability is approximately 100 mOsm/kg. 
Because 5 L of urine would be required to excrete an 
average daily solute load of 500 mOsm/m2, fluid intake 
must match this to maintain normal plasma tonicity. 
With an intact thirst mechanism and free access to oral 
fluids, a person with complete diabetes insipidus can 
maintain plasma osmolality and sodium in the high nor-
mal range, although at great inconvenience. Further-
more, long-standing intake of these volumes of fluid in 
children can lead to hydroureter,418 and even hyperfluo-
rosis in communities that provide fluoridated water.419 
With fluid management alone or with the use of medica-
tions other than vasopressin or its analogs, these chil-
dren can develop nonobstructive hydroureteronephrosis, 
bladder wall thickening and trabeculation, overflow  
incontinence, and impaired renal function requiring a 
drainage procedure.420 These complications are more 
likely to occur in children with nephrogenic as opposed 
to central diabetes insipidus because treatment with vaso-
pressin analogs is used most of the time in children with 
central diabetes mellitus.

There are two situations in which central diabetes  
insipidus may be treated solely with high levels of fluid 
intake, without vasopressin. Vasopressin therapy coupled 
with excessive fluid intake (usually greater than 1 L/m2/
day, as discussed subsequently) can result in unwanted 
hyponatremia. Because neonates and young infants  
receive all of their nutrition in liquid form, the obligatory 
high oral fluid requirements for this age (3 L/m2/day) 
combined with vasopressin treatment are likely to lead to 
this dangerous complication.316 In infants, oral tablet and 
intranasal liquid desmopressin are not only difficult  
to administer accurately, but also their use is associated 
with significant fluctuations in the serum sodium levels. 
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Such neonates may be better managed with fluid therapy 
alone. A reduced solute load diet will aid in this regard. 
Human milk is best for this purpose (75 mOsm/kg H2O), 
whereas cow’s milk is the worst option (230 mOsm/kg 
H2O). For example, in an infant with diabetes insipidus 
with a fixed urine osmolality of 100 mOsm/kg H2O, 
300 mL of urine per day is required to excrete the 
amount of solute consumed in human milk, whereas  
900 mL of urine per day is required to excrete the higher 
amount of solute consumed in cow’s milk. The Similac 
PM 60/40 formula has a renal solute load of 92 mOsm/
kg H2O. Additionally, supplementation free water may 
be needed depending on the severity of the diabetes  
insipidus. Options such as 20 to 30 mL of supplemental 
free water for every 120 to 160 mL of formula or dilution 
of the formula with free water have been used. Although 
children managed with such a regimen may be chroni-
cally thirsty, parents may have difficulty keeping up with 
the voluminous fluid intake and urine output, and poor 
growth may occur if adequate calories are not provided 
along with water,238 these problems are more easily ad-
dressed than is life-threatening hyponatremia. Alternatively, 
thiazide (chlorothiazide, 5 to 10 mg/kg/dose, twice or 
thrice daily 421) or amiloride diuretics may be added to 
facilitate renal proximal tubular sodium and water reab-
sorption422 and thereby decrease oral fluid requirements. 
This therapy may be accompanied by a mild degree of 
dehydration. More recently, parenteral desmopressin 
(0.02 to 0.08 mg/dose given once or twice daily) has been 
administered subcutaneously in infants with good results, 
although this method has not been approved by the Food 
and Drug Administration (FDA).423 Parenteral desmo-
pressin was originally formulated at a concentration of  
4 mg/mL, to be used at a 0.3-mg/kg/dose to treat bleeding 
diatheses such as hemophilia A and von Willebrand 
disease type 1. Thus, care must be taken if it is used at  
one fortieth to one fourth of this dose to treat infants  
with diabetes insipidus. In older children on more calorie-
dense solid diets, the use of short-acting agents such  
as arginine vasopressin (Pitressin) or lysine vasopressin 
(Diapid; lypressin), or longer-acting desmopressin will 
decrease fluid needs while minimizing the possible occur-
rence of hyponatremia (see “Vasopressin and Vasopressin 
Analogs,” presented later in the chapter).

In the acute postoperative management of central diabe-
tes insipidus occurring after neurosurgery in children, vaso-
pressin therapy may be successfully employed,424,425 426 but 
extreme caution must be exerted with its use. While under 
the full antidiuretic effect of vasopressin, a patient will have 
a urine osmolality of approximately 1000 mOsm/kg and 
become hyponatremic if she or he receives an excessive 
amount of fluids, depending on the solute load and nonre-
nal water losses. With a solute excretion of 500 mOsm/ 
m2/day, normal renal function, and nonrenal fluid losses of 
500 mL/m2/day, fluid intake of greater than 1 L/m2/day 
(two thirds of the normal maintenance fluid requirement) 
will result in hyponatremia. In addition, vasopressin therapy 
will mask the emergence of the SIAD phase of the triple 
phase neurohypophyseal response to neurosurgical injury 
(as has been discussed).

Because of the concerns associated with periopera-
tive vasopressin administration, two different approaches  

to managing central diabetes insipidus in the surgical 
patient have been employed. The first approach may  
be particularly useful for managing acute postoperative 
diabetes insipidus in young children. It employs fluids 
alone and avoids the use of vasopressin.427 This method 
consists of matching input and output hourly using  
between 1 to 3 L/m2/day (40 to 120 mL/m2/hr). If intra-
venous therapy is used, a basal 40 mL/m2/hr should be 
given as 5% dextrose (D5) in one-fourth normal saline 
(normal saline 5 0.9% sodium chloride) and the remain-
der, depending on the urine output, as 5% dextrose in 
water. Potassium chloride (40 mEq/L) may be added if 
oral intake is to be delayed for several days. No additional 
fluid should be administered for hourly urine volumes 
less than 40 mL/m2/hr. For hourly urine volumes above 
40 mL/m2/hr, the additional volume should be replaced 
with 5% dextrose up to a total maximum of 120 mL/m2/hr. 
For example, in a child with a surface area of 1 m2 
(approximately 30 kg), the basal infusion rate would be 
40 mL/hr of 5% dextrose in one-fourth normal saline. For 
an hourly urine output of 60 mL, an additional 20 mL/hr 
5% dextrose would be given, for a total infusion rate of 
60 mL/hr. For urine outputs above 120 mL/hr, the total 
infusion rate would be 120 mL/hr. In the presence of 
diabetes insipidus, this will result in a serum sodium con-
centration in the 150 mEq/L range and a mildly volume 
contracted state, which will allow one to assess both 
thirst sensation as well as the return of normal vasopres-
sin function or the emergence of SIAD. Patients may 
become mildly hyperglycemic with this regimen, par-
ticularly if they are also receiving postoperative gluco-
corticoids. However, because it does not use vasopressin, 
this fluid management protocol prevents any chance of 
hyponatremia.

Vasopressin and Vasopressin Analogs.  Evidence sug-
gests that perioperative use of intravenous vasopressin in 
children with central diabetes insipidus may be the treat-
ment modality of choice in most situations, resulting in 
excursions of serum sodium of smaller magnitude and 
few adverse sequelae.426 Although intravenous therapy 
with synthetic aqueous vasopressin (Pitressin) had been 
shown to be useful in the management central diabetes 
insipidus of acute onset,424,425 concern existed as to the 
safety of its administration in the complex, rapidly chang-
ing course of the child recovering from hypothalamic/
pituitary surgery. If continuous vasopressin is adminis-
tered, fluid intake must be limited to 1 L/m2/day or 
two-thirds maintenance fluid administration (assuming 
normal solute intake and nonrenal water losses as de-
scribed). The potency of synthetic vasopressin is still 
measured using a bioassay and is expressed in bioactive 
units, with 1 milliunit (mU) equivalent to approximately 
2.5 ng of vasopressin. For intravenous vasopressin ther-
apy, 1.5 mU/kg/hr results in a blood vasopressin concen-
tration of approximately 10 pg/mL,428 twice that needed 
for full antidiuretic activity.429 Vasopressin’s effect is 
maximal within 2 hours of the start of infusion,429 and 
one must beware of it sticking to intravenous bottles  
and tubing. Occasionally following hypothalamic (but 
not trans-sphenoidal) surgery, higher initial concentra-
tions of vasopressin are required to treat acute diabetes 
insipidus, which may be attributable to the release of a 
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substance related to vasopressin from the damaged  
hypothalamoneurohypophyseal system, which acts as an 
antagonist to normal vasopressin activity.430 Much higher 
rates of vasopressin infusion, resulting in plasma concen-
trations above 1000 pg/mL, should be avoided, as they 
may cause cutaneous necrosis,431 rhabdomyolysis,431,432 
and cardiac rhythm disturbances.433

In light of the considerations described in the previ-
ous paragraph, an effective and safe algorithm for the 
management of perioperative central diabetes insipidus 
with central diabetes insipidus has been utilized with 
encouraging results.426 This algorithm starts with the 
child receiving an intravenous infusion of normal saline 
at two-thirds maintenance or 1 L/m2/day. A tentative 
diagnosis of intraoperative or postoperative central dia-
betes insipidus is made by documenting a serum so-
dium concentration of greater than 145 mEq/L along 
with urine output of greater than 4 mL/kg/hr. Addi-
tional confirmatory evidence includes plasma osmolar-
ity above 300 mOsm/kg H2O and a relatively hypo-
tonic urine. When documentation of parameters 
consistent with central diabetes insipidus is obtained, 
an intravenous infusion of aqueous vasopressin begins 
at 0.5 mU/kg/hr with no change in intravenous fluid 
administration. The dose of vasopressin is titrated up-
ward in 0.5-mU/kg/hr increments to establish a urine 
output rate of less than 2 mL/kg/hr at approximately 
10-minute intervals. The vasopressin and intravenous 
fluid administration then remain stable at these rates, 
with additional normal saline, or equivalent volume ex-
panding solutions, given only to replace ongoing blood 
loss or to maintain hemodynamic stability. Postopera-
tively this management paradigm requires intensive 
care unit monitoring, with frequent assessment of elec-
trolytes (hourly initially), urine output and osmolarity/
specific gravity, and vital signs. This management 
scheme can also be followed for patients with estab-
lished central diabetes insipidus requiring general sur-
gery and prolonged restriction of oral intake. In this 
situation, the usual dose of chronic, long-acting vaso-
pressin is withheld or reduced immediately prior to 
surgery depending on the timing of surgery in relation 
to the usual administration times. In preparation for 
surgery, normal saline is infused at two-thirds mainte-
nance (1 L/m2/day). When measures consistent with 
emergence of central diabetes insipidus due to termina-
tion of efficacy of the presurgical dose are obtained, the 
intravenous vasopressin is initiated and titrated as de-
scribed previously.

Patients treated with vasopressin for post-neurosurgical 
diabetes insipidus should be switched from intravenous to 
oral fluid intake at the earliest opportunity, because thirst 
sensation, if intact, will help regulate blood osmolality, as 
discussed. Intravenous dDAVP (desmopressin) should not 
be used in the acute management of postoperative central 
diabetes insipidus, for it offers no advantage over vasopres-
sin, and its long half-life (8 to 12 hours) compared with 
that of vasopressin (5 to 10 minutes) is a distinct disadvan-
tage, as it may increase the chance of water intoxication.225 
In fact, the use of intravenous dDAVP, 0.3 mg/kg, to 
shorten the bleeding time in a variety of bleeding disorders 
(as has been discussed) has been associated with water  

intoxication,317 particularly in young children who have 
high obligate oral fluid needs.

A special problem arises when a patient with established 
central diabetes insipidus must receive a high volume of 
fluid for therapeutic reasons (e.g., accompanying cancer 
chemotherapy). Such patients can be managed by discon-
tinuing antidiuretic therapy and increasing fluid intake  
to 3 to 5 L/m2/day (rendering the patient moderately 
hypernatremic). Although 5 L/m2/day is typically adequate 
to maintain serum sodium concentration in the range of 
150 mEq/L in children with central diabetes insipidus, this 
rate may not be adequate in the setting of chemotherapy 
administration when solute excretion increases due to  
cell death and the release of cellular contents. By using a 
low dose of intravenous vasopressin (0.08 to 0.1 mU/kg/hr, 
approximately one eighth of the full antidiuretic dose,  
titrated upward as needed), a partial antidiuretic effect  
allows the administration of higher amounts of fluid with-
out causing hyponatremia.434 Data suggest that excretion 
of a hypotonic urine, as would occur in patients with dia-
betes insipidus management with fluids alone, increases 
the risk of developing nephrotoxicity during therapy with 
platinum-based antineoplastic agents.435 By allowing the 
administration of 0.45 normal saline at rates of approxi-
mately 3 L/m2/day, the low-dose vasopressin infusion 
yields a urine osmolarity higher than that achievable with 
fluids alone434 and may have the additional benefit of con-
ferring renal protection.

In the outpatient setting, treatment of central diabe-
tes insipidus in older children should begin with oral 
(discussed later) or intranasal dDAVP (10 mg/0.1 mL), 
0.025 mL (2.5 mg) given by rhinal tube at bedtime and 
the dose increased to the lowest amount that gives an 
antidiuretic effect. If the dose is effective but has too 
short a duration, it should be increased further or a sec-
ond, morning dose should be added. Patients should  
escape from the antidiuretic effect for at least an hour 
before the next dose to ensure that any excessive water 
will be excreted. Otherwise, water intoxication may  
occur. dDAVP is also available as a nasal spray in the 
same concentration, with each spray delivering 10 mg 
(0.1 mL). This is the standard preparation used to treat 
primary enuresis. Oral dDAVP tablets have come into 
widespread use and have largely replaced intranasal ther-
apy. Although when given orally dDAVP is at least 20-fold 
less potent than when given via the intranasal route, oral 
dDAVP in doses of 25 to 300 µg every 8 to 12 hours is 
reported to be highly effective and safe in children.436-438 
Lysine vasopressin (Diapid) nasal spray (50 U/mL) may 
be used if a duration less than that of dDAVP is desired. 
One spray delivers 2 U (0.04 mL), with a duration of ac-
tion between 2 and 8 hours.

As noted previously, cortisol deficiency may cause  
decreased free water clearance by stimulating a nitric 
oxide–mediated pathway, which results in the insertion of 
aquaporin-2 channels into the apical membranes of col-
lecting duct cells, in a vasopressin-independent fash-
ion.247,248 Conversely, it is possible that excessive amounts 
of cortisol, due to endogenous release during stress or to 
treatment with exogenous drug, may inhibit the insertion 
of water channels. This may explain why patients with 
central diabetes insipidus treated with desmopressin  
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become “resistant,” and require an increased dosage, 
during times of stress or treatment with glucocorticoids.

In addition to polyuria and polydipsia, decreased bone 
mineral density has been reported in patients with central 
diabetes insipidus.439 The decreased bone density was not 
corrected by vasopressin analog treatment alone, sug-
gesting that the institution of bisphosphonate or other 
therapies designed to prevent bone loss may be of long-
term benefit in the treatment of diabetes insipidus.

Nephrogenic Diabetes Insipidus

Causes of Nephrogenic Diabetes Insipidus.  Nephro-
genic (vasopressin-resistant) diabetes insipidus can be the 
result of genetic or acquired causes. Genetic causes are 
less common but more severe than acquired forms of the 
disease, although genetic etiologies are more common in 
children than in adults.

Genetic Causes.
Congenital, X-Linked Diabetes Insipidus: V2 Receptor 

Mutations. Congenital, X-linked nephrogenic diabetes 
insipidus is caused by inactivating mutations of the vaso-
pressin V2 receptor. Due to its mode of transmission, it 
is a disease of males, although rarely females may be  
affected, presumably due to extreme lyonization during 
X chromosome inactivation.440 In keeping with a germline, 
as opposed to somatic, mutation in the V2 receptor, these 
patients are deficient in all systemic V2 receptor-mediated 
actions441,442 and have intact V1-receptor-mediated re-
sponses.443,444 As expected, the V2 receptor defect is 
proximal to the activation of renal adenylate cyclase.445,446 
Unlike the function of other G protein-coupled seven 
transmembrane receptors such as the parathyroid hor-
mone (PTH) and thyroid-stimulating hormone (TSH) 
receptors, that of the V2 receptor is unaffected in patients 
with pseudohypoparathyroidism, who have inactivating 
mutations in the alpha subunit of Gs.447

Because of vasopressin resistance in congenital 
nephrogenic diabetes insipidus, the kidney elaborates 
large volumes of hypotonic urine with osmolality rang-
ing between 50 and 100 mOsm/kg. Manifestations of 
the disease are usually present within the first several 
weeks of life,448 but they may only become apparent 
after weaning from the breast. The predominant symp-
toms are polyuria and polydipsia. Thirst may be more 
difficult to satisfy than in central diabetes insipidus. 
Many infants initially present with fever, vomiting, and 
dehydration, often leading to an evaluation for infec-
tion. Growth failure in the untreated child may be 
secondary to the ingestion of large amounts of water, 
which the child may prefer over milk and other higher-
caloric substances.449 Mental retardation of variable 
severity may result from repeated episodes of dehydra-
tion.450 Intracerebral calcification of the frontal lobes 
and basal ganglia is not uncommon in children with 
X-linked nephrogenic diabetes insipidus.451-454 Because 
this appears early and is not seen in children with cen-
tral diabetes insipidus of equivalent severity, cerebral 
calcification is probably unrelated to the level of dehy-
dration or therapeutic intervention. It is possible that 
elevated vasopressin concentrations, acting via intact 
V1 or V3 receptors, contribute to some of the unique 

manifestations of X-linked nephrogenic diabetes insipi-
dus, such as cerebral calcification, intense thirst, vomit-
ing, and growth failure. Older children may present 
with enuresis or nocturia. They may learn to reduce 
food intake (and therefore solute load) to decrease poly-
uria, which may contribute to growth failure. After 
long-standing ingestion and excretion of large volumes 
of water, patients may develop nonobstructive hydrone-
phrosis, hydroureter, and megabladder.418

Although one founder (arriving in North America 
from Scotland in 1761 on the ship Hopewell) was initially 
postulated to be the ancestor of most North American 
subjects with congenital, X-linked nephrogenic diabetes 
insipidus,455 more than 209 mutations in the V2 receptor 
have been found, with some appearing to have arisen in-
dependently more than once456-469 (Figure 11-14). These 
are mostly single base mutations that result in either 
amino acid substitutions, translational frame shifts, or 
termination of peptide synthesis, and are distributed fairly 
evenly throughout the receptor protein (www.hgmd.cf.
ac.uk/ac/gene.php?gene5AVPR2). Mutations may affect 
vasopressin binding, cyclic AMP generation, or possibly 
transcriptional regulation.470-474 Patients with different 
mutations will likely be found to exhibit phenotypic het-
erogeneity, including in severity of disease and response 
to treatment. Genetic heterogeneity may underlie the 
variable response of patients with X-linked diabetes in-
sipidus to dDAVP treatment. In a family with a known 
mutation, prenatal or early postnatal DNA screening can 
unambiguously identify affected males, allowing the insti-
tution of appropriate therapy.226

Congenital, Autosomal Nephrogenic Diabetes Insipidus: 
Aquaporin-2 Mutations. After the initial description of 
X-linked nephrogenic diabetes insipidus,475 several patients 
were reported with similar clinical findings except for 
autosomal recessive transmission of the disease476 or nor-
mal V2 receptor function outside of the kidney.477 With 
the cloning of the complementary DNA for the renal 
water channel, aquaporin-2, many patients with autoso-
mal recessive nephrogenic diabetes insipidus have been 
reported who have a total of 51 mutations different in this 
gene (www.hgmd.cf.ac.uk/ac/gene.php?gene5AQP2).471 
Most are missense mutations, although four are nonsense 
or frameshift mutations. They are scattered throughout 
the molecule, including within four of the five transmem-
brane domains, two of three extracellular domains, and 
two of four intracellular domains (see Figure 11-10). An 
autosomal dominant mode of inheritance for nephrogenic 
diabetes insipidus has been described, associated with 
mutations in aquaporin-2. One of these dominant muta-
tions results in mixed tetramers of the wild-type and 
mutant alleles being retained in the Golgi apparatus.478 
Aquaporin-2 mutations impair the ability of the luminal 
membrane to undergo an increase in water permeability 
following signaling through the V2 receptor. They could 
include patients previously described who had a normal 
rise in urinary cyclic AMP in response to vasopressin, 
without a concomitant increase in urine osmolality.445 
Aquaporin-2 protein has been shown to be excreted in  
the urine in both soluble and membrane-bound forms. 
Aquaporin-2 excretion is low in untreated central and 
nephrogenic diabetes insipidus, but following dDAVP 
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administration it increases markedly in the former, but 
not latter, disease.119 For this reason, its measurement in 
urine has been suggested as an aid in the differential diag-
nosis of diabetes insipidus.119

Acquired Cause.  Acquired causes of nephrogenic 
diabetes insipidus are more common and less severe 
than genetic causes. Nephrogenic diabetes insipidus 
may be caused by drugs such as lithium and demeclocy-
cline, both of which are thought to interfere with  
vasopressin-stimulated cyclic AMP generation or action. 
Approximately 50% of patients receiving lithium have 
impaired urinary concentrating ability, although only 
10% to 20% of them develop symptomatic nephrogenic 
diabetes insipidus, which is almost always accompanied 
by a reduction in the glomerular filtration rate.479,480 
The risk increases with the duration of therapy. Lithium 
impairs the ability of vasopressin to stimulate adenylate 
cyclase,481 resulting in a 90% fall in aquaporin-2 mes-
senger RNA expression in the renal collecting duct482 
and which may be the basis for its causing nephrogenic 
diabetes insipidus.

Demeclocycline treatment causes nephrogenic diabe-
tes insipidus by inhibiting transepithelial water trans-
port.483 For this reason, it is useful in the treatment of 
dilutional hyponatremia associated with the inappropri-
ate secretion of vasopressin as discussed previously. Other 
agents that cause nephrogenic diabetes insipidus include 
hypercalcemia, hyperkalemia, and therapy with foscarnet 
(used in the treatment of cytomegalovirus infection in 
immunosuppressed patients),484,485 clozapine,485 ampho-
tericin,486 methicillin,487 or rifampin.488 Whether any of 

these agents cause nephrogenic diabetes insipidus by  
interfering with the expression or insertion into apical 
collecting duct membranes of aquaporin-2 water chan-
nels is not yet known. Ureteral obstruction,489 chronic 
renal failure, polycystic kidney disease, medullary cystic 
disease, Sjögren syndrome490 and sickle cell disease can 
also impair renal concentrating ability. Osmotic diuresis 
due to glycosuria in diabetes mellitus, or to sodium ex-
cretion with diuretic therapy, will interfere with renal 
water conservation. Primary polydipsia can result in sec-
ondary nephrogenic diabetes insipidus because the 
chronic excretion of a dilute urine lowers the osmolality 
of the hypertonic renal interstitium, thus decreasing re-
nal concentrating ability. Finally, decreased protein or 
sodium intake also can lead to diminished tonicity of the 
renal medullary interstitium and nephrogenic diabetes 
insipidus.

Treatment of Nephrogenic Diabetes Insipidus.   The 
treatment of acquired nephrogenic diabetes insipidus 
focuses on elimination, if possible, of the underlying dis-
order, such as offending drugs, hypercalcemia, hypokale-
mia, or ureteral obstruction. Congenital nephrogenic 
diabetes insipidus is often difficult to treat. The main 
goals should be to ensure the intake of adequate calories 
for growth and to avoid severe dehydration. Foods with 
the highest ratio of caloric content to osmotic load 
should be ingested to maximize growth and minimize the 
urine volume required to excrete urine solute. However, 
even with the early institution of therapy, growth and 
mental retardation are not uncommon.491

FIGURE 11-14 n  Schematic representation of seven of the more than 180 V2 receptor mutations in families with X-linked nephrogenic 
diabetes insipidus. Q, families from Quebec; F, families from France; O, other families. (Reproduced with permission from Bichet, D. G. 
(1995). The posterior pituitary. In S. Melmed (Ed.), The pituitary (p. 277). Cambridge: Blackwell Science.)
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Thiazide diuretics in combination with amiloride or 
indomethacin are the most useful pharmacologic agents 
in the treatment of nephrogenic diabetes insipidus. Thia-
zides work both by enhancing sodium excretion at the 
expense of water, as well as by causing a fall in glomerular 
filtration rate, which results in proximal tubular sodium 
and water reabsorption.422,492 Indomethacin, 2 mg/kg/
day, further enhances proximal tubular sodium and water 
reabsorption,422,493,494 although this effect is not mediated 
by inhibition of cyclo-oxygenase.495 The combination of 
thiazide and amiloride diuretics is the most commonly 
used regimen for the treatment of congenital, X-linked 
nephrogenic diabetes insipidus, because amiloride coun-
teracts thiazide-induced hypokalemia,448 avoids the 
nephrotoxicity associated with indomethacin therapy, 
and is well tolerated, even in infants.496 In addition, 
amiloride decreases the uptake of lithium by renal epi-
thelial cells, and for this additional reason it has been 
proposed in combination with thiazide as treatment for 
lithium-induced nephrogenic diabetes insipidus.497 High-
dose dDAVP therapy, in combination with indometha-
cin, has been reported to be helpful in treating some 
subjects with nephrogenic diabetes insipidus.498 This 
treatment may prove to be useful in patients with genetic 
defects in the V2 receptor, which reduce the binding af-
finity for vasopressin.

A therapy that has thus far only been employed in mice 
and not yet available for humans, in which abnormal stop 
codons are bypassed,499 may prove useful to treat patients 
with nonsense mutations in AVPR2 and AQP2.

CONCLUDING REMARKS

Precise regulation of water balance is necessary for the 
proper function of multiple cellular pathways. Vasopressin 
released from the posterior pituitary, stimulated by both 
hyperosmolar and nonosmotic factors, acts via the kidney 
V2 vasopressin receptor to stimulate both an increase in 
aquaporin-2 expression and its insertion into collecting 
duct luminal membrane, thereby enhancing renal water 
reabsorption to minimize subsequent water loss. Thirst 
controls the second major physiologic response to hyper-
osmolality and results in increased water intake to make up 
for past water loss. The renin-angiotensin-aldosterone and 
atrial natriuretic peptide systems also make important 
contributions to water and volume regulation by modulat-
ing sodium intake and output.

The proper diagnosis of disorders caused by deficient 
and excessive action of vasopressin requires a thorough 
understanding of the physiologic regulation of this hor-
mone. Advances in molecular medicine have revealed 
mutations in the vasopressin gene and the V2 receptor or 
aquaporin-2 genes, responsible for familial central and 
nephrogenic diabetes insipidus, respectively. Molecular 
methods allow the diagnosis of these disorders in the 
prenatal or early postnatal periods. Nevertheless, the 
most frequent cause of central diabetes insipidus remains 
a destructive lesion of the central nervous system caused 
by tumor or neurosurgical insult, and pharmacologic 
toxicity remains the most common cause of nephrogenic 
diabetes insipidus.

Hyponatremia is a common occurrence in child-
hood but is rarely due to a primary increase in vaso-
pressin secretion or an increase in intrinsic activity of 
the V2 receptor (SIAD). It is more commonly caused 
by hypovolemia (either primary or secondary to de-
creased effective vascular volume), salt loss, excessive 
ingestion of hypotonic fluids, or cortisol deficiency. 
Hyponatremia due to increased vasopressin action is 
most commonly caused by excessive vasopressin ad-
ministration during the treatment of central diabetes 
insipidus or coagulopathies.

Central diabetes insipidus is best treated in infants 
with fluid therapy, which avoids the administration of 
vasopressin or its V2 receptor analog, dDAVP, whereas in 
older children, dDAVP is the drug of choice. Nephro-
genic diabetes insipidus remains a therapeutic challenge. 
Hyponatremia due to SIAD is best managed by restrict-
ing water intake, whereas salt and water replacement is 
indicated when hyponatremia is due to hypovolemia or 
excessive secretion of atrial natriuretic peptide, as occurs 
in cerebral salt wasting. Hyponatremia causing central 
nervous system dysfunction is a medical emergency. 
Blood sodium must be raised promptly, but at a rate not 
greater than 0.5 mEq/L/hr to avoid the occurrence of 
central pontine myelinolysis.

REFERENCES
 1. Strange, K. (1992). Regulation of solute and water balance and 

cell volume in the central nervous system [editorial]. [Review].  
J Am Soc Nephrol, 3, 12-27.

 2. Vokes, T. J., & Robertson, G. L. (1988). Disorders of antidi-
uretic hormone. [Review]. Endocrinol Metab Clin North Am, 17, 
281-299.

 3. Acher, R. (1980). Molecular evolution of biologically active peptides. 
Proc R Soc, 210, 21-43.

 4. Gorbman, A., Dickoff, W. W., Vigna, S. R., et al (1983). Comparative 
endocrinology. New York: John Wiley & Sons.

 5. Turner, R. A., Pierce, J. G., & Du Vigneaud, V. (1951). The purifica-
tion and amino acid content of vasopressin preparation. J Biol Chem, 
191, 21-28.

 6. Du Vigneaud, V. (1954). Hormones of the posterior pituitary gland: 
oxytocin and vasopressin. Harvey Lect, 50, 1-26.

 7. Oliver, G., Schafer, E. A. (1895). On the action of extracts of pitu-
itary body and certain other glandular organs. J Physiol (London), 
18, 277-279.

 8. Du Vigneaud, V., Gish, D. T., & Katsoyannis, P. G. (1954). A 
synthetic preparation possessing biological properties associated 
with arginine-vasopressin. J Am Chem Soc, 76, 4751-4752.

 9. Du Vigneaud, V., Ressler, C., Swan, J. M., et al. (1953). The synthe-
sis of an octapeptide amide with the hormonal activity of oxytocin.  
J Am Chem Soc, 75, 4879-4880.

 10. Vavra, I., Machova, A., Holecek, V., et al. (1968). Effect of a synthetic 
analogue of vasopressin in animals and in patients with diabetes  
insipidus. Lancet, 1, 948-952.

 11. Osborne, W. A., & Vincent, S. (1900). A contribution to the study 
of the pituitary body. Br Med J, 1, 502-503.

 12. Acher, R., & Fromagest, C. (1957). The relationship of oxytocin 
and vasopressin to active proteins of posterior pituitary origin.  
In H. Heller (Ed.), The neurohypophysis (pp. 39-50). London: 
Butterworths.

 13. Pickering, B. T., & Jones, C. W. (1978). The neurophysins. Horm 
Proteins Peptides, 5, 103-158.

 14. Chen, L., Rose, J. P., Breslow, E., et al (1991). Crystal structure of 
a bovine neurophysin II dipeptide complex at 2.8A determined 
from the single-wave length anomalous scattering signal of an  
incorporated iodine atom. Proc Natl Acad Sci USA, 88, 4240-4244.

 15. Rose, J. P., Breslow, E., Huang, H. B., & Wang, B. C. (1991). 
Crystallographic analysis of the neurophysin-oxytocin complex: A 
preliminary report. J Mol Biol, 221, 43-45.

http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0010
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0015
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0020
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0025
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0030
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0035
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0040
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0050
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0055
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0060
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0065
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0070
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0075
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0080
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0045


11  Disorders of the Posterior Pituitary 433

 16. Sachs, H., Fawcett, P., Takabatake, Y., et al. (1969). Biosynthesis 
and release of vasopressin and neurophysin. Recent Prog Horm Res, 
25, 447-484.

 17. Sachs, H., & Takabatake, Y. (1964). Evidence for a precursor in 
vasopressin biosynthesis. Endocrinology, 75, 943-948.

 18. Brownstein, M. J., Russell, J. T., & Gainer, H. (1980). Synthesis, 
transport, and release of posterior pituitary hormones. Science, 
207, 373-378.

 19. Takabatake, Y., & Sachs, S. (1964). Vasopressin biosynthesis. III. 
In vitro studies. Endocrinology, 75, 934-942.

 20. Hara, Y., Battey, J., Gainer, H. (1990). Structure of the mouse  
vasopressin and oxytocin genes. Brain Res Mol Brain Res, 8, 
319-324.

 21. Ivell, R., & Richter, D. (1984). Structure and comparison of the 
oxytocin and vasopressin genes from rat. Proc Natl Acad Sci USA, 
81, 2006-2010.

 22. Summar, M. L., Phillips, J. A., Battey, J., et al. (1990). Linkage  
relationships of human arginine vasopressin-neurophysin-II  
and oxytocin-neurophysin-I to prodynorphin and other loci on 
chromosome 20. Mol Endocrinol, 4, 947-950.

 23. Ruppert, S. D., Schere, G., & Schutz, G. (1984). Recent gene 
conversion involving bovine vasopressin and oxytocin precursor 
genes suggested by nucleotide sequence. Nature, 308, 554-557.

 24. Vandesande, F., & Dierickx, K. (1975). Identification of the vaso-
pressin producing and of the oxytocin producing neurons in the 
hypothalamic magnocellular neurosecretory system of the rat.  
Cell Tissue Res, 164, 153-162.

 25. Sawchenko, P. E., Swanson, L. W., & Vale, W. W. (1984). Co- 
expression of corticotropin-releasing factor and vasopressin  
immunoreactivity in parvocellular neurosecretory neurons of the 
adrenalectomized rat. Proc Natl Acad Sci USA, 81, 1883-1887.

 26. Whitnall, M. H., Mezey, E., & Gainer, H. (1985). Co-localization 
of corticotropin-releasing factor and vasopressin in median emi-
nence neurosecretory vesicles. Nature, 317, 248-252.

 27. Majzoub, J. A., & Herman, M. (2002). Adrenocorticotropin. In  
S. Melmed (Ed.), The pituitary (2nd ed.). Cambridge, England: 
Blackwell Scientific.

 28. Verney, E. B. (1947). The antidiuretic hormone and the factors 
which determine its release. Proc R Soc, 135, 25-105.

 29. Hammer, M., Ladefoged, J., & Olgaard, K. (1980). Relationship 
between plasma osmolality and plasma vasopressin in human sub-
jects. Am J Physiol, 238, E313-E317.

 30. Robertson, G. L., Shelton, R. L., & Athar, S. (1976). The osmo-
regulation of vasopressin. Kidney Int, 10, 25-37.

 31. Leng, G. (1980). Rat supraoptic neurones: the effects of locally 
applied hypertonic saline. J Physiol (London), 304, 405-414.

 32. Bealer, S. L., Crofton, J. T., & Share, L. (1983). Hypothalamic 
knife cuts alter fluid regulation, vasopressin secretion and  
natriuresis during water deprivation. Neuroendocrinology, 36, 
364-370.

 33. Thrasher, T. N., Keil, L. C., & Ramsay, D. J. (1982). Lesions of 
the organum vasculosum of the lamin terminalis (OVLT) attenu-
ate osmotically-induced drinking and vasopressin secretion in the 
dog. Endocrinology, 110, 1837-1839.

 34. McKinley, M. J., Denton, D. A., & Weisinger, R. S. (1978). Sensors 
for antidiuresis and thirst-osmoreceptors or CSF sodium detectors? 
Brain Res, 141, 89-103.

 35. Phillips, M. I. (1987). Functions of angiotensin in the central  
nervous system. Ann Rev Physiol, 49, 413-435.

 36. Simpson, J. B. (1981). The circumventricular organs and the  
central action of angiotensin. Neuroendocrinology, 32, 248-256.

 37. Yamaguchi, K., Koike, M., & Hama, H. (1985). Plasma vasopressin 
response to peripheral administration of angiotensin in conscious 
rats. Am J Physiol, 248, R249-R256.

 38. Robertson, G. L. (1977). The regulation of vasopressin function 
in health and disease. Recent Prog Horm Res, 33, 333-385.

 39. Davison, J. M., Gilmore, E. A., Durr, J., et al. (1984). Altered  
osmotic thresholds for vasopressin secretion and thirst in human 
pregnancy. Am J Physiol, 246, F105-F109.

 40. Boykin, J., DeTorrente, A., Erickson, A., et al. (1978). Role of 
plasma vasopressin in impaired water excretion of glucocorticoid 
deficiency. J Clin Invest, 62, 738-744.

 41. Linas, S. L., Berl, T., Robertson, G. L., et al. (1980). Role of  
vasopressin in the impaired water excretion of glucocorticoid  
deficiency. Kidney Int, 18, 58-67.

 42. Lindheimer, M. D., Barron, W. M., & Davison, J. M. (1989).  
Osmoregulation of thirst and vasopressin release in pregnancy 
[published erratum appears in Am J Physiol 1989 257(4 Pt 2):  
preceding F503]. [Review]. Am J Physiol, 257, F159-F169.

 43. Spruce, B. A., Baylis, P. H., Burd, J., & Watson, M. J. (1985). 
Variation in osmoregulation of arginine vasopressin during the 
human menstrual cycle. Clin Endocrinol, 22, 37-42.

 44. Vokes, T. J., Weiss, N. M., Schreiber, J., et al. (1988). Osmoregu-
lation of thirst and vasopressin during normal menstrual cycle. 
Am J Physiol, 254, R641-R647.

 45. Davison, J. M., Shiells, E. A., Philips, P. R., & Lindheimer, M. D. 
(1988). Serial evaluation of vasopressin release and thirst in human 
pregnancy: role of human chorionic gonadotrophin in the osmo-
regulatory changes of gestation. J Clin Invest, 81, 798-806.

 46. Kucharczyk, J., & Morgenson, G. J. (1975). Separate lateral hypo-
thalamic pathways for extracellular and intracellular thirst. Am J 
Physiol, 228, 295-301.

 47. Phillips, P. A., Rolls, B. J., Ledingham, J. G., et al. (1985). Angio-
tensin II-induced thirst and vasopressin release in man. Clin Sci, 
68, 669-674.

 48. Gruber, K. A., Wilkin, L. D., & Johnson, A. K. (1986). Neurohy-
pophyseal hormone release and biosynthesis in rats with lesions of 
the anteroventral third ventricle (AV3V) region. Brain Res, 378, 
115-119.

 49. Thompson, C. J., Burd, J. M., & Baylis, P. H. (1987). Acute sup-
pression of plasma vasopressin and thirst after drinking in hyper-
natremic humans. Am J Physiol, 252, R1138-R1142.

 50. Salata, R. A., Verbalis, J. G., & Robinson, A. G. (1987). Cold wa-
ter stimulation of oropharyngeal receptors in man inhibits release 
of vasopressin. J Clin Endocrinol Metab, 65, 561-567.

 51. Williams, T. D., Seckl, J. R., & Lightman, S. L. (1989). Dependent 
effect of drinking volume on vasopressin but not atrial peptide in 
humans. Am J Physiol, 257, R762-R764.

 52. Gauer, O. H., & Henry, J. P. (1963). Circulatory basis of fluid  
volume control. Physiol Rev, 43, 423-481.

 53. Thrasher, T. N. (1994). Baroreceptor regulation of vasopressin 
and renin secretion: low-pressure versus high-pressure receptors. 
[Review]. Front Neuroendocrinol, 15, 157-196.

 54. Cunningham, E. T., Jr., & Sawchenko, P. E. (1991). Reflex control 
of magnocellular vasopressin and oxytocin secretion. [Review]. 
Trends Neurosci, 14, 406-411.

 55. Sawchenko, P. E., & Swanson, L. W. (1981). Central noradrener-
gic pathways for the integration of hypothalamic neuroendocrine 
and autonomic responses. Science, 214, 685.

 56. Blessing, W. W., Sved, A. F., & Reis, D. J. (1983). Destruction of 
noradrenergic neurons in rabbit brainstem. Science, 217, 661.

 57. Schrier, R. W., Berl, T., & Harbottle, J. A. (1972). Mechanism of 
the antidiuretic effect associated with interruption of parasympa-
thetic pathways. J Clin Invest, 51, 2613.

 58. Goetz, K. L., Bond, G. C., & Smith W. E. (1974). Effect of mod-
erate hemorrhage in humans on plasma ADH and renin. Proc Soc 
Exp Biol Med, 145, 277-280.

 59. Robertson, G. L. (1976). The regulation of vasopressin function in 
health and disease. [Review]. Recent Prog Horm Res, 33, 333-385.

 60. Robertson, G. L., & Athar, S. (1976). The interaction of blood 
osmolality and blood volume in regulating plasma vasopressin in 
man. J Clin Endocrinol Metab, 42, 613-620.

 61. Arnauld, E., Czernichow, P., Fumoux, F., & Vincent, J. D. (1977). 
The effects of hypotension and hypovolaemia on the liberation of 
vasopressin during haemorrhage in the unanaesthetized monkey 
(Macaca mulatta). Pflugers Arch, 371, 193-200.

 62. Murase, T., & Yoshida, S. (1971). Effect of hypotension on levels 
of antidiuretic hormone in plasma in dogs. Endocrinol Jpn, 18, 
215-219.

 63. Wiggins, R. C., Basar, I., Slater, J. D., et al. (1977). Vasovagal  
hypotension and vasopressin release. Clin Endocrinol, 6, 387-393.

 64. Hirsch, A. T., Majzoub, J. A., Ren, C. J., et al. (1993). Contribution 
of vasopressin to blood pressure regulation during hypovolemic  
hypotension in humans. J Appl Physiol, 75, 1984-1988.

 65. Feldman, M., Samson, W. K., & O’Dorisio, T. M. (1988).  
Apomorphine-induced nausea in humans: Release of vasopres-
sin and pancreatic polypeptide. Gastroenterology, 95, 721-726.

 66. Koch, K. L., Summy-Long, J., Bingaman, S., et al. (1990). Vasopres-
sin and oxytocin responses to illusory self-motion and nausea in man. 
J Clin Endocrinol Metab, 71, 1269-1275.

http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0085
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0090
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0095
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0100
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0105
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0110
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0115
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0120
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0125
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0130
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0135
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0140
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0145
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0150
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0155
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0160
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0165
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0170
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0175
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0180
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0185
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0190
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0195
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0200
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0205
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0210
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0220
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0225
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0230
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0235
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0240
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0245
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0250
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0255
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0260
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0265
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0270
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0275
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0280
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0285
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0290
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0295
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0300
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0305
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0310
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0315
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0320
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0335
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0215
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0325
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0330


SECTION III Endocrine Disorders in Children and Adolescents434

 67. Seckl, J. R., Johnson, M., Shakespear, C., & Lightman, S. L. 
(1988). Endogenous opioids inhibit oxytocin release during  
nicotine-stimulated secretion of vasopressin in man. Clin Endocrinol, 
28, 509-514.

 68. Ishikawa, S., Fujisawa, G., Tsuboi, Y., et al. (1991). Role of antidi-
uretic hormone in hyponatremia in patients with isolated adreno-
corticotropic hormone deficiency. Endocrinol Jpn, 38, 325-330.

 69. Oelkers, W. (1989). Hyponatremia and inappropriate secretion of 
vasopressin (antidiuretic hormone) in patients with hypopituitarism 
[see comments]. N Engl J Med, 321, 492-496.

 70. Green, H. H., Harrington, A. R., & Valtin, H. (1970). On the role 
of antidiuretic hormone in the inhibition of acute water diuresis in 
adrenal insufficiency and the effects of gluco- and mineralocorti-
coids in reversing the inhibition. J Clin Invest, 49, 1724-1736.

 71. Viinamaki, O., Erkkola, R., & Kanto, J. (1986). Plasma vasopressin 
concentrations and serum vasopressinase activity in pregnant and 
nonpregnant women. Biol Res Pregnancy Perinatol, 7, 17-19.

 72. Davison, J. M., Sheills, E. A., Barron, W. M., et al. (1989). 
Changes in the metabolic clearance of vasopressin and in plasma 
vasopressinase throughout human pregnancy. J Clin Invest, 83, 
1313-1318.

 73. Iwasaki, Y., Oiso, Y., Kondo, K., et al. (1991). Aggravation of sub-
clinical diabetes insipidus during pregnancy. N Engl J Med, 324, 
522-526.

 74. Kennedy, S., Hall, P. M., Seymour, A. E., & Hague, W. M. (1994). 
Transient diabetes insipidus and acute fatty liver of pregnancy. Br J 
Obstet Gynaecol, 101, 387-391.

 75. Katz, V. L., & Bowes, W. A., Jr. (1987). Transient diabetes insipidus 
and preeclampsia. South Med J, 80, 524-545.

 76. Durr, J. A., Hoggard, J. G., Hunt, J. M., & Schrier, R. W. (1987). 
Diabetes insipidus in pregnancy associated with abnormally high 
circulating vasopressinase activity. N Engl J Med, 316, 1070-1074.

 77. Davison, J. M., Sheills, E. A., Philips, P. R., et al. (1993). Metabolic 
clearance of vasopressin and an analogue resistant to vasopressinase 
in human pregnancy. Am J Physiol, 264, F348-F353.

 78. Krege, J., Katz, V. L., & Bowes, W. A., Jr. (1989). Transient diabetes 
insipidus of pregnancy. [Review]. Obstet Gynecol Surv, 44, 789-795.

 79. Jard, S. (1983). Vasopressin isoreceptors in mammals: Relation to 
cyclic-AMP dependent and cyclic-AMP-independent transducer 
mechanisms. Curr Top Membr Transp, 18, 225-285.

 80. Hirasawa, A., Shibata, K., Kotosai, K., & Tsujimoto, G. (1994). 
Cloning, functional expression and tissue distribution of human 
cDNA for the vascular-type vasopressin receptor. Biochem Biophys 
Res Commun, 203, 72-79.

 81. Morel, A., O’Carroll, A. M., Brownstein, M. J., & Lolait, S. J. 
(1992). Molecular cloning and expression of a rat V1a arginine 
vasopressin receptor. Nature, 356, 523-526.

 82. Ostrowski, N. L., Young, W. S., Knepper, M. A., & Lolait, S. J. 
(1993). Expression of vasopressin V1a and V2 receptor messenger 
ribonucleic acid in the liver and kidney of embryonic, developing, 
and adult rats. Endocrinology, 133, 1849-1859.

 83. Thibonnier, M., Auzan, C., Madhun, Z., et al. (1994). Molecular 
cloning, sequencing, and functional expression of a cDNA encod-
ing the human V1a vasopressin receptor. J Biol Chem, 269, 
3304-2210.

 84. Ostrowski, N. L., Lolait, S. J., Bradley, D. J., et al. (1992). Distri-
bution of V1a and V2 vasopressin receptor messenger ribonucleic 
acids in rat liver, kidney, pituitary and brain. Endocrinology, 131, 
533-535.

 85. Johnson, E. M., Theler, J. M., Capponi, A. M., & Vallotton, M. B. 
(1991). Characterization of oscillations in cytosolic free Ca21 
concentration and measurement of cytosolic Na1 concentration 
changes evoked by angiotensin II and vasopressin in individual rat 
aortic smooth muscle cells: Use of microfluorometry and digital 
imaging. J Biol Chem, 266, 12618-12626.

 86. Takeuchi, K., Abe, K., Yasujima, M., et al. (1992). Phosphoinositide 
hydrolysis and calcium mobilization induced by vasopressin and  
angiotensin II in cultured vascular smooth muscle cells. Tohoku 
J Exp Med, 166, 107-122.

 87. Spruce, B. A., McCulloch, A. J., Burd, J, et al. (1985). The effect 
of vasopressin infusion on glucose metabolism in man. Clin 
Endocrinol, 22, 463-468.

 88. Inaba, K., Umeda, Y., Yamane, Y., et al. (1988). Characterization 
of human platelet vasopressin receptor and the relation between 
vasopressin-induced platelet aggregation and vasopressin binding 
to platelets. Clin Endocrinol, 29, 377-386.

 89. Briley, E. M., Lolait, S. J., Axelrod, J., & Felder, C. C. (1994). 
The cloned vasopressin V1a receptor stimulates phospholipase 
A2, phospholipase C, and phospholipase D through activation of 
receptor-operated calcium channels. Neuropeptides, 27, 63-74.

 90. Montani, J. P., Liard, J. F., Schoun, J., & Mohring, J. (1984). 
Hemodynamic effects of exogenous and endogenous vasopressin 
at low plasma concentrations in conscious dogs. Circ Res, 47, 
346-355.

 91. Altura, B. M., & Altura, B. T. (1984). Actions of vasopressin, 
oxytocin, and synthetic analogs on vascular smooth muscle. Fed 
Proc, 43, 80-86.

 92. Kimura, T., Tanizawa, O., Mori, K., et al. (1992). Structure and 
expression of a human oxytocin receptor. Nature, 356, 526-529.

 93. Rozen, F., Russo, C., Banville, D., & Zingg, H. H. (1995). 
Structure, characterization, and expression of the rat oxytocin 
receptor gene. Proc Natl Acad Sci USA, 92, 200-204.

 94. Aoyagi, T., Birumachi, J., Hiroyama, M., et al. (2007). Alteration 
of glucose homeostasis in V1a vasopressin receptor-deficient 
mice. Endocrinology, 148, 2075-2084.

 95. Baertschi, A. J., & Friedli, M. (1985). A novel type of vasopressin 
receptor on anterior pituitary corticotrophs. Endocrinology, 116, 
499-502.

 96. de Keyzer, Y., Auzan, C., Lenne, F., et al. (1994). Cloning and 
characterization of the human V3 pituitary vasopressin receptor. 
FEBS Lett, 356, 215-220.

 97. Sugimoto, T., Saito, M., Mochizuki, S., et al. (1994). Molecular 
cloning and functional expression of a cDNA encoding the  
human V1b vasopressin receptor. J Biol Chem, 269, 27088-27092.

 98. Lolait, S. J., Stewart, L. Q., Jessop, D. S., et al. (2007). The  
hypothalamic-pituitary-adrenal axis response to stress in mice 
lacking functional vasopressin V1b receptors. Endocrinology, 148, 
849-856.

 99. Roberts, E. M., Pope, G. R., Newson, M. J., et al. (2011). The vaso-
pressin V1b receptor modulates plasma corticosterone responses to 
dehydration-induced stress. J Neuroendocrinol, 23, 12-19.

 100. Wersinger, S. R., Kelliher, K. R., Zufall, F., et al. (2004). Social 
motivation is reduced in vasopressin 1b receptor null mice de-
spite normal performance in an olfactory discrimination task. 
Horm Behav, 46, 638-645.

 101. Lolait, S. J., O’Carroll, A. M., McBride, O. W., et al. (1992). 
Cloning and characterization of a vasopressin V2 receptor and 
possible link to nephrogenic diabetes insipidus. Nature, 357, 
336-339.

 102. Hirsch, A. T., Dzau, V. J., Majzoub, J. A., & Creager, M. A. 
(1989). Vasopressin-mediated forearm vasodilation in normal 
humans: Evidence for a vascular vasopressin V2 receptor. J Clin 
Invest, 84, 418-426.

 103. Tagawa, T., Imaizumi, T., Endo, T., et al. (1993). Vasodilatory 
effect of arginine vasopressin is mediated by nitric oxide in  
human forearm vessels. J Clin Invest, 92, 1483-1490.

 104. Kobrinsky, N. L., Israels, E. D., Gerrard, J. M., et al. (1984). 
Shortening of bleeding time by 1-deamino-8-D-arginine vaso-
pressin in various bleeding disorders. Lancet, 1, 1145-1148.

 105. Birnbaumer, M., Seibold, A., Gilbert, S., et al. (1992). Molecular 
cloning of the receptor for human antidiuretic hormone. Nature, 
357, 333-335.

 106. Frattini, A., Zucchi, I., Villa, A., et al. (1993). Type 2 vasopressin 
receptor gene, the gene responsible nephrogenic diabetes insipi-
dus, maps to Xq28 close to the LICAM gene. Biochem Biophys Res 
Commun, 193, 864-871.

 107. Seibold, A., Brabet, P., Rosenthal, W., & Birnbaumer, M. (1992). 
Structure and chromosomal localization of the human antidi-
uretic hormone receptor gene. Am J Hum Genet, 51, 1078-1083.

 108. Yun, J., Schoneberg, T., Liu, J., et al. (2000). Generation and 
phenotype of mice harboring a nonsense mutation in the V2  
vasopressin receptor gene. J Clin Invest, 106, 1361-1371.

 109. Harris, H. W., Paredes, A., & Zeidel, M. L. (1993). The molec-
ular structure of the antidiuretic hormone elicited water channel. 
[Review]. Pediatr Nephrol, 7, 680-684.

 110. Harris, H. W., Strange, K., & Zeidel, M. L. (1991). Current  
understanding of the cellular biology and molecular structure  
of the antidiuretic hormone-stimulated water transport pathway. 
J Clin Invest, 88, 1-8.

 111. Nielsen, S., Marples, D., Birn, H., et al. (1995). Expression  
of VAMP2-like protein in kidney collecting duct intracellular 
vesicles. J Clin Invest, 96, 1834-1844.

http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0340
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0345
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0350
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0355
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0360
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0365
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0370
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0375
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0380
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0385
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0390
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0395
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0400
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0405
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0410
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0415
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0420
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0425
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0435
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0440
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0445
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0450
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0455
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0460
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0465
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0470
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0475
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0480
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0485
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0490
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0495
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0500
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0505
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0510
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0515
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0520
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0525
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0530
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0535
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0540
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0545
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0550
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0555
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0560
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0430


11  Disorders of the Posterior Pituitary 435

 112. Mandon, B., Chou, C. L., Nielsen, S., & Knepper, M. A. (1996). 
Syntaxin-4 is localized to the apical plasma membrane of rat renal 
collecting duct cells: possible role in aquaporin-2 trafficking.  
J Clin Invest, 98, 906-913.

 113. Knepper, M. A. (1994). The aquaporin family of molecular water 
channels. Proc Natl Acad Sci U S A, 91, 6255-6258.

 114. Sasaki, S., Fushimi, K., Saito, H., et al. (1994). Cloning, charac-
terization, and chromosomal mapping of human aquaporin of 
collecting duct. J Clin Invest, 93, 1250-1256.

 115. Deen, P. M., Verdijk, M. A., Knoers, N. V., et al. (1994). Require-
ment of human renal water channel aquaporin-2 for vasopressin-
dependent concentration of urine. Science, 264, 92-95.

 116. Stevens, A. L., Breton, S., Gustafson, C. E., et al. (2000). Aquapo-
rin 2 is a vasopressin-independent, constitutive apical membrane 
protein in rat vas deferens. Am J Physiol, 278, C791-C802.

 117. Fushimi, K., Sasaki, S., & Marumo, F. (1997). Phosphorylation of 
serine 256 is required for cAMP-dependent regulatory exocytosis 
of the aquaporin-2 water channel. J Biol Chem, 272, 14800-14804.

 118. Valenti, G., Procino, G., Liebenhoff, U., et al. (1998). A hetero-
trimeric G protein of the Gi family is required for cAMP-trig-
gered trafficking of aquaporin 2 in kidney epithelial cells. J Biol 
Chem, 273, 22627-22634.

 119. Kanno, K., Sasaki, S., Hirata, Y., et al. (1995). Urinary excretion 
of aquaporin-2 in patients with diabetes insipidus. N Engl J Med, 
332, 1540-1545.

 120. Yang, B., Gillespie, A., Carlson, E. J., et al. (2001). Neonatal 
mortality in an aquaporin-2 knock-in mouse model of recessive 
nephrogenic diabetes insipidus. J Biol Chem, 276, 2775-2779.

 121. Ma, T., Yang, B., Gillespie, A., et al. (1997). Generation and phe-
notype of a transgenic knockout mouse lacking the mercurial- 
insensitive water channel aquaporin-4. J Clin Invest, 100, 957-962.

 122. Ma, T., Song, Y., Yang, B., et al. (2000). Nephrogenic diabetes 
insipidus in mice lacking aquaporin-3 water channels. Proc Natl 
Acad Sci USA, 97, 4386-4391.

 123. Schnermann, J., Chou, C. L., Ma, T., et al. (1998). Defective 
proximal tubular fluid reabsorption in transgenic aquaporin-1 
null mice. Proc Natl Acad Sci USA, 95, 9660-9664.

 124. Hori, K., Nagai, T., Izumi, Y., et al. (2012). Vasopressin V1a  
receptor is required for nucleocytoplasmic transport of mineralo-
corticoid receptor. Am J Physiol Renal Physiol, 303, F1080-F1088.

 125. Gibbons, G. H., Dzau, V. J., Farhi, E. R., & Barger, A. C. 
(1984). Interaction of signals influencing renin release. [Review]. 
Ann Rev Physiol, 46, 291-308.

 126. Quinn, S. J., & Williams, G. H. (1988). Regulation of aldosterone 
secretion. Ann Rev Physiol, 50, 409-426.

 127. Balla, T., Baukal, A. J., Eng, S., & Catt, K. J. (1991). Angiotensin II 
receptor subtypes and biological responses in the adrenal cortex 
and medulla. Mol Pharmacol, 40, 401-406.

 128. Murphy, T. J., Alexander, R. W., Griendling, K. K., et al. (1991). 
Isolation of a cDNA encoding the vascular type-1 angiotensin II 
receptor. Nature, 351, 233-236.

 129. Murphy, T. J., Takeuchi, K., & Alexander, R. W. (1992). Molecular 
cloning of AT1 angiotensin receptors. [Review]. Am J Hypertens, 5, 
236S-242S.

 130. Stromberg, C., Tsutsumi, K., Viswanathan, M., & Saavedra, J. 
M. (1991). Angiotensin II AT1 receptors in rat superior cervical 
ganglia: characterization and stimulation of phosphoinositide  
hydrolysis. Eur J Pharmacol, 208, 331-336.

 131. Tsutsumi, K., Stromberg, C., Viswanathan, M., & Saavedra, J. M. 
(1991). Angiotensin-II receptor subtypes in fetal tissue of the rat: 
autoradiography, guanine nucleotide sensitivity, and association 
with phosphoinositide hydrolysis. Endocrinology, 129, 1075-1082.

 132. Aguilera, G., & Catt, K. J. (1979). Loci of action of regulators of 
aldosterone biosynthesis in isolated glomerulosa cells. Endocrinol-
ogy, 104, 1046-1052.

 133. Aguilera, G., Menard, R. H., & Catt, K. J. (1980). Regulatory 
actions of angiotensin II on receptors and steroidogenic enzymes 
in adrenal glomerulosa cells. Endocrinology, 107, 55-60.

 134. Catt, K. J., Aguilera, G., Capponi, A., et al. (1979). Angiotensin 
II receptors and aldosterone secretion. [Review]. J Endocrinol, 81, 
37P-48P.

 135. Kramer, R. E., Gallant, S., Brownie, A. C., et al. (1990). Actions 
of angiotensin II on aldosterone biosynthesis in the rat adrenal 
cortex: effects on cytochrome P-450 enzymes of the early and 
late pathway discrimination of two angiotensin II receptor  
subtypes with a selective agonist analogue of angiotensin II,  

p-aminophenylalanine6 angiotensin II. J Biol Chem Biochem 
Biophys Res Commun, 169, 997-1006.

 136. Bottari, S. P., de Gasparo, M., Steckelings, U. M., & Levens, N. 
R. (1993). Angiotensin II receptor subtypes: characterization, 
signalling mechanisms, and possible physiological implications. 
[Review]. Front Neuroendocrinol, 14, 123-271.

 137. Bottari, S. P., Taylor, V., King, I. N., et al. (1991). Angiotensin II 
AT2 receptors do not interact with guanine nucleotide binding 
proteins. Eur J Pharmacol, 207, 157-163.

 138. Speth, R. C., & Kim, K. H. (1990). Discrimination of two angio-
tensin II receptor subtypes with a selective agonist analogue of 
angiotensin II, p-aminophenylalanine6 angiotensin II. Biochem 
Biophys Res Commun, 169, 997-1006.

 139. Morris, D. J. (1981). The metabolism and mechanism of action 
of aldosterone. [Review]. Endocr Rev, 2, 234-247.

 140. Dzau, V. J. (1988). Molecular and physiological aspects of tissue 
renin-angiotensin system: emphasis on cardiovascular control. 
[Review]. J Hypertens (Suppl. 2), 6, S7-S12.

 141. Chartier, L., & Schiffrin, E. L. (1987). Role of calcium in effects 
of atrial natriuretic peptide on aldosterone production in adrenal 
glomerulosa cells. Am J Physiol, 252, E485-E491.

 142. Chartier, L., Schiffrin, E., Thibault, G., & Garcia, R. (1984). 
Atrial natriuretic factor inhibits the stimulation of aldosterone 
secretion by angiotensin II, ACTH and potassium in vitro and 
angiotensin II-induced steroidogenesis in vivo. Endocrinology, 
115, 2026-2028.

 143. Chartier, L., & Schiffrin, E. L. (1987). Atrial natriuretic peptide 
inhibits the effect of endogenous angiotensin II on plasma  
aldosterone in conscious sodium-depleted rats. Clin Sci, 72, 
31-35.

 144. Hausdorff, W. P., Aguilera, G., & Catt, K. J. (1989). Inhibitory 
actions of somatostatin on cyclic AMP and aldosterone produc-
tion in agonist-stimulated adrenal glomerulosa cells. Cell Signal, 
1, 377-386.

 145. Rebuffat, P., Mazzocchi, G., Gottardo, G., & Nussdorfer, G. G. 
(1989). Further studies on the involvement of dopamine and  
somatostatin in the inhibitory control of the growth and ste-
roidogenic capacity of rat adrenal zona glomerulosa. Exp Clin 
Endocrinol, 93, 73-81.

 146. Robba, C., Mazzocchi, G., & Nussdorfer, G. G. (1986). Further 
studies on the inhibitory effects of somatostatin on the growth 
and steroidogenic capacity of rat adrenal zona glomerulosa.  
Exp Pathol, 29, 77-82.

 147. Gallo-Payet, N., Chouinard, L., Balestre, M. N., & Guillon, G. 
(1990). Dual effects of dopamine in rat adrenal glomerulosa 
cells. Biochem Biophys Res Commun, 172, 1100-1108.

 148. Missale, C., Lombardi, C., Sigala, S., & Spano, P. F. (1990).  
Dopaminergic regulation of aldosterone secretion: biochemical 
mechanisms and pharmacology. [Review]. Am J Hypertens, 3, 
93S-95S.

 149. Dzau, V. J., & Hirsch, A. T. (1990). Emerging role of the tissue 
renin-angiotensin systems in congestive heart failure. [Review]. 
Eur Heart J (Suppl. B), 11, 65-71.

 150. Ganten, D., Paul, M., Deboben, A., et al. (1984). The brain renin 
angiotensin system in central cardiovascular control. [Review]. 
Contrib Nephrol, 43, 114-128.

 151. Hirsch, A. T., Dzau, V. J., & Creager, M. A. (1987). Baroreceptor 
function in congestive heart failure: effect on neurohumoral acti-
vation and regional vascular resistance. [Review]. Circulation, 75, 
IV36-IV48.

 152. Tang, S. S., Stevenson, L., & Dzau, V. J. (1990). Endothelial  
renin-angiotensin pathway. Adrenergic regulation of angiotensin 
secretion. Circ Res, 66, 103-108.

 153. Unger, T., Badoer, E., Ganten, D., et al. (1988). Brain angiotensin: 
pathways and pharmacology. [Review]. Circulation, 77, I40-I54.

 154. Saavedra, J. M. (1992). Brain and pituitary angiotensin. [Review]. 
Endocr Rev, 13, 329-380.

 155. Van Houten, M., & Posner, B. I. (1983). Circumventricular organs: 
receptors and mediators of direct peptide hormone action on brain. 
[Review]. Adv Metab Disord, 10, 269-289.

 156. Van Houten, M., Schiffrin, E. L., Mann, J. F., et al. (1980).  
Radioautographic localization of specific binding sites for blood-
borne angiotensin II in the rat brain. Brain Res, 186, 480-485.

 157. Stornetta, R. L., Hawelu-Johnson, C. L., Guyenet, P. G., & 
Lynch, K. R. (1988). Astrocytes synthesize angiotensinogen in 
brain. Science, 242, 1444-1446.

http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0565
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0570
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0575
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0580
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0585
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0590
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0595
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0600
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0605
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0610
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0615
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0620
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0625
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0630
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0635
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0640
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0645
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0650
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0655
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0660
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0665
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0670
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0675
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0680
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0685
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0690
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0695
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0700
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0705
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0710
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0715
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0720
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0725
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0730
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0735
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0740
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0745
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0750
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0755
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0760
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0765
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0770
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0775
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0780
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0785
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0790


SECTION III Endocrine Disorders in Children and Adolescents436

 158. Paul, M., Printz, M. P., Harms, E., et al. (1985). Localization of 
renin (EC 3.4.23) and converting enzyme (EC 3.4.15.1) in nerve 
endings of rat brain. Brain Res, 334, 315-324.

 159. Correa, F. M., Guilhaume, S. S., & Saavedra, J. M. (1990).  
Autoradiography of angiotensin-converting enzyme in fixed and 
unfixed rat brain using the specific enzyme inhibitor [125I]351A 
or a polyclonal antibody and [125I]staphylococcal protein A. 
Neurosci Lett, 110, 244-248.

 160. Correa, F. M., Plunkett, L. M., & Saavedra, J. M. (1986).  
Quantitative distribution of angiotensin-converting enzyme  
(kininase II) in discrete areas of the rat brain by autoradiography 
with computerized microdensitometry. Brain Res, 375, 259-266.

 161. Plunkett, L. M., Correa, F. M., & Saavedra, J. M. (1985).  
Quantitative autoradiographic determination of angiotensin-
converting enzyme binding in rat pituitary and adrenal glands 
with 125I-351A, a specific inhibitor. Regul Pept, 12, 263-272.

 162. Pickel, V. M., Chan, J., & Ganten, D. (1986). Dual peroxidase 
and colloidal gold-labeling study of angiotensin converting  
enzyme and angiotensin-like immunoreactivity in the rat  
subfornical organ. J Neurosci, 6, 2457-2469.

 163. Castren, E., & Saavedra, J. M. (1989). Angiotensin II receptors 
in paraventricular nucleus, subfornical organ, and pituitary  
gland of hypophysectomized, adrenalectomized, and vasopressin-
deficient rats. Proc Natl Acad Sci USA, 86, 725-729.

 164. Andersson, B., Leksell, L. G., & Lishajko, F. (1975). Perturbations 
in fluid balance induced by medially placed forebrain lesions. 
Brain Res, 99, 261-275.

 165. Saavedra, J. M., Castren, E., Gutkind, J. S., & Nazarali, A. J. 
(1989). Regulation of brain atrial natriuretic peptide and  
angiotensin receptors: quantitative autoradiographic studies.  
Int Rev Neurobiol, 31, 257-296.

 166. Saper, C. B., & Levisohn, D. (1983). Afferent connections of the 
median preoptic nucleus in the rat: anatomical evidence for a 
cardiovascular integrative mechanism in the anteroventral third 
ventricular (AV3V) region. Brain Res, 288, 21-31.

 167. Saper, C. B., Loewy, A. D., Swanson, L. W., & Cowan, W. M. 
(1976). Direct hypothalamo-autonomic connections. Brain Res, 
117, 305-312.

 168. Sawchenko, P. E. (1983). Central connections of the sensory and 
motor nuclei of the vagus nerve. J Auton Nerv Syst, 9, 13-26.

 169. Sawchenko, P. E., & Swanson, L. W. (1983). The organization 
of forebrain afferents to the paraventricular and supraoptic  
nuclei of the rat. J Comp Neurol, 218, 121-144.

 170. Swanson, L. W., & Sawchenko, P. E. (1983). Hypothalamic  
integration: organization of the paraventricular and supraoptic 
nuclei. Ann Rev Neurosci, 6, 269-324.

 171. Ishikawa, S., Saito, T., & Yoshida, S. (1980). Effects of glucose 
and sodium chloride on the release of vasopressin in response  
to angiotensin II from the guinea pig. Neuroendocrinology, 31, 
365-368.

 172. Simon-Oppermann, C., Gray, D. A., & Simon, E. (1986).  
Independent osmoregulatory control of central and systemic  
angiotensin II concentrations in dogs. Am J Physiol, 250, 
R918-R925.

 173. de Bold, A. J. (1982). Tissue fractionation studies on the rela-
tionship between an atrial natriuretic factor and specific atrial 
granules. Can J Physiol Pharmacol, 60, 324-330.

 174. de Bold, A. J., Borenstein, H. B., Veress, A. T., & Sonnenberg, H. 
(1981). A rapid and potent natriuretic response to intravenous  
injection of atrial myocardial extract in rats. Life Sci, 28, 89-94.

 175. Yandle, T. G. (1994). Biochemistry of natriuretic peptides.  
[Review]. J Intern Med, 235, 561-576.

 176. Hamid, Q., Wharton, J., Terenghi, G., et al. (1987). Localization 
of atrial natriuretic peptide mRNA and immunoreactivity in the 
rat heart and human atrial appendage. Proc Natl Acad Sci USA, 
84, 6760-6764.

 177. Imura, H., Nakao, K., & Itoh, H. (1992). The natriuretic peptide 
system in the brain: implications in the central control of cardio-
vascular and neuroendocrine functions. Front Neuroendocrinol, 13, 
217-249.

 178. Inagaki, S., Kubota, Y., Kito, S., et al. (1986). Atrial natriuretic 
peptide-like immunoreactivity in the rat pituitary: light and  
electron microscopic studies. Regul Pept, 14, 101-111.

 179. Inagaki, S., Kubota, Y., Kito, S., et al. (1986). Immunoreactive 
atrial natriuretic polypeptide in the adrenal medulla and sympa-
thetic ganglia. Regul Pept, 15, 249-260.

 180. Ritter, D., Chao, J., Needeleman, P., et al. (1992). Localization, 
synthetic regulation, and biology of renal atriopeptin-like pro-
hormone Am J Physiol, 263, F503-F509.

 181. Grundlach, A. L., & Knobe, K. E. (1992). Distribution of  
preproatrial natriuretic peptide mRNA in rat brain detected by 
in situ hybridization of DNA oligonucleotides: enrichment in 
hypothalamic and limbic regions. J Neurochem, 59, 758-761.

 182. Herman, J. P., Langub, M. C. J., & Watson, R. E. J. (1993).  
Localization of C-type natriuretic peptide mRNA in rat  
hypothalamus. Endocrinology, 133, 1903-1906.

 183. Lewicki, J. A., Greenberg, B., Yamanaka, M., et al. (1986).  
Cloning, sequence analysis, and processing of the rat and human 
atrial natriuretic peptide precursors. [Review]. Fed Proc, 45, 
2086-2090.

 184. Sudoh, T., Kanagawa, K., Minamino, N., & Matsuo, H. (1988). 
A new natriuretic peptide in porcine brain. Nature, 332, 78-81.

 185. Hasegawa, K., Fujiwara, H., Doyama, K., et al. (1993). Ventricular 
expression of brain natriuretic peptide in hypertrophic cardiomy-
opathy. Circulation, 88, 372-380.

 186. Hasegawa, K., Fujiwara, H., Doyama, K., et al. (1993). Ventricular 
expression of atrial and brain natriuretic peptides in dilated cardio-
myopathy: an immunohistocytochemical study of the endomyocar-
dial biopsy specimens using specific monoclonal antibodies. Am J 
Pathol, 142, 107-116.

 187. Yoshimura, M., Yasue, H., Okumura, K., et al. (1993). Different 
secretion patterns of atrial natriuretic peptide and brain natriuretic 
peptide in patients with congestive heart failure. Circulation, 87, 
464-469.

 188. Sudoh, T., Maekawa, K., Kojima, M., et al. (1989). Cloning and 
sequence analysis of cDNA encoding a precursor for human 
brain natriuretic peptide. Biochem Biophys Res Commun, 159, 
1427-1434.

 189. Sudoh, T., Minamino, N., Kanagawa, K., & Matsuo, H. (1990). 
C-type natriuretic peptide (CNP): a new member of natriuretic 
peptide family identified in porcine brain. Biochem Biophys Res 
Commun, 168, 863-870.

 190. Cuneo, R. C., Espiner, E. A., Nicholls, M. G., et al. (1986).  
Renal, hemodynamic, and hormonal responses to atrial natri-
uretic peptide infusions in normal man, and effect of sodium  
intake. J Clin Endocrinol Metab, 63, 946-953.

 191. Espiner, E. A. (1994). Physiology of natriuretic peptides. [Review]. 
J Intern Med, 235, 527-541.

 192. Nakao, K., Ogawa, Y., Suga, S., & Imura, H. (1992). Molecular 
biology and biochemistry of the natriuretic peptide system. I: 
natriuretic peptides. [Review]. J Hypertens, 10, 907-912.

 193. Garbers, D. L., Koesling, D., & Schultz, G. (1994). Guanylyl 
cyclase receptors. [Review]. Mol Biol Cell, 5, 1-5.

 194. Schulz, S., Singh, S., Bellet, R. A., et al. (1989). The primary 
structure of a plasma membrane guanylate cyclase demonstrates 
diversity within this new receptor family. Cell, 58, 1155-1162.

 195. Yamaguchi, M., Rutledge, L. J., & Garbers, D. L. (1990). The 
primary structure of the rat guanylyl cyclase A/atrial natriuretic 
peptide receptor gene. J Biol Chem, 265, 20414-20420.

 196. Koller, K. J., Lowe, D. G., Bennett, G. L., et al. (1991). Selective 
activation of the B natriuretic peptide receptor by C-type natri-
uretic peptide (CNP). Science, 252, 120-123.

 197. Fuller, F., Porter, J. G., Arfsten, A. E., et al. (1982). Atrial  
natriuretic peptide clearance receptor: complete sequence and 
functional expression of cDNA clones. J Biol Chem, 263, 
9395-9401.

 198. Maack, T. (1992). Receptors of atrial natriuretic factor. Ann Rev 
Physiol, 54, 11-27.

 199. Wilcox, J. N., Augustine, A., Goeddel, D. V., & Lowe, D. G. 
(1991). Differential regional expression of three natriuretic  
peptide genes within primate tissues. Mol Cell Biol, 11, 
3454-3462.

 200. Tallerico-Melnyk, T., Yip, C. C., Watt, V. M. (1992). Widespread 
colocalization of messenger RNAs encoding the guanylate cyclase-
coupled natriuretic peptide receptors in rat tissues. Biochem Biophys 
Res Commun, 189, 610-616.

 201. Espiner, E. A., Nicholls, M. G., Yandle, T. G., et al. (1986). Studies 
on the secretion, metabolism and action of atrial natriuretic peptide 
in man. J Hypertens (Suppl.), 4, S85-S91.

 202. Crozier, I. G., Nicholls, M. G., Ikram, H., et al. (1986). Atrial 
natriuretic peptide in humans: production and clearance by  
various tissues. Hypertension, 8, II11-II15.

http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0805
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0810
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0815
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0820
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0825
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0830
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0835
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0840
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0845
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0850
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0855
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0860
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0865
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0870
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0875
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0880
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0885
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0890
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0895
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0900
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0905
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0910
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0915
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0920
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0925
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0930
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0935
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0940
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0945
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0950
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0955
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0960
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0965
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0970
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0975
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0980
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0985
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0990
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0995
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1000
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1005
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1010
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1015
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0800
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr0795


11  Disorders of the Posterior Pituitary 437

 203. Yandle, T. G., Espiner, E. A., Nicholls, M. G., & Duff, H. 
(1986). Radioimmunoassay and characterization of atrial natri-
uretic peptide in human plasma. J Clin Endocrinol Metab, 63, 
72-79.

 204. Fujii, T., Kojima, S., Imanishi, M., et al. (1991). Different mech-
anisms of polyuria and natriuresis associated with paroxysmal  
supraventricular tachycardia. Am J Cardiol, 68, 343.

 205. Fujii, T., Kojima, S., Ohe, T., et al. (1991). Dominance of blood 
pressure in natriuresis associated with supraventricular tachycar-
dia. Nephron, 57, 262.

 206. Kaye, G. C., Bayliss, P., Lowry, P. J., et al. (1992). Effect of  
induced supraventricular tachycardias on changes in urine and 
plasma hormone levels in man. Clin Sci, 82, 33.

 207. Cuneo, R. C., Espiner, E. A., Nicholls, M. G., et al. (1987).  
Effect of physiological levels of atrial natriuretic peptide on  
hormone secretion: inhibition of angiotensin-induced aldosterone 
secretion and renin release in normal man. J Clin Endocrinol Metab, 
65, 765-772.

 208. Kimura, T., Abe, K., Shoji, M., et al. (1986). Effects of human 
atrial natriuretic peptide on renal function and vasopressin  
release. Am J Physiol, 250, R789-R794.

 209. Thrasher, T. N., & Ramsay, D. J. (1993). Interactions between 
vasopressin and atrial natriuretic peptides. [Review]. Ann N Y 
Acad Sci, 689, 426-437.

 210. Williams, T. D., Walsh, K. P., Lightman, S. L., & Sutton, R. 
(1988). Atrial natriuretic peptide inhibits postural release of  
renin and vasopressin in humans. Am J Physiol, 255, R368-R372.

 211. Bahr, V., Sander-Bahr, C., Ardevol, R., et al. (1993). Effects of 
atrial natriuretic factor on the renin-aldosterone system: in vivo 
and in vitro studies. [Review]. J Steroid Biochem Mol Biol, 45, 
173-178.

 212. Florkowski, C. M., Richards, A. M., Espiner, E. A., et al. (1994). 
Renal, endocrine, and hemodynamic interactions of atrial and 
brain natriuretic peptides in normal men. Am J Physiol, 266, 
R1244-R1250.

 213. Wittert, G. A., Espiner, E. A., Richards, A. M., et al. (1993). 
Atrial natriuretic factor reduces vasopressin and angiotensin II 
but not the ACTH response to acute hypoglycaemic stress in 
normal men. Clin Endocrinol, 38, 183-189.

 214. Levin, E. R., Mills, S., & Weber, M. A. (1989). Central nervous 
system mediated vasodepressor action of atrial natriuretic factor. 
Life Sci, 44, 1617-1624.

 215. Yeung, V. T., Lai, C. K., Cockram, C. S., et al. (1991). Atrial  
natriuretic peptide in the central nervous system. [Review].  
Neuroendocrinology (Suppl. 1), 53, 18-24.

 216. Bordicchia, M., Liu, D., Amri, E. Z., et al. (2012). Cardiac  
natriuretic peptides act via p38 MAPK to induce the brown fat 
thermogenic program in mouse and human adipocytes. J Clin 
Invest, 122, 1022-1036.

 217. Wei, C., Aarhus, L. L., Miller, V. M., & Burnett, J. C. (1993). 
Action of C-type natriuretic peptide in isolated canine arteries 
and veins. Am J Physiol, 264, H71-H73.

 218. Clavell, A., Stingo, A., Wei, C., et al. (1993). C-type natriuretic 
peptide: a selective cardiovascular peptide. Am J Physiol, 264, 
R290-R295.

 219. Charles, C. J., Richards, A. M., & Espiner, E. A. (1992). Central 
C-type natriuretic peptide but not atrial natriuretic factor lowers 
blood pressure and adrenocortical secretion in normal conscious 
sheep. Endocrinology, 131, 1721-1726.

 220. Samson, W. K., Skala, K. D., & Huang, F. L. S. (1991). CNP-22 
stimulates, rather than inhibits, water drinking in the rat: evidence 
for a unique biological action of the C-type natriuretic peptides. 
Brain Res, 568, 285-288.

 221. Assadi, F. K., & John, E. G. (1985). Hypouricemia in neonates 
with syndrome of inappropriate secretion of antidiuretic hormone. 
Pediatr Res, 19, 424-427.

 222. Ganong, C. A., & Kappy, M. S. (1993). Cerebral salt wasting  
in children. The need for recognition and treatment [published 
erratum appears in Am J Dis Child (1993). 147, 369]. Am J Dis 
Child, 147, 167-169.

 223. Frasier, S. D., Kutnik, L. A., Schmidt, R. T., & Smith, F. G., Jr. 
(1967). A water deprivation test for the diagnosis of diabetes  
insipidus in children. Am J Dis Child, 114, 157-160.

 224. Richman, R. A., Post, E. M., Notman, D. D., et al. (1981).  
Simplifying the diagnosis of diabetes insipidus in children.  
Am J Dis Child, 135, 839-841.

 225. Koskimies, O., & Pylkkanen, J. (1984). Water intoxication in  
infants caused by the urine concentration test with the vasopres-
sin analogue (DDAVP). Acta Paediatr Scand, 73, 131-132.

 226. Bichet, D. G. (1994). Molecular and cellular biology of vasopres-
sin and oxytocin receptors and action in the kidney. [Review].  
Curr Opin Nephrol Hypertens, 3, 46-53.

 227. Milles, J. J., Spruce, B., & Baylis, P. H. (1983). A comparison  
of diagnostic methods to differentiate diabetes insipidus from 
primary polyuria: a review of 21 patients. Acta Endocrinol, 104, 
410-416.

 228. Zerbe, R. L., & Robertson, G. L. (1981). A comparison of 
plasma vasopressin measurements with a standard indirect test  
in the differential diagnosis of polyuria. N Engl J Med, 305, 
1539-1546.

 229. Andersson, B., Leksell, L. G., & Rundgren, M. (1982). Regulation 
of water intake. [Review]. Ann Rev nutr, 2, 73-89.

 230. Fenske, W., & Allolio, B. (2012). Current state and future per-
spectives in the diagnosis of diabetes insipidus: a clinical review. 
J Clin Endocrinol Metab, 97, 3426-3437.

 231. Papapostolou, C., Mantzoros, C. S., Evagelopoulou, C., et al. 
(1995). Imaging of the sella in the syndrome of inappropriate  
secretion of antidiuretic hormone. J Intern Med, 237, 181-185.

 232. Moses, A. M., Clayton, B., & Hochhauser, L. (1992). Use of T1-
weighted MR imaging to differentiate between primary polydipsia 
and central diabetes insipidus [comment] [see comments]. AJNR 
Am J Neuroradiol, 13, 1273-1277.

 233. Halimi, P., Sigal, R., Doyon, D., et al. (1988). Post-traumatic  
diabetes insipidus: MR demonstration of pituitary stalk rupture. 
J Comput Assist Tomogr, 12, 135-137.

 234. Maghnie, M., Villa, A., Arico, M., et al. (1992). Correlation  
between magnetic resonance imaging of posterior pituitary and 
neurohypophyseal function in children with diabetes insipidus.  
J Clin Endocrinol Metab, 74, 795-800.

 235. Maghnie, M., Genovese, E., Arico, M., et al. (1994). Evolving 
pituitary hormone deficiency is associated with pituitary vascu-
lopathy: dynamic MR study in children with hypopituitarism,  
diabetes insipidus, and Langerhans cell histiocytosis. Radiology, 
193, 493-499.

 236. Sato, N., Ishizaka, H., Yagi, H., Matsumoto, M., & Endo, K. 
(1993). Posterior lobe of the pituitary in diabetes insipidus:  
dynamic MR imaging. Radiology, 186, 357-360.

 237. Medani, C. R. (1987). Seizures and hypothermia due to dietary 
water intoxication in infants. South Med J, 80, 421-425.

 238. Davidson, S., Frand, M., & Rotem, Y. (1978). Primary polydipsia 
in infancy: a benign disorder simulating diabetes insipidus. Clin 
Pediatr, 17, 419-420.

 239. Kovacs, L., Sulyok, E., Lichardus, B., et al. (1986). Renal response 
to arginine vasopressin in premature infants with late hyponatrae-
mia. Arch Dis Child, 61, 1030-1032.

 240. Robertson, G. L. (1987). Dipsogenic diabetes insipidus: a  
newly recognized syndrome caused by a selective defect in  
the osmoregulation of thirst. Trans Assoc Am Physicians, 100, 
241-249.

 241. Ahmed, A. B., George, B. C., Gonzalez-Auvert, C., & Dingman, 
J. F. (1967). Increased plasma arginine vasopressin in clinical  
adrenocortical insufficiency and its inhibition by glucosteroids.  
J Clin Invest, 46, 111-123.

 242. Dingman, J. F., & Despointes, R. H. (1960). Adrenal steroid  
inhibition of vasopressin release from the neurohypophysis of 
normal subjects and patients with Addison’s disease . J Clin 
Invest, 39, 1851-1863.

 243. Iwasaki, Y., Oiso, Y., Saito, H., & Majzoub, J. A. (1997). Positive 
and negative regulation of the rat vasopressin gene promoter. 
Endocrinology, 138, 5266-5274.

 244. Kleeman, C. R., Czaczkes, J. W., & Cutler, R. (1964). Mechanisms 
of impaired water excretion in adrenal and pituitary insufficiency. 
IV. Antidiuretic hormone in primary and secondary adrenal insuffi-
ciency. J Clin Invest, 43, 1641-1648.

 245. Kamoi, K., Tamura, T., Tanaka, K., et al. (1993). Hyponatremia 
and osmoregulation of thirst and vasopressin secretion in patients 
with adrenal insufficiency. J Clin Endocrinol Metab, 77, 1584-1588.

 246. Laczi, F., Janaky, T., Ivanyi, T., et al. (1987). Osmoregulation of 
arginine-8-vasopressin secretion in primary hypothyroidism and 
in Addison’s disease. Acta Endocrinologica, 114, 389-395.

 247. Bouley, R., Breton, S., Sun, T., et al. (2000). Nitric oxide and 
atrial natriuretic factor stimulate cGMP-dependent membrane 

http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1020
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1025
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1030
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1035
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1040
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1045
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1050
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1055
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1060
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1065
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1070
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1075
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1080
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1085
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1090
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1095
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1100
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1105
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1110
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1115
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1120
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1125
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1130
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1135
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1140
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1145
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1150
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1155
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1165
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1170
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1175
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1180
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1185
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1195
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1200
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1205
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1210
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1215
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1220
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1225
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1230
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1235
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1160
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1240
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1190


SECTION III Endocrine Disorders in Children and Adolescents438

insertion of aquaporin 2 in renal epithelial cells. J Clin Invest, 
106, 1115-1126.

 248. Wallerath, T., Witte, K., Schafer, S. C., et al. (1999). Down- 
regulation of the expression of endothelial NO synthase is likely 
to contribute to glucocorticoid-mediated hypertension. Proc Natl 
Acad Sci USA, 96, 13357-13362.

 249. Schwartz, M. J., & Kokko, J. P. (1980). Urinary concentrating 
defect of adrenal insufficiency: permissive role of adrenal steroids 
on the hydroosmotic response across the rabbit cortical collect-
ing tubule. J Clin Invest, 66, 234-242.

 250. Schrier, R. W., & Berl, T. (1975). Nonosmolar factors affecting 
renal water excretion (first of two parts). [Review]. N Engl J Med, 
292, 81-88.

 251. Iwasaki, Y., Oiso, Y., Yamauchi, K., et al. (1990). Osmoregulation 
of plasma vasopressin in myxedema. J Clin Endocrinol Metab, 70, 
534-539.

 252. Discala, V. A., & Kinney, M. J. (1971). Effects of myxedema in 
the renal diluting and concentrating mechanism. Am J Med, 50, 
325-335.

 253. Michael, U. F., Barenberg, R. L., Chavez, R., et al. (1972).Renal 
handling of sodium and water in the hypothyroid rat: clearance 
and micropuncture studies. J Clin Invest, 51, 1405-1412.

 254. Yount, E., & Little, J. M. (1955). Renal clearance in patients 
with myxedema. J Clin Endocrinol Metab, 15, 343-346.

 255. Iwasaki, Y., Kondo, K., Hasegawa, H., & Oiso, Y. (1997).  
Osmoregulation of plasma vasopressin in three cases with  
adrenal insufficiency of diverse etiologies. Horm Res, 47, 38-44.

 256. Yamada, K., Tamura, Y., & Yoshida, S. (1989). Effect of adminis-
tration of corticotropin-releasing hormone and glucocorticoid 
on arginine vasopressin response to osmotic stimulus in normal 
subjects and patients with hypocorticotropinism without overt 
diabetes insipidus. J Clin Endocrinol Metab, 69, 396-401.

 257. Kamiyama, T., Iseki, K., Kawazoe, N., et al. (1993). Carbamazepine-
induced hyponatremia in a patient with partial central diabetes insip-
idus. Nephron, 64, 142-145.

 258. Van Amelsvoort, T., Bakshi, R., Devaux, C. B., & Schwabe, S. 
(1994). Hyponatremia associated with carbamazepine and oxcar-
bazepine therapy: a review. [Review]. Epilepsia, 35,181-188.

 259. Lozada, E. S., Gouaux, J., Franki, N., et al. (1972). Studies of 
the mode of action of the sulfonylureas and phenylacetamides in 
enhancing the effect of vasopressin. J Clin Endocrinol Metab, 34, 
704-712.

 260. Moses, A. M., Numann, P., & Miller, M. (1973). Mechanism  
of chlorpropamide-induced antidiuresis in man: evidence for  
release of ADH and enhancement of peripheral action. Metabolism, 
22, 59-66.

 261. Bressler, R. B., & Huston, D. P. (1985). Water intoxication  
following moderate-dose intravenous cyclophosphamide. Arch 
Intern Med, 145, 548-549.

 262. Harlow, P. J., DeClerck, Y. A., Shore, N. A., et al. (1979). A fatal 
case of inappropriate ADH secretion induced by cyclophospha-
mide therapy. Cancer, 44, 896-898.

 263. Larose, P., Ong, H., & du Souich, P. (1987). The effect of cyclo-
phosphamide on arginine vasopressin and the atrial natriuretic 
factor. Biochem Biophys Res Commun, 143, 140-44.

 264. Bode, U., Seif, S. M., & Levine, A. S. (1980). Studies on the  
antidiuretic effect of cyclophosphamide: vasopressin release and 
sodium excretion. Med Pediatr Oncol, 8, 295-303.

 265. Zavagli, G., Ricci, G., Tataranni, G., et al. (1988). Life-threatening 
hyponatremia caused by vinblastine. Med Oncol Tumor Pharmacother, 
5, 67-69.

 266. Hutchison, F. N., Perez, E. A., Gandara, D. R., et al. (1988).  
Renal salt wasting in patients treated with cisplatin. Ann Intern 
Med, 108, 21-25.

 267. Ritch, P. S. (1988). Cis-dichlorodiammineplatinum II-induced 
syndrome of inappropriate secretion of antidiuretic hormone. 
Cancer, 61, 448-450.

 268. Gerigk, M., Bald, M., Feth, F., & Rascher, W. (1993). Clinical 
settings and vasopressin function in hyponatraemic children. Eur 
J Pediatr, 152, 301-305.

 269. Judd, B. A., Haycock, G. B., Dalton, N., & Chantler, C. (1987). 
Hyponatraemia in premature babies and following surgery in 
older children. Acta Paediatr Scand, 76, 385-493.

 270. Anderson, R. J., Chung, H. M., Kluge, R., & Schrier, R. W. (1985). 
Hyponatremia: a prospective analysis of its epidemiology and the 
pathogenetic role of vasopressin. Ann Intern Med, 102, 164-168.

 271. Kanakriyeh, M., Carvajal, H. F., & Vallone, A. M. (1987). Initial 
fluid therapy for children with meningitis with consideration  
of the syndrome of inappropriate anti-diuretic hormone. Clin 
Pediatr, 26, 126-130.

 272. Padilla, G., Ervin, M. G., Ross, M. G., & Leake, R. D. ( 
1991). Vasopressin levels in infants during the course of  
aseptic and bacterial meningitis. Am J Dis Child, 145, 
991-993.

 273. Powell, K. R., Sugarman, L. I., Eskenazi, A. E., et al. (1990). Nor-
malization of plasma arginine vasopressin concentrations when 
children with meningitis are given maintenance plus replacement 
fluid therapy. J Pediatr, 117, 515-522.

 274. Vingerhoets, F., & de Tribolet, N. (1988). Hyponatremia  
hypo-osmolarity in neurosurgical patients: “appropriate secre-
tion of ADH” and “cerebral salt wasting syndrome.” Acta 
Neurochirurgica, 91, 50-54.

 275. Neville, K. A., Verge, C. F., O’Meara, M. W., & Walker, J. L. 
(2005). High antidiuretic hormone levels and hyponatremia in 
children with gastroenteritis. Pediatrics, 116, 1401-1407.

 276. Neville, K. A., Verge, C. F., Rosenberg, A. R., et al. (2006).  
Isotonic is better than hypotonic saline for intravenous rehydra-
tion of children with gastroenteritis: a prospective randomised 
study. Arch Dis Child, 91, 226-232.

 277. Choong, K., Kho, M. E., Menon, K., & Bohn, D. (2006).  
Hypotonic versus isotonic saline in hospitalised children:  
a systematic review. Arch Dis Child, 91, 828-835.

 278. Zanardo, V., Ronconi, M., Ferri, N., & Zacchello, G. (1989). 
Plasma arginine vasopressin, diuresis, and neonatal respiratory 
distress syndrome. Padiatr Padol, 24, 297-302.

 279. Potts, F. L., & May R. B. (1986). Early syndrome of inappropri-
ate secretion of antidiuretic hormone in a child with burn injury. 
Ann Emerg Med, 15, 834-835.

 280. Kojima, T., Fukuda, Y., Hirata, Y., et al. (1990). Changes in  
vasopressin, atrial natriuretic factor, and water homeostasis in 
the early stage of bronchopulmonary dysplasia. Pediatr Res, 27, 
260-263.

 281. Rao, M., Eid, N., Herrod, L., et al. (1986). Antidiuretic hor-
mone response in children with bronchopulmonary dysplasia 
during episodes of acute respiratory distress. Am J Dis Child, 
140, 825-882.

 282. Sulyok, E., Kovacs, L., Lichardus, B., et al (1985). Late hypona-
tremia in premature infants: role of aldosterone and arginine  
vasopressin. J Pediatr, 106, 990-994.

 283. Cohen, L. F., di Sant’Agnese, P. A., Taylor, A., & Gill, J. R., Jr. 
(1977). The syndrome of inappropriate antidiuretic hormone  
secretion as a cause of hyponatremia in cystic fibrosis. J Pediatr, 
90, 574-578.

 284. Stegner, H., Caspers, S., Niggemann, B., & Commentz, J. 
(1986). Urinary arginine-vasopressin (AVP) excretion in cystic  
fibrosis (CF). Acta Endocrinol (Suppl.), 279, 448-451.

 285. Arisaka, O., Shimura, N., Hosaka, A., et al. (1998). Water intoxi-
cation in asthma assessed by urinary arginine vasopressin. Eur J 
Pediatr, 148, 167-169.

 286. Iikura, Y., Odajima, Y., Akazawa, A., et al. (1989). Antidiuretic 
hormone in acute asthma in children: effects of medication on 
serum levels and clinical course. Allergy Proc, 10, 197-201.

 287. Schrier, R. W., & Berl, T. (1975). Nonosmolar factors affecting 
renal water excretion (second of two parts). [Review]. N Engl J 
Med, 292, 141-145.

 288. O’Rahilly, S. (1985). Secretion of antidiuretic hormone in hypo-
natraemia: not always “inappropriate.” Br Med J (Clin Res Ed), 
290,1803-1804.

 289. Kamel, K. S., & Bear, R. A. (1993). Treatment of hyponatremia: 
a quantitative analysis. [Review]. Am J Kidney Dis, 21, 439-443.

 290. Schrier, R. W. (1985). Treatment of hyponatremia [Editorial].  
N Engl J Med, 312, 1121-1123.

 291. Videen, J. S., Michaelis, T., Pinto, P., & Ross, B. D. (1995).  
Human cerebral osmolytes during chronic hyponatremia:  
a proton magnetic resonance spectroscopy study. J Clin Invest, 
95, 788-793.

 292. Ayus, J. C., & Arieff, A. I. (1993). Pathogenesis and prevention 
of hyponatremic encephalopathy. [Review]. Endocrinol Metab Clin 
North Am, 22, 425-446.

 293. Sterns, R. H., Riggs, J. E., & Schochet, S. S., Jr. (1986). Osmotic 
demyelination syndrome following correction of hyponatremia. 
N Engl J Med, 314, 1535-1542.

http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1245
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1250
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1255
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1260
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1265
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1270
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1275
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1280
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1285
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1290
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1300
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1305
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1310
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1315
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1320
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1325
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1330
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1335
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1340
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1345
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1350
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1355
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1360
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1365
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1370
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1380
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1385
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1390
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1395
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1400
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1405
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1410
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1415
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1420
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1425
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1430
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1435
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1440
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1450
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1455
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1460
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1465
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1295
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1375
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1445
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1470


11  Disorders of the Posterior Pituitary 439

 294. Ayus, J. C., Krothapalli, R. K., & Arieff, A. I. (1985). Changing 
concepts in treatment of severe symptomatic hyponatremia: 
rapid correction and possible relation to central pontine myelin-
olysis. Am J Med, 78, 897-902.

 295. Ayus, J. C., Krothapalli, R. K., & Arieff, A. I. (1987). Treatment 
of symptomatic hyponatremia and its relation to brain damage: a 
prospective study. [Review]. N Engl J Med, 317, 1190-1195.

 296. Sklar, C., Fertig, A., & David, R. (1985). Chronic syndrome of 
inappropriate secretion of antidiuretic hormone in childhood. 
Am J Dis Child, 139, 733-735.

 297. Tang, T. T., Whelan, H. T., Meyer, G. A., et al. (1991). Optic chi-
asm glioma associated with inappropriate secretion of antidiuretic 
hormone, cerebral ischemia, nonobstructive hydrocephalus and 
chronic ascites following ventriculoperitoneal shunting. Childs 
Nerv Syst, 7, 458-461.

 298. Padilla, G., Leake, J. A., Castro, R., et al. (1989). Vasopressin 
levels and pediatric head trauma. Pediatrics, 83, 700-705.

 299. Goldman, M. B., Luchins, D. J., & Robertson, G. L. (1988). 
Mechanisms of altered water metabolism in psychotic patients 
with polydipsia and hyponatremia. N Engl J Med, 318, 397-403.

 300. Meierkord, H., Shorvon, S., & Lightman, S. L. (1994). Plasma 
concentrations of prolactin, noradrenaline, vasopressin and  
oxytocin during and after a prolonged epileptic seizure Acta 
Neurol Scand, 90, 73-77.

 301. Edwards, C. M., Carmichael, J., Baylis, P. H., & Harris, A. L. 
(1989). Arginine vasopressin: a mediator of chemotherapy induced 
emesis? Br J Cancer, 59, 467-470.

 302. Coslovsky, R., Bruck, R., & Estrov, Z. (1984). Hypo-osmolal 
syndrome due to prolonged nausea. Arch Intern Med, 144, 
191-192.

 303. Dhawan, A., Narang, A., & Singhi, S. (1992). Hyponatraemia 
and the inappropriate ADH syndrome in pneumonia. Ann Trop 
Paediatr, 12, 455-462.

 304. van Steensel-Moll, H. A., Hazelzet, J. A., van der Voort, E.,  
& Neijens, H. J. (1990). Excessive secretion of antidiuretic  
hormone in infections with respiratory syncytial virus. Arch Dis 
Child, 65, 1237-1239.

 305. Tang, W.W., Kaptein, E. M., Feinstein, E. I., & Massry, S. G. 
(1993). Hyponatremia in hospitalized patients with the acquired 
immunodeficiency syndrome (AIDS) and the AIDS-related  
complex. Am J Med, 94, 169-174.

 306. Weissman, P. N., Shenkman, L., & Gregerman, R. I. (1971). 
Chlorpropamide hyponatremia: drug-induced inappropriate  
antidiuretic-hormone activity. N Engl J Med, 284, 65-71.

 307. Escuro, R. S., Adelstein, D. J., & Carter, S. G. (1992). Syndrome 
of inappropriate secretion of antidiuretic hormone after infusional 
vincristine. Cleve Clin J Med, 59, 643-644.

 308. Liskin, B., Walsh, B. T., Roose, S. P., & Jackson, W. (1984). 
Imipramine-induced inappropriate ADH secretion. J Clin 
Psychopharmacol, 4, 146-147.

 309. Parker, W. A. (1984). Imipramine-induced syndrome of inappro-
priate antidiuretic hormone secretion. Drug Intell Clin Pharm, 
18, 890-894.

 310. Moses, A. M., Howanitz, J., & Miller, M.(1973). Diuretic action 
of three sulfonylurea drugs. Ann Intern Med, 78, 541-544.

 311. Cotton, M. F., Donald, P. R., Schoeman, J. F., et al. (1991). 
Plasma arginine vasopressin and the syndrome of inappropriate 
antidiuretic hormone secretion in tuberculous meningitis. Pediatr 
Infect Dis J, 10, 837-842.

 312. Cotton, M. F., Donald, P. R., Schoeman, J. F., et al. (1993). 
Raised intracranial pressure, the syndrome of inappropriate  
antidiuretic hormone secretion, and arginine vasopressin in  
tuberculous meningitis. Childs Nerv Syst, 9, 10-15, Discussion 
15-16.

 313. Hill, A. R., Uribarri, J., Mann, J., & Berl, T. (1990). Altered water 
metabolism in tuberculosis: role of vasopressin. Am J Med, 88, 
357-364.

 314. Olson, B. R., Rubino, D., Gumowski, J., & Oldfield, E. H. 
(1995). Isolated hyponatremia after transsphenoidal pituitary 
surgery. J Clin Endocrinol Metab, 80, 85-91.

 315. Sane, T., Rantakari, K., Poranen, A., et al. (1994). Hyponatremia 
after transsphenoidal surgery for pituitary tumors. J Clin 
Endocrinol Metab, 79, 1395-1398.

 316. Crigler, J. F., Jr. (1976). Commentary: On the use of pitressin  
in infants with neurogenic diabetes insipidus. J Pediatr, 88, 
295-296.

 317. Smith, T. J., Gill, J. C., Ambruso, D. R., & Hathaway, W. E. 
(1989). Hyponatremia and seizures in young children given 
DDAVP. Am J Hematol, 31, 199-202.

 318. Feldman, B. J., Rosenthal, S. M., Vargas, G. A., et al. (2005). 
Nephrogenic syndrome of inappropriate antidiuresis. N Engl 
J Med, 352, 1884-1890.

 319. Morello, J. P., & Bichet, D. G. (2001). Nephrogenic diabetes  
insipidus. Annu Rev Physiol, 63, 607-630.

 320. Vandergheynst, F., Brachet, C., Heinrichs, C., & Decaux, G. 
(2012). Long-term treatment of hyponatremic patients with 
nephrogenic syndrome of inappropriate antidiuresis: personal 
experience and review of published case reports. Nephron Clin 
Pract, 120, c168-c172.

 321. Robertson, G. L. (2011). Vaptans for the treatment of hypona-
tremia. Nat Rev Endocrinol, 7, 151-161.

 322. Decaux, G., Soupart, A., & Vassart, G. (2008). Non-peptide  
arginine-vasopressin antagonists: the vaptans. Lancet, 371, 
1624-1632.

 323. Soupart, A., Gross, P., Legros, J. J., et al (2006). Successful long-
term treatment of hyponatremia in syndrome of inappropriate 
antidiuretic hormone secretion with satavaptan (SR121463B), an 
orally active nonpeptide vasopressin V2-receptor antagonist. Clin 
J Am Soc Nephrol, 1, 1154-1160.

 324. Rianthavorn, P., Cain, J. P., & Turman, M. A. (2008). Use of 
conivaptan to allow aggressive hydration to prevent tumor lysis 
syndrome in a pediatric patient with large-cell lymphoma and 
SIADH. Pediatr Nephrol, 23, 1367-1370.

 325. Decaux, G. (2007). V2-antagonists for the treatment of hypona-
traemia. Nephrol Dial Transplant, 22, 1853-1855.

 326. Kamoi, K., Ebe, T., Kobayashi, O., et al. (1990). Atrial natriuretic 
peptide in patients with the syndrome of inappropriate antidiuretic 
hormone secretion and with diabetes insipidus. J Clin Endocrinol 
Metab, 70, 1385-1390.

 327. Manoogian, C., Pandian, M., Ehrlich, L., et al. (1988). Plasma 
atrial natriuretic hormone levels in patients with the syndrome of 
inappropriate antidiuretic hormone secretion. J Clin Endocrinol 
Metab, 67, 571-575.

 328. Kojima, T., Hirata, Y., Umeda, Y., et al. (1989). Role of atrial  
natriuretic peptide in the diuresis of a newborn infant with the 
syndrome of inappropriate antidiuretic hormone secretion. Acta 
Paediatr Scand, 78, 793-796.

 329. Wijdicks, E. F., Ropper, A. H., Hunnicutt, E. J., et al. (1991). Atrial 
natriuretic factor and salt wasting after aneurysmal subarachnoid 
hemorrhage. Stroke, 22, 1519-1524.

 330. Isotani, E., Suzuki, R., Tomita, K., et al. (1994). Alterations  
in plasma concentrations of natriuretic peptides and antidi-
uretic hormone after subarachnoid hemorrhage. Stroke, 25, 
2198-2203.

 331. Diringer, M., Ladenson, P. W., Borel, C., et al. (1989). Sodium 
and water regulation in a patient with cerebral salt wasting. Arch 
Neurol, 46, 928-930.

 332. Rivkees, S. A. (2008). Differentiating appropriate antidiuretic 
hormone secretion, inappropriate antidiuretic hormone secretion 
and cerebral salt wasting: the common, uncommon, and mis-
named. Curr Opin Pediatr, 20, 448-452.

 333. Brimioulle, S., Orellana-Jimenez, C., Aminian, A., & Vincent, J. L. 
(2008). Hyponatremia in neurological patients: cerebral salt wast-
ing versus inappropriate antidiuretic hormone secretion. Intensive 
Care Med, 34, 125-131.

 334. Vokes, T. P., Aycinena, P. R., & Robertson, G. L. (1987). Effect 
of insulin on osmoregulation of vasopressin. Am J Physiol, 252, 
E538-E548.

 335. Zerbe, R. L., Vinicor, F., & Robertson, G. L. (1979). Plasma  
vasopressin in uncontrolled diabetes mellitus. Diabetes, 28, 
503-508.

 336. Ishikawa, S., Saito, T., Okada, K., et al. (1990). Prompt recovery 
of plasma arginine vasopressin in diabetic coma after intravenous 
infusion of a small dose of insulin and a large amount of fluid. 
Acta Endocrinol, 122, 455-461.

 337. Tulassay, T., Rascher, W., Korner, A., & Miltenyi, M. (1987). 
Atrial natriuretic peptide and other vasoactive hormones during 
treatment of severe diabetic ketoacidosis in children. J Pediatr, 
111, 329-334.

 338. Zerbe, R. L., Vinicor, F., & Robertson, G. L. (1985). Regulation 
of plasma vasopressin in insulin-dependent diabetes mellitus. Am 
J Physiol, 249, E317-E325.

http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1475
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1480
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1485
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1490
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1500
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1505
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1510
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1515
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1520
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1525
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1530
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1535
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1540
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1545
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1550
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1555
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1560
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1565
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1570
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1575
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1580
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1585
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1590
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1595
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1600
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1605
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1610
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1615
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1620
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1625
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1630
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1635
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1640
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1645
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1650
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1655
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1660
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1665
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1670
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1675
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1680
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1685
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1690
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1695


SECTION III Endocrine Disorders in Children and Adolescents440

 339. Greger, N. G., Kirkland, R. T., Clayton, G. W., & Kirkland, J. 
L. (1986). Central diabetes insipidus. 22 years’ experience. Am J 
Dis Child, 140, 551-554.

 340. Wang, L. C., Cohen, M. E., & Duffner, P. K. (1994). Etiologies of 
central diabetes insipidus in children. Pediatr Neurol, 11, 273-277.

 341. Richards, G. E., Thomsett, M. J., Boston, B. A., et al. (2011). 
Natural history of idiopathic diabetes insipidus. J Pediatr, 159, 
566-570.

 342. Pedersen, E. B., Lamm, L. U., Albertsen, K., et al. (1985). Familial 
cranial diabetes insipidus: a report of five families: Genetic, diag-
nostic and therapeutic aspects. Q J Med, 57, 883-896.

 343. Os, I., Aakesson, I., & Enger, E. (1985). Plasma vasopressin  
in hereditary cranial diabetes insipidus. Acta Med Scand, 217, 
429-434.

 344. Toth, E. L., Bowen, P. A., & Crockford, P. M. (1984). Hereditary 
central diabetes insipidus: plasma levels of antidiuretic hormone 
in a family with a possible osmoreceptor defect. CMAJ, 131, 
1237-1241.

 345. Nagai, I., Li, C. H., Hsieh, S. M., et al. (1984). Two cases of  
hereditary diabetes insipidus, with an autopsy finding in one. 
Acta Endocrinol, 105, 318-323.

 346. Bergeron, C., Kovacs, K., Ezrin, C., & Mizzen, C. (1991). 
Hereditary diabetes insipidus: an immunohistochemical study 
of the hypothalamus and pituitary gland. Acta Neuropathol, 81, 
345-348.

 347. Willcutts, M. D., Felner, E., & White, P. C. (1999). Autosomal 
recessive familial neurohypophyseal diabetes insipidus with con-
tinued secretion of mutant weakly active vasopressin. Hum Mol 
Genet, 8, 1303-1307.

 348. Ito, M., Yu, R. N., & Jameson, J. L. (1999). Mutant vasopressin 
precursors that cause autosomal dominant neurohypophyseal  
diabetes insipidus retain dimerization and impair the secretion  
of wild-type proteins. J Biol Chem, 274, 9029-9037.

 349. Ito, M., & Jameson, J. L. (1997). Molecular basis of autosomal 
dominant neurohypophyseal diabetes insipidus: cellular toxicity 
caused by the accumulation of mutant vasopressin precursors 
within the endoplasmic reticulum. J Clin Invest, 99, 1897-1905.

 350. Russell, T. A., Ito, M., Ito, M., et al. (2003). A murine model of 
autosomal dominant neurohypophyseal diabetes insipidus reveals 
progressive loss of vasopressin-producing neurons. J Clin Invest, 
112, 1697-1706.

 351. Russell, T. A., Ito, M., Yu, R. N., et al. (2003). A murine model 
of autosomal dominant neurohypophyseal diabetes insipidus  
reveals progressive loss of vasopressin-producing neurons.  
J Clin Invest, 112, 1697-1706.

 352. Thompson, C. J., Charlton, J., Walford, S., et al. (1989).Vaso-
pressin secretion in the DIDMOAD (Wolfram) syndrome. Q J 
Med, 71, 333-345.

 353. Grosse Aldenhovel, H. B., Gallenkamp, U., & Sulemana, C. A. 
(1991). Juvenile onset diabetes mellitus, central diabetes insipidus 
and optic atrophy (Wolfram syndrome): neurological findings and 
prognostic implications. Neuropediatrics, 22, 103-106.

 354. Osman, A. A., Saito, M., Makepeace, C., et al. (2003). Wolframin 
expression induces novel ion channel activity in endoplasmic  
reticulum membranes and increases intracellular calcium. J Biol 
Chem, 278, 52755-52762.

 355. Riggs, A. C., Bernal-Mizrachi, E., Ohsugi, M., et al. (2005). 
Mice conditionally lacking the Wolfram gene in pancreatic islet 
beta cells exhibit diabetes as a result of enhanced endoplasmic 
reticulum stress and apoptosis. Diabetologia, 48, 2313-2321.

 356. Labib, M., McPhate, G., & Marks, V. (1987). Post-traumatic  
diabetes insipidus combined with primary polydipsia. Postgrad 
Med J, 63, 33-35.

 357. Defoer, F., Mahler, C., Dua, G., & Appel, B. (1987). Posttraumatic 
diabetes insipidus. Acta Anaesthesiol Bel, 38, 397-399.

 358. Hadani, M., Findler, G., Shaked, I., & Sahar, A. (1985). Unusual 
delayed onset of diabetes insipidus following closed head trauma: 
case report. J Neurosurg, 63, 456-458.

 359. Jenkins, H. R., Hughes, I. A., & Gray, O. P. (1988). Cranial dia-
betes insipidus in early infancy. Arch Dis Child, 63, 434-435.

 360. Piech, J. J., Thieblot, P., Haberer, J. P., et al. (1985). [Twin preg-
nancy with acute hepatic steatosis followed by antehypophyseal 
insufficiency and diabetes insipidus]. Presse Med, 14, 1421-1423 
(in French).

 361. Iwasaki, Y., Oiso, Y., Yamauchi, K., et al. (1989). Neurohypophy-
seal function in postpartum hypopituitarism: impaired plasma 

vasopressin response to osmotic stimuli. J Clin Endocrinol Metab, 
68, 560-565.

 362. Seckl, J. R., Dunger, D. B., & Lightman, S. L. (1987). Neurohy-
pophyseal peptide function during early postoperative diabetes 
insipidus. Brain, 110, 737-746.

 363. Finken, M. J., Zwaveling-Soonawala, N., Walenkamp, M. J.,  
et al. (2011). Frequent occurrence of the triphasic response  
(diabetes insipidus/hyponatremia/diabetes insipidus) after sur-
gery for craniopharyngioma in childhood. Horm Res Paediatr, 
76, 22-26.

 364. Masera, N., Grant, D. B., Stanhope, R., & Preece, M. A. (1994). 
Diabetes insipidus with impaired osmotic regulation in septo- 
optic dysplasia and agenesis of the corpus callosum. Arch Dis 
Child, 70, 51-53.

 365. Tawa, R., Kaino, Y., Ito, T., et al. (1994). A case of Kabuki make-up 
syndrome with central diabetes insipidus and growth hormone neu-
rosecretory dysfunction. Acta Paediatr Jpn, 36, 412-415.

 366. Van Gool, S., de Zegher, F., de Vries, L. S., et al. (1990). Alobar 
holoprosencephaly, diabetes insipidus and coloboma without  
craniofacial abnormalities: a case report. Eur J Pediatr, 149, 
621-622.

 367. Yagi, H., Nagashima, K., Miyake, H., et al. (1994). Familial  
congenital hypopituitarism with central diabetes insipidus. J Clin 
Endocrinol Metab, 78, 884-889.

 368. Villadsen, A. B., & Pedersen, E. B. (1997). Recumbent cranial 
diabetes insipidus. Studies in a patient with adipsia, hypernatre-
mia, poikilothermia and polyphagia. Acta Paediatr Scand, 76, 
179-183.

 369. Ono, N., Kakegawa, T., Zama, A., et al. (1992). Suprasellar  
germinomas: relationship between tumour size and diabetes  
insipidus. Acta Neurochir, 114, 26-32.

 370. Tarng, D. C., & Huang, T. P. (1995). Diabetes insipidus as an early 
sign of pineal tumor. Am J Nephrol, 15, 161-164.

 371. Appignani, B., Landy, H., & Barnes, P. (1993). MR in idiopathic 
central diabetes insipidus of childhood. AJNR Am J Neuroradiol, 
14, 1407-1410.

 372. Hung, W., & Fitz, C. R. (1992). The primary empty-sella syn-
drome and diabetes insipidus in a child. Acta Paediatrica, 81, 
459-461.

 373. Eichhorn, P., Rhyner, K., Haller, D., et al. (1988). [Diabetes  
insipidus in chronic myeloid leukemia: remission of hypophyseal 
infiltration during busulfan treatment]. Schweiz Med Wochenschr, 
118, 275-279 (in German).

 374. Puolakka, K., Korhonen, T., & Lahtinen, R. (1984). Diabetes  
insipidus in preleukaemic phase of acute myeloid leukaemia in  
2 patients with empty sella turcica: a report of 2 cases. Scand 
J Haematol, 32, 364-366.

 375. Foresti, V., Casati, O., Villa, A., et al. (1992). Central diabetes  
insipidus due to acute monocytic leukemia: case report and review 
of the literature. [Review]. J Endocrinol Invest, 15, 127-130.

 376. de la Chapelle, A., & Lahtinen, R. (1987). Monosomy 7 predisposes 
to diabetes insipidus in leukaemia and myelodysplastic syndrome. 
[Review]. Eur J Haematol, 39, 404-411.

 377. Kanabar, D. J., Betts, D. R., Gibbons, B., et al. (1994). Monosomy 
7, diabetes insipidus and acute myeloid leukemia in childhood.  
Pediatr Hematol Oncol, 11, 111-114.

 378. La Starza, R., Falzetti, D., Fania, C., et al. (1994). 3q aberration 
and monosomy 7 in ANLL presenting with high platelet count 
and diabetes insipidus. Haematologica, 79, 356-359.

 379. Ra’anani, P., Shpilberg, O., Berezin, M., & Ben-Bassat, I. (1994). 
Acute leukemia relapse presenting as central diabetes insipidus. 
[Review]. Cancer, 73, 2312-2316.

 380. Dunger, D. B., Broadbent, V., Yeoman, E., et al. (1989). The fre-
quency and natural history of diabetes insipidus in children with 
Langerhans-cell histiocytosis. N Engl J Med, 321, 1157-1162.

 381. Grois, N., Flucher-Wolfram, B., Heitger, A., et al. (1995). Diabe-
tes insipidus in Langerhans cell histiocytosis: results from the 
DAL-HX 83 study. Med Pediatr Oncol, 24, 248-256.

 382. Broadbent, V., Dunger, D. B., Yeomans, E., & Kendall, B. (1993). 
Anterior pituitary function and computed tomography/magnetic 
resonance imaging in patients with Langerhans cell histiocytosis 
and diabetes insipidus. Medic Pediatr Oncol, 21, 649-654.

 383. Tien, R. D., Newton, T. H., McDermott, M. W., et al. (1990). 
Thickened pituitary stalk on MR images in patients with diabetes 
insipidus and Langerhans cell histiocytosis. AJNR Am J Neuroradiol, 
11, 703-708.

http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1700
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1705
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1710
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1720
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1725
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1730
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1735
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1740
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1745
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1750
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1755
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1760
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1765
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1770
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1775
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1780
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1785
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1790
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1795
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1800
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1805
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1810
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1815
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1825
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1830
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1835
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1840
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1845
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1850
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1855
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1860
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1865
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1870
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1875
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1880
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1885
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1890
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1895
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1900
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1905
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1910
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1915
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1715
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1820
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1920


11  Disorders of the Posterior Pituitary 441

 384. Minehan, K. J., Chen, M. G., Zimmerman, D., et al. (1992).  
Radiation therapy for diabetes insipidus caused by Langerhans 
cell histiocytosis. Intl J Radiat Oncol Biol Phys, 23, 519-524.

 385. Imura, H., Nakao, K., Shimatsu, A., et al. (1993). Lymphocytic 
infundibuloneurohypophysitis as a cause of central diabetes  
insipidus. N Engl J Med, 329, 683-689.

 386. Paja, M., Estrada, J., Ojeda, A., et al. (1994). Lymphocytic  
hypophysitis causing hypopituitarism and diabetes insipidus, and 
associated with autoimmune thyroiditis, in a non-pregnant 
woman. Postgrad Med J, 70, 220-224.

 387. Koshiyama, H., Sato, H., Yorita, S., et al. (1994). Lymphocytic 
hypophysitis presenting with diabetes insipidus: case report and 
literature review. [Review]. Endocr J, 41, 93-97.

 388. Kojima, H., Nojima, T., Nagashima, K., et al. (1989). Diabetes 
insipidus caused by lymphocytic infundibuloneurohypophysitis. 
Arch Pathol Lab Med, 113, 1399-1401.

 389. Ahmed, S. R., Aiello, D. P., Page, R., et al. (1993). Necrotizing 
infundibulo-hypophysitis: a unique syndrome of diabetes  
insipidus and hypopituitarism. J Clin Endocrinol Metab, 76, 
1499-1504.

 390. Rossi, G. P., Pavan, E., Chiesura-Corona, M., et al. (1994). 
Bronchocentric granulomatosis and central diabetes insipidus 
successfully treated with corticosteroids. Eur Respir J, 7, 
1893-1898.

 391. Lewis, R., Wilson, J., & Smith, F. W. (1987). Diabetes  
insipidus secondary to intracranial sarcoidosis confirmed by 
low-field magnetic resonance imaging. Magn Reson Med, 5, 
466-470.

 392. Scherbaum, W. A., Wass, J. A., Besser, G. M., et al. (1986).  
Autoimmune cranial diabetes insipidus: its association with other 
endocrine diseases and with histiocytosis X. Clin Endocrinol, 25, 
411-420.

 393. De Bellis, A., Bizzarro, A., Amoresano Paglionico, V., et al. 
(1994). Detection of vasopressin cell antibodies in some patients 
with autoimmune endocrine diseases without overt diabetes  
insipidus. Clin Endocrinol, 40, 173-177.

 394. Vokes, T. J., Gaskill, M. B., & Robertson, G. L. (1988). Antibod-
ies to vasopressin in patients with diabetes insipidus: implications 
for diagnosis and therapy. Ann Intern Med, 108, 190-195.

 395. Christensen, C., & Bank, A. (1988). Meningococcal meningitis 
and diabetes insipidus. Scand J Infect Dis, 20, 341-343.

 396. Sloane, A. E. (1989). Transient diabetes insipidus following listeria 
meningitis. Ir Med J, 82, 132-134.

 397. Brandle, M., Vernazza, P. L., Oesterle, M., & Galeazzi, R. L. 
(1995). [Cerebral toxoplasmosis with central diabetes insipidus 
and panhypopituitarism in a patient with AIDS]. Schweiz Med 
Wochenschr (Journal Suisse de Med), 125, 684-687 (in German).

 398. Mena, W., Royal, S., Pass, R. F., et al. (1993). Diabetes insipidus 
associated with symptomatic congenital cytomegalovirus infection. 
J Pediatr, 122, 911-913.

 399. Watanabe, A., Ishii, R., Hirano, K., et al. (1994). Central diabetes 
insipidus caused by nonspecific chronic inflammation of the hypo-
thalamus: case report. Surg Neurol, 42, 70-73.

 400. Arisaka, O., Arisaka, M., Ikebe, A., et al. (1992). Central diabetes 
insipidus in hypoxic brain damage. Childs Nerv Syst, 8, 81-82.

 401. Outwater, K. M., & Rockoff, M. A. (1984). Diabetes insipidus 
accompanying brain death in children. Neurology, 34, 1243-1246.

 402. Fiser, D. H., Jimenez, J. F., Wrape, V., & Woody, R. (1987).  
Diabetes insipidus in children with brain death. Crit Care Med, 
15, 551-553.

 403. Barzilay, Z., & Somekh, E. (1988). Diabetes insipidus in severely 
brain damaged children. J Med, 19, 47-64.

 404. Hohenegger, M., Vermes, M., Mauritz, W., et al. (1990). Serum 
vasopressin (AVP) levels in polyuric brain-dead organ donors. 
Eur Arch Psychiatry Clin Neurosci, 239, 267-269.

 405. Durr, J. A. (1967). Diabetes insipidus in pregnancy. [Review]. 
Am J Kidney Dis, 9, 276-283.

 406. Hadi, H. A., Mashini, I. S., & Devoe, L. D. (1985). Diabetes  
insipidus during pregnancy complicated by preeclampsia: a case 
report. J Reprod Med, 30, 206-208.

 407. Harper, M., Hatjis, C. G., Appel, R. G., & Austin, W. E. (1987). 
Vasopressin-resistant diabetes insipidus, liver dysfunction, hyper-
uricemia and decreased renal function: a case report. J Reprod 
Med, 32, 862-865.

 408. Frenzer, A., Gyr, T., Schaer, H. M., et al. (1994). [Triplet preg-
nancy with HELLP syndrome and transient diabetes insipidus]. 

Schweiz Med Wochenschr (Journal Suisse de Med), 124, 687-691 
(in German).

 409. Kleeman, C. R., Rubini, M. E., Lamdin, E., et al. (1955). Studies 
on alcohol diuresis. II. The evaluation of ethyl alcohol as an  
inhibitor of the neurohypophysis. J Clin Invest, 34, 448-455.

 410. Tata, P. S., & Buzalkov, R. (1966). Vasopressin studies in the rat. 
III. Inability of ethanol anesthesia to prevent ADH secretion due 
to pain and hemorrhage. Pfluegers Arch, 290, 294-297.

 411. Miller, M., & Moses, A. M. (1977). Clincial states due to alteration 
of ADH release and action. In A. M. Moses, & L. Share (Eds.), 
Neurohypophysis (pp. 153-366). Basel: Karger.

 412. Sklar, A. H., & Schrier, R. W. (1983). Central nervous system 
mediators of vasopressin release. Physiol Rev, 63, 1243-1280.

 413. Rittig, S., Knudsen, U. B., Norgaard, J. P., et al. (1989). Abnormal 
diurnal rhythm of plasma vasopressin and urinary output in patients 
with enuresis. Am J Physiol, 256, F664-F671.

 414. Wille, S., Aili, M., Harris, A., & Aronson, S. (1994). Plasma and 
urinary levels of vasopressin in enuretic and non-enuretic children. 
Scand J Urol Nephrol, 28, 119-122.

 415. Terho, P., & Kekomaki, M. (1984). Management of nocturnal 
enuresis with a vasopressin analogue. J Urol, 131, 925-927.

 416. Evans, J. H., & Meadow, S. R. (1992). Desmopressin for bed 
wetting: length of treatment, vasopressin secretion, and  
response. Arch Dis Child, 67, 184-188.

 417. Steffens, J., Netzer, M., Isenberg, E., et al. (1993). Vasopressin 
deficiency in primary nocturnal enuresis: results of a controlled 
prospective study. Eur Urol, 24, 366-370.

 418. Uribarri, J., & Kaskas, M. (1993). Hereditary nephrogenic diabetes 
insipidus and bilateral nonobstructive hydronephrosis. [Review]. 
Nephron, 65, 346-349.

 419. Seow, W. K., & Thomsett, M. J. (1994). Dental fluorosis as a 
complication of hereditary diabetes insipidus: studies of six  
affected patients. Pediatr Dent, 16, 128-132.

 420. Colliver, D., Storey, R., Dickens, H., & Subramaniam, R. (2012). 
Nonobstructive urinary tract dilatation in children with diabetes 
insipidus. J Pediatr Surg, 47, 752-755.

 421. Rivkees, S. A., Dunbar, N., & Wilson, T. (2007). The management 
of central diabetes insipidus in infancy: desmopressin, low renal 
solute load formula, thiazide diuretics. J Pediatr Endocrinol Metab, 
20, 459-469.

 422. Jakobsson, B., & Berg, U. (1994). Effect of hydrochlorothiazide 
and indomethacin treatment on renal function in nephrogenic 
diabetes insipidus. Acta Paediatr, 83, 522-525.

 423. Blanco, E. J., Lane, A. H., Aijaz, N., et al. (2006). Use of subcu-
taneous DDAVP in infants with central diabetes insipidus. J 
Pediatr Endocrinol Metab, 19, 919-925.

 424. McDonald, J. A., Martha, P. M., Jr., Kerrigan, J., et al. (1989). 
Treatment of the young child with postoperative central diabetes 
insipidus. Am J Dis Child, 143, 201-204.

 425. Ralston, C., & Butt, W. (1990). Continuous vasopressin replace-
ment in diabetes insipidus. Arch Dis Child, 65, 896-807.

 426. Wise-Faberowski, L., Soriano, S. G., Ferrari, L., et al. (2004). 
Perioperative management of diabetes insipidus in children  
[corrected]. J Neurosurg Anesthesiol, 16, 14-19.

 427. Muglia, L. J., & Majzoub, J. A. (1993). Diabetes insipidus. In F. 
Burg, J. Inglefinger, & E. Wald (Eds.), Gellis and Kagan’s Current 
Pediatric Therapy (Vol. 14) (pp. 318-319). Philadelphia: W. B. 
Saunders.

 428. Aylward, P. E., Floras, J. S., Leimbach, W. N., Jr., & Abboud, F. M. 
(1986). Effects of vasopressin on the circulation and its baroreflex 
control in healthy men. Circulation, 73, 1145-1154.

 429. Andersen, L. J., Andersen, J. L., Schutten, H. J., et al. (1990). 
Antidiuretic effect of subnormal levels of arginine vasopressin in 
normal humans. Am J Physiol, 259, R53-R60.

 430. Seckl, J. R., Dunger, D. B., Bevan, J. S., et al. (1990). Vasopressin 
antagonist in early postoperative diabetes insipidus. Lancet, 335, 
1353-1356.

 431. Moreno-Sanchez, D., Casis, B., Martin, A., et al. (1991).  
Rhabdomyolysis and cutaneous necrosis following intravenous 
vasopressin infusion. [Review]. Gastroenterology, 101, 529-532.

 432. Pierce, S. T., & Nickl, N. (1993). Rhabdomyolysis associated 
with the use of intravenous vasopressin. Am J Gastroenterol, 88, 
424-427.

 433. Mauro, V. F., Bingle, J. F., Ginn, S. M., & Jafri, F. M. (1988). 
Torsade de pointes in a patient receiving intravenous vasopressin. 
Crit Care Med, 16, 200-201.

http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1925
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1930
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1935
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1940
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1945
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1950
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1955
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1960
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1965
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1970
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1975
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1980
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1985
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1990
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr1995
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2000
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2005
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2010
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2015
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2020
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2025
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2030
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2035
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2040
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2045
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2050
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2055
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2060
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2065
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2070
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2075
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2080
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2085
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2090
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2095
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2100
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2105
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2110
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2115
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2120
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2125
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2130
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2135
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2140
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2145
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2150
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2155
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2160
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2165
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2170


SECTION III Endocrine Disorders in Children and Adolescents442

 434. Bryant, W. P., O’Marcaigh, A. S., Ledger, G. A., & Zimmerman, 
D. (1994). Aqueous vasopressin infusion during chemotherapy in 
patients with diabetes insipidus. Cancer, 74, 2589-2592.

 435. Polycarpe, E., Arnould, L., Schmitt, E., et al. (2004). Low urine 
osmolarity as a determinant of cisplatin-induced nephrotoxicity. 
Int J Cancer, 111, 131-137.

 436. Williams, T. D., Dunger, D. B., Lyon, C. C., et al. (1986).  
Antidiuretic effect and pharmacokinetics of oral 1-desamino- 
8-D-arginine vasopressin. 1. Studies in adults and children.  
J Clin Endocrinol Metab, 63, 129-132.

 437. Cunnah, D., Ross, G., Besser GM (1986). Management of  
cranial diabetes insipidus with oral desmopressin (DDAVP).  
Clin Endocrinol 24:253-257.

 438. Stick SM, Betts PR (1987). Oral desmopressin in neonatal diabetes 
insipidus. Arch Dis Child 62:1177-1178.

 439. Pivonello R, Colao A, Di Somma C, et al. (1998). Impairment  
of bone status in patients with central diabetes insipidus. J Clin 
Endocrinol Metab 83:2275-2280.

 440. Moses AM, Sangani G, Miller JL (1995). Proposed cause of marked 
vasopressin resistance in a female with an X-linked recessive V2  
receptor abnormality. J Clin Endocrinol Metab 80:1184-1186.

 441. Kobrinsky NL, Doyle JJ, Israels ED, et al. (1985). Absent factor 
VIII response to synthetic vasopressin analogue (DDAVP) in 
nephrogenic diabetes insipidus. Lancet 1:1293-1294.

 442. Bichet DG, Razi M, Lonergan M, et al. (1988). Hemodynamic 
and coagulation responses to 1-desamino[8-D-arginine] vasopres-
sin in patients with congenital nephrogenic diabetes insipidus.  
N Engl J Med 318:881-887.

 443. Knoers VV, Janssens PM, Goertz J, Monnens LA (1992).  
Evidence for intact V1-vasopressin receptors in congenital neph-
rogenic diabetes insipidus. Eur J Pediatr 151:381-383.

 444. Brink HS, Derkx FH, Boomsma F, et al. (1993). 1-Desamino- 
8-D-arginine vasopressin (DDAVP) in patients with congenital 
nephrogenic diabetes insipidus. Netherlands J Med 43:5-12.

 445. Ohzeki T (1985). Urinary adenosine 3’,5’-monophosphate 
(cAMP) response to antidiuretic hormone in diabetes insipidus 
(DI): comparison between congenital nephrogenic DI type 1 and 
2, and vasopressin sensitive DI. Acta Endocrinol 108:485-490.

 446. Bichet DG, Razi M, Arthus MF, et al. (1989). Epinephrine and 
dDAVP administration in patients with congenital nephrogenic 
diabetes insipidus: evidence for a pre-cyclic AMP V2 receptor 
defective mechanism. Kidney Int 36:859-866.

 447. Moses AM, Weinstock RS, Levine MA, Breslau NA (1986).  
Evidence for normal antidiuretic responses to endogenous and  
exogenous arginine vasopressin in patients with guanine nucleo-
tide-binding stimulatory protein-deficient pseudohypoparathy-
roidism. J Clin Endocrinol Metab 62:221-224.

 448. Knoers N, Monnens LA (1992). Nephrogenic diabetes insipidus: 
clinical symptoms, pathogenesis, genetics and treatment. [Review]. 
Pediatr Nephrol 6:476-482.

 449. Vest M, Talbot NB, Crawford JD (1963). Hypocaloric dwarfism 
and hydronephrosis in diabetes insipidus. Am J Dis Child 
105:175-181.

 450. Macaulay D, Watson M (1967). Hypernatremia in infants as a 
cause of brain damage. Arch Dis Child 42:485-491.

 451. Freycon MT, Lavocat MP, Freycon F (1988). [Familial nephro-
genic diabetes insipidus with chronic hypernatremia and cerebral 
calcifications]. [Review] [French]. Pediatrie 43:409-413.

 452. Nozue T, Uemasu F, Endoh H, et al. (1993). Intracranial calcifica-
tions associated with nephrogenic diabetes insipidus [see comments]. 
Pediatr Nephrol 7:74-76.

 453. Schofer O, Beetz R, Kruse K, et al. (1990). Nephrogenic diabe-
tes insipidus and intracerebral calcification. Arch Dis Child 
65:885-887.

 454. Tohyama J, Inagaki M, Koeda T, et al. (1993). Intracranial calci-
fication in siblings with nephrogenic diabetes insipidus: CT and 
MRI. Neuroradiology 35:553-555.

 455. Bode HH, Crawford JD (1969). Nephrogenic diabetes insipidus 
in North America: the Hopewell hypothesis. N Engl J Med 
280:750-754.

 456. Rosenthal W, Seibold A, Antaramian A, et al. (1992). Molecular 
identification of the gene responsible for congenital nephrogenic 
diabetes insipidus. Nature 359:233-235.

 457. Bichet DG, Birnbaumer M, Lonergan M, et al. (1994). Nature 
and recurrence of AVPR2 mutations in X-linked nephrogenic  
diabetes insipidus. Am J Hum Genet 55:278-286.

 458. Bichet DG, Hendy GN, Lonergan M, et al. (1992). X-linked 
nephrogenic diabetes insipidus: from the ship Hopewell to 
RFLP studies. Am J Hum Genet 51:1089-1102.

 459. Birnbaumer M, Gilbert S, Rosenthal W (1994). An extracellular 
congenital nephrogenic diabetes insipidus mutation of the vaso-
pressin receptor reduces cell surface expression, affinity for li-
gand, and coupling to the Gs/adenylyl cyclase system. Mol Endo-
crinol 8:886-894.

 460. Holtzman EJ, Kolakowski LF Jr, Geifman-Holtzman O, et al. 
(1994). Mutations in the vasopressin V2 receptor gene in two 
families with nephrogenic diabetes insipidus. J Am Soc Nephrol 
5:169-176.

 461. Holtzman EJ, Kolakowski LF Jr, O’Brien D, et al. (1993). A null 
mutation in the vasopressin V2 receptor gene (AVPR2) associated 
with nephrogenic diabetes insipidus in the Hopewell kindred. 
Hum Mol Genet 2:1201-1204.

 462. Knoers NV, van den Ouweland AM, Verdijk M, et al. (1994).  
Inheritance of mutations in the V2 receptor gene in thirteen 
families with nephrogenic diabetes insipidus. Kidney Int 46:
170-176.

 463. Yuasa H, Ito M, Oiso Y, et al. (1994). Novel mutations in the V2 
vasopressin receptor gene in two pedigrees with congenital 
nephrogenic diabetes insipidus. J Clin Endocrinol Metab 79:
361-365.

 464. Oksche A, Dickson J, Schulein R, et al. (1994). Two novel  
mutations in the vasopressin V2 receptor gene in patients with 
congenital nephrogenic diabetes insipidus [published erratum 
appears in Biochem Biophys Res Commun 1995;207:1059].  
Biochem Biophys Res Commun 205:552-557.

 465. Pan Y, Metzenberg A, Das S, et al. (1992). Mutations in the V2 
vasopressin receptor gene are associated with X-linked nephro-
genic diabetes insipidus. Nat Genet 2:103-106.

 466. Tsukaguchi H, Matsubara H, Aritaki S, et al. (1993). Two novel 
mutations in the vasopressin V2 receptor gene in unrelated  
Japanese kindreds with nephrogenic diabetes insipidus. Biochem 
Biophys Res Commun 197:1000-1010.

 467. van den Ouweland AM, Dreesen JC, Verdijk M, et al. (1992). 
Mutations in the vasopressin type 2 receptor gene (AVPR2)  
associated with nephrogenic diabetes insipidus. Nat Genet 2:99-
102.

 468. Wenkert D, Merendino JJ Jr, Shenker A, et al. (1994). Novel 
mutations in the V2 vasopressin receptor gene of patients with 
X-linked nephrogenic diabetes insipidus. Hum Mol Gene 3:1429-
1430.

 469. Wildin RS, Antush MJ, Bennett RL, et al. (1994). Heteroge-
neous AVPR2 gene mutations in congenital nephrogenic diabe-
tes insipidus. Am J Hum Genet 55:266-277.

 470. Friedman E, Bale AE, Carson E, et al. (1994). Nephrogenic dia-
betes insipidus: an X chromosome-linked dominant inheritance 
pattern with a vasopressin type 2 receptor gene that is structurally 
normal. Proc Natl Acad Sci U S A 91:8457-84561.

 471. Oksche A, Rosenthal W (1998). The molecular basis of nephro-
genic diabetes insipidus. J Mol Med 76:326-337.

 472. Pan Y, Wilson P, Gitschier J (1994). The effect of eight V2  
vasopressin receptor mutations on stimulation of adenylyl cyclase 
and binding to vasopressin. J Biol Chem 269:31933-31937.

 473. Rosenthal W, Antaramian A, Gilbert S, Birnbaumer M (1993). 
Nephrogenic diabetes insipidus: a V2 vasopressin receptor  
unable to stimulate adenylyl cyclase. J Biol Chem 268:
13030-13033.

 474. Rosenthal W, Seibold A, Antaramian A, et al. (1994). Mutations 
in the vasopressin V2 receptor gene in families with nephrogenic 
diabetes insipidus and functional expression of the Q-2 mutant. 
Cell Mol Biol 40:429-436.

 475. Waring AJ, Kajdi L, Tappan V (1945). A congenital defect of 
water metabolism. Am J Dis Child 69:323.

 476. Langley JM, Balfe JW, Selander T, et al. (1991). Autosomal  
recessive inheritance of vasopressin-resistant diabetes insipidus. 
Am J Med Genet 38:90-94.

 477. Knoers N, Monnens LA (1991). A variant of nephrogenic diabetes 
insipidus: V2 receptor abnormality restricted to the kidney. Eur J 
Pediatr 150:370-373.

 478. Mulders SM, Bichet DG, Rijss JP, et al. (1998). An aquaporin-2 
water channel mutant which causes autosomal dominant nephro-
genic diabetes insipidus is retained in the Golgi complex. J Clin 
Invest 102:57-66.

http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2175
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2180
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2185
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2190
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2195
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2200
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2205
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2210
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2230
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2225
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2235
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2240
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2245
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2250
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2255
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2260
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2265
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2270
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2275
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2280
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2285
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2290
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2295
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2300
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2305
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2310
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2315
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2320
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2330
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2335
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2340
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2345
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2350
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2355
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2360
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2365
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2370
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2375
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2380
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2385
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2390
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2395
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2215
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2220
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2325


11  Disorders of the Posterior Pituitary 443

 479. Boton R, Gaviria M, Batlle DC (1987). Prevalence, pathogene-
sis, and treatment of renal dysfunction associated with chronic 
lithium therapy. [Review]. Am J Kidney Dis 10:329-345.

 480. Bendz H, Aurell M, Balldin J, et al. (1994). Kidney damage in 
long-term lithium patients: a cross-sectional study of patients 
with 15 years or more on lithium. Nephrol Dial Transplant 
9:1250-1254.

 481. Yamaki M, Kusano E, Tetsuka T, et al. (1991). Cellular mecha-
nism of lithium-induced nephrogenic diabetes insipidus in rats. 
Am J Physiol 261:F505-F511.

 482. Marples D, Christensen S, Christensen EI, et al. (1995). Lithium-
induced downregulation of aquaporin-2 water channel expression 
in rat kidney medulla. J Clin Invest 95:1838-1845.

 483. Hirji MR, Mucklow JC (1991). Transepithelial water movement 
in response to carbamazepine, chlorpropamide and demeclocy-
cline in toad urinary bladder. Br J Pharmacol 104:550-553.

 484. Navarro JF, Quereda C, Quereda C, et al. (1996). Nephrogenic 
diabetes insipidus and renal tubular acidosis secondary to foscar-
net therapy. Am J Kidney Dis 27:431-434.

 485. Bendz H, Aurell M (1999). Drug-induced diabetes insipidus:  
incidence, prevention and management. Drug Saf 21:449-546.

 486. Hohler T, Teuber G, Wanitschke R, Meyer zum Buschenfeld 
KH (1994). Indomethacin treatment in amphotericin B induced 
nephrogenic diabetes insipidus. Clin Investig 72:769-771.

 487. Vigeral P, Kanfer A, Kenouch S, et al. (1987). Nephrogenic dia-
betes insipidus and distal tubular acidosis in methicillin-induced 
interstitial nephritis. Adv Exp Med Biol 212:129-134.

 488. Quinn BP, Wall BM (1989). Nephrogenic diabetes insipidus and  
tubulointerstitial nephritis during continuous therapy with rifampin. 
Am J Kidney Dis 14:217-220.

 489. Kato A, Hishida A, Ishibashi R, et al. (1994). Nephrogenic diabetes 
insipidus associated with bilateral ureteral obstruction. Intern Med 
33:231-233.

 490. Nagayama Y, Shigeno M, Nakagawa Y, et al. (1994). Acquired 
nephrogenic diabetes insipidus secondary to distal renal tubular 
acidosis and nephrocalcinosis associated with Sjogren’s syndrome. 
J Endocrinol Invest 17:659-663.

 491. Hartenberg MA, Cory M, Chan JC (1985). Nephrogenic diabetes 
insipidus. Radiological and clinical features. Intl J Pediatr Nephrol 
6:281-286.

 492. Alon U, Chan JC (1985). Hydrochlorothiazide-amiloride in the 
treatment of congenital nephrogenic diabetes insipidus. Am J 
Nephrol 5:9-13.

 493. Libber S, Harrison H, Spector D (1986). Treatment of nephro-
genic diabetes insipidus with prostaglandin synthesis inhibitors. 
J Pediatr 108:305-311.

 494. Rascher W, Rosendahl W, Henrichs IA, et al. (1987). Congenital 
nephrogenic diabetes insipidus-vasopressin and prostaglandins in 
response to treatment with hydrochlorothiazide and indomethacin. 
Pediatr Nephrol 1:485-490.

 495. Vierhapper H, Jorg J, Favre L, et al. (1984). Comparative  
therapeutic benefit of indomethacin, hydrochlorothiazide,  
and acetyl-salicylic acid in a patient with nephrogenic diabetes 
insipidus. Acta Endocrinol 106:311-316.

 496. Uyeki TM, Barry FL, Rosenthal SM, Mathias RS (1993).  
Successful treatment with hydrochlorothiazide and amiloride  
in an infant with congenital nephrogenic diabetes insipidus.  
Pediatr Nephrol 7:554-556.

 497. Batlle DC, von Riotte AB, Gaviria M, Grupp M (1985). Amelio-
ration of polyuria by amiloride in patients receiving long-term 
lithium therapy. N Engl J Med 312:408-414.

 498. Weinstock RS, Moses AM (1990). Desmopressin and indomethacin 
therapy for nephrogenic diabetes insipidus in patients receiving lith-
ium carbonate. South Med J 83:1475-1477.

 499. Welch EM, Barton ER, Zhuo J, et al. (2007). PTC124 targets  
genetic disorders caused by nonsense mutations. Nature 447:
87-91.

 500. Liu BA, Mittman N, Knowles SR, Shear NH (1996). Hyponatremia 
and the syndrome of inappropriate secretion of antidiuretic hormone 
associated with the use of selective serotonin reuptake inhibitors: a 
review of spontaneous reports. Can Med Assoc J 155:519-527.

 501. Branten AJ, Wetzels JF, Weber AM, Koene RA (1998). Hypona-
tremia due to sodium valproate. Ann Neurol 43:265-267.

 502. Jojart I, Laczi F, Laszlo FA, et al. (1987). Hyponatremia and  
increased secretion of vasopressin induced by vincristine admin-
istration in rat. Exp Clin Endocrinol 90:213-220.

 503. Rider JM, Mauger TF, Jameson JP, Notman DD (1995). Water 
handling in patients receiving haloperidol decanoate. Ann 
Pharmacother 29:663-666.

 504. Settle ECJ (1998). Antidepressant drugs: disturbing and potentially 
dangerous adverse effects. J Clin Psychiatry 59:25-60.

 505. Shaikh ZHA, Taylor HC, Maroo PV, Llerena LA (2000). Syndrome 
of inappropriate antidiuretic hormone secretion associated with 
lisinopril. Ann Pharmacother 34:176-179.

 506. van Laar T, Lammers G-J, Roos RAC, et al. (1998). Antiparkinso-
nian drugs causing inappropriate antidiuretic hormone secretion. 
Movement disorders 13:176-178.

 507. Baylis PH. Vasopressin and its neurophysin (1989). In Degroot 
LJ (ed.), Endocrinology, 2nd ed. Philadelphia: WB Saunders, 213.

 508. Dunn FL, Brennan TJ, Nelson AE, et al. (1973). The role of 
blood osmolality and volume regulating vasopressin secretion in 
the rat. J Clin Invest 52:3212.

 509. Robertson GL (1985). Regulation of vasopressin secretion.  
In Seldin DW, Giebisch G (eds.), The kidney, physiology and 
pathophysiology. New York: Raven Press, 869.

 510. Bichet DG (1995). The posterior pituitary. In Melmed S (ed.), 
The pituitary. Cambridge, UK: Blackwell Science, 277.

 511. Reeves WB, Andreoli TE (1985). Nephrogenic diabetes insipidus. 
In Scriver CR, Beaudet AL, Sly WS (eds.), The metabolic basis of 
inherited disease. New York: McGraw-Hill, 1985.

http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2400
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2405
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2410
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2415
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2420
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2425
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2430
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2435
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2440
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2445
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2450
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2455
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2460
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2465
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2470
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2475
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2480
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2485
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2490
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2495
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2500
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2505
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2510
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2515
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2520
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2525
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2530
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2535
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2540
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2545
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2550
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2555
http://refhub.elsevier.com/B978-1-4557-4858-7.00020-2/sbr2560


QUESTIONS

 1. What is the relationship between vasopressin and 
neurophysin?
 a. They are produced by different genes and bind 

together in the bloodstream.
 b. They are produced by the same gene and bind 

together in the vasopressin neuron.
 c. They are made from a common precursor protein, 

separated by copeptin.
Answer: b

 2. Mutations in the vasopressin (AVP) gene
 a. Cause autosomal dominant disease
 b. Cause central diabetes insipidus that has its onset 

in the neonatal period
 c. Cause nephrogenic diabetes insipidus

Answer: a

 3. A child develops central diabetes insipidus and is  
otherwise well. A brain MRI is normal. You should be 
concerned that she may have which of the following 
conditions? (Choose one best answer.)
 a. A small germinoma
 b. An elevated beta hCG level in the CNS
 c. A prolactinoma
 d. An elevated prolactin level in the blood
 e. a and b
 f. c and d

Answer: e

 4. A patient with polydipsia and polyuria is given a 
water deprivation test. After several hours the urine 
osmolality plateaus at 400 mOsm/kg H2O and rises 
no further with vasopressin administration. This is 
compatible with
 a. Partial central DI
 b. Primary polydipsia
 c. Partial nephrogenic DI
 d. a or b
 e. b or c
 f. a or c

Answer: e

 5. Rapid correction of severe hyponatremia (Na  
, 120 mEq/L) is warranted if
 a. The hyponatremia has been present for several 

days
 b. The patient is having an acute generalized seizure
 c. The patient has congestive heart failure
 d. The patient is hyperglycemic

Answer: b

 6. A neonate with central DI should not be treated with
 a. A low-salt diet
 b. Oral desamino-D arginine vasopressin (dDAVP)
 c. A thiazide diuretic

Answer: b

443.e1
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Thyroid Disorders in Children  
and Adolescents
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INTRODUCTION

Thyroid disease can present with overt symptoms, in-
sidiously, or with isolated thyromegaly. Thyroid disease 
in children can encompass isolated biochemical abnor-
malities that have little or no physiologic consequence 
or with overt clinical symptoms. Clinically, hypothy-
roidism occurs more commonly than hyperthyroidism. 
Thyroid nodules and masses occur much less commonly 
than functional disorders, but they can portend the 
presence of thyroid cancer. This chapter focuses on the 
most common conditions that affect the thyroid gland 
of children and adolescents.

Box 12-1 provides a classification of thyroid disorders 
in children. Thyroid system development, fetal thyroid 
physiology, thyroid dysfunction in premature infants, and 
congenital thyroid disorders (including inborn defects in 
thyroid hormone synthesis, metabolism, and action and 
thyroid binding protein abnormalities) are discussed in 
Chapter 6.

Thyroid Hormones and Their Action
Few hormones exert as profound and essential role in  
human physiology as thyroid hormones.1,2 The major hor-
mones released by the thyroid gland include tetraiodothy-
ronine, or thyroxine (T4), and triiodiothyroine (T3).1 The 
production of these hormones involves several discrete 
biochemical steps that are depicted in Figure 12-1. Of 
these hormones, T3 plays the pivotal role in affecting 
physiology, being the molecule that principally binds to 
the thyroid hormone receptor (TRs). The thyroid hor-
mone nuclear receptor belongs to the steroid hormone–
retinoic acid receptor superfamily and is a regulator of 
DNA transcription.1,3,4 Two genes encode the TR; one on 
chromosome 17 designated alpha (TRa) and one on chro-
mosome 3 designated beta (TRb).3,4 The TRs can exist as 
monomers or homodimers, and they can dimerize with 
other members of the family of nuclear receptors.3,4 After 
T3 binding to the TR, gene transcription is regulated in 
many tissues.4
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BOX 12-1 Thyroid Disorders in Childhood and Adolescence

Autoimmune thyroid diseAse

• Hashimoto thyroiditis, juvenile acquired hypothyroidism
• Stimulating antibody, Graves disease
• Blocking antibody, hypothyroidism

infectious thyroiditis

• Suppurative thyroiditis
• Subacute thyroiditis

Binding Protein ABnormAlities

• Complete TBG deficiency
• Partial TBG deficiency
• TBG excess
• Transthyretin variants

TSH recePtor mutAtions

• Loss-of-function hypothyroidism
• Gain-of-function hyperthyroidism

thyroid hormone resistAnce syndromes

• Thyroid hormone beta receptor (TRbj) mutations
• Peripheral tissue resistance syndrome

• Pituitary resistance syndrome
• Thyroid hormone membrane transport defects

iodine deficiency syndromes

• Goiter
• Mental impairment
• Cretinism

diffuse nontoxic goiter

• Nonthyroidal illness
• Thyroid neoplasia

• Adenoma
• Nonfunctional
• Functional
• Papillary-follicular carcinoma
• Medullary carcinoma
• MEN 2A, 2B, Ret mutations
• Sporadic
• Undifferentiated
• Metastatic

FIGURE 12-1 n  Illustration of thyroid hormone synthesis and secretion. TSH regulates the process via the G–protein-linked plasma mem-
brane TSH receptor. TSH binding stimulates thyroglobulin synthesis and sodium-iodide symporter (iodide transporter) uptake of circulat-
ing iodide. Iodide diffuses in the cytosol to the apical membrane and is transported to the apical lumen by Pendrin, an anion-bicarbonate 
family exchanger, making iodide available to the enzyme organification complex (Pendrin; thyroid peroxidase, TPO, THOX). The tyrosine 
residues of thyroglobulin are iodinated at the apical cell membrane and are catalyzed by thyroid peroxidase, the organification enzyme. 
The resulting monoiodotyrosine (MIT) and diiodotyrosine (DIT) residues couple to form the iodothyronines thyroxine (T4) and triiodothy-
ronine (T3) within the stored thyroglobulin molecule. TSH stimulates micropinocytosis of colloid droplets and progressive thyroglobulin 
proteolysis within the resulting phagolysosomes. T4 and T3 are secreted into the circulation. The uncoupled MIT and DIT are deiodinated 
by iodotyrosine deiodinase (DEHAL) to release iodide, which is largely recycled within the follicular cell. (From Fisher and Greuters [2008] 
Thyroid disorders in childhood and adolescence. In Pediatric Endocrinology, (3rd ed.) (pp 227-253). Philadelphia: Saunders.)
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T4 is the predominant hormone released from thyroid 
follicular cells. After release it circulates in protein-bound 
and free states at a ratio of about 1000 to 1. Thyroid 
hormone-binding proteins in the blood include thyroxine-
binding globulin (TBG), prealbumin or transthyretin, 
and albumin.5-7 TBG is the predominant carrier protein 
for T4; TBG and albumin also carry T3.5-7 In the euthy-
roid steady, the circulating concentration of free T4 
(FT4) and free T3 are about 0.03% and 0.30%, respec-
tively, of total hormone concentrations.

It is important to recognize that circulating levels of 
thyroid hormones and carrier proteins change with age 
(Tables 12-1 and 12-2). Absolute mean free T4 and free 
T3 concentrations are about 10 and 4 pg/mL, respec-
tively, and differ according to age. In adolescents and 
adults, the plasma concentrations of the several binding 
proteins are 1 to 3 mg/dL for TBG, 20 to 30 mg/dL for 
TBPA, and 2 to 5 g/dL for albumin.2,5-7 TBG concentra-
tions are greater in children than in adults, and they  
decline to adult levels during adolescence.2 Because the 
thyroid-hormone binding proteins are produced in the 
liver, they are acute phase reactants, with concentrations 
increasing during acute illness2,5-7; they also increase in 
response to estrogen exposure.

Conversion of T4 to T3 involves the deiodination of 
T4 (Figure 12-2). Monodeiodination of the beta or outer 
ring by monodeiodinase (MD) type II produces T3.8,9 
Monodeiodination of the alpha or inner-ring produces 
reverseT3 (rT3), which is inactive metabolically. Under 
normal circumstances, T3 and rT3 are produced at similar 

rates. About 70% to 90% of circulating T3 is derived from 
peripheral conversion of T4, and 10% to 30% of circulat-
ing T3 is from the thyroid gland.2 Reflecting the age-
related changes in the hormones that regulate T4 stability, 
the clearance of T4 generally decreases from infancy to 
adulthood (Table 12-3).

Regulation of Thyroid Function
The production of T4 and T3 within the thyroid gland is 
regulated by the thyroid stimulating hormone (TSH; also 
called thyrotropin), which is released from the anterior 
pituitary gland (Figure 12-3).10,11 TSH receptors are pres-
ent on thyroid follicular cells and are G protein–coupled 
receptors with a large extracellular amino terminus.12 
Mutations of the TSH receptor can result in constitutive 
activation of the receptor with severe hyperthyroidism, 
whereas inactivating mutations result in TSH unrespon-
siveness and hence hypothyroidism.12

TSH receptor activation stimulates adenylate cyclase 
accumulation within follicular cells, which in turn causes 
accumulation of cyclic adenosine monophosphate (cAMP). 
Increased cellular concentrations of cAMP promote iodide 
trapping, iodotyrosine synthesis, thyroglobulin (Tg) syn-
thesis, and hormone release.

TSH release is regulated by the hypothalamic hor-
mone thyrotropin releasing hormone (TRH) (see Figure 
12-3 ).13,14 This peptide hormone is produced in medial 
neurons of the paraventricular nucleus of the hypothala-
mus and is released into the portal circulation of the pitu-
itary gland.13,14 Several different neurotransmitters have 
been observed to influence THRH release.15,16

In addition to normal regulation of TSH receptor 
activity by TSH, thyroid function can be adversely  
affected by antibodies that can either stimulate or block 

Age
TSH* 

(µU/mL)
T4† 

(µg/dL)
TBG† 

(mg/dL)
Tg† 

(ng/mL)

Cord blood 1-20 6.6-15 0.8-5.2 15-101
1-7 days 1-39 11-22 0.8-5.2 1-110
1-4 weeks 0.5-6.5 8.2-17 0.6-5 11-92
1-12 months 0.5-6.5 5.9-16 1.6-3.6 12-113
1-5 years 0.6-8 7.3-15 1.4-2.8 5-72
6-10 years 0.6-8 6.4-13 1.4-2.8 3-40
11-15 years 0.6-8 5.5-12 1.4-2.8 3-40
16-20 years 0.5-6 4.2-12 1.4-2.8 2- 36
21-50 years 0.5-6 4.3 -12 1.2-2.6 2-35

TABLE 12-1  Changes with Age in Serum 
Concentrations of T4, TSH, TBG, 
and Thyroglobulin (Tg)

*Mean and 95 % range.
†Mean and two standard deviations (SD) range.
Compiled from Fisher, D. A., & Vanderschueren-Lodeweycky, M. 

(1985). Laboratory tests for thyroid diagnosis in infants and  
children. In F. Delange, D. A. Fisher (Eds.), Pediatric thyroidology 
(pp. 127–142). Basel: Karger; Walfish, P. G., & Tseng, K. H. (1989). 
Thyroid physiology and pathology. In R. Collu, J. R. Ducharme,  
H. Guyda (Eds.), Pediatric endocrinology (pp. 367–448). New York: 
Raven; Delange, F., Dahlem, A., Bourdoux, P., et al (1984). In-
creased risk of primary hypothyroidism in preterm infants. Pediat-
rics, 105, 462; Pazzino, V., Filetti, S., Belfiore, A., et al. (1981). 
Serum thyroglobulin levels in the newborn. J Clin Endocrinol 
Metab, 52, 3634; Delange, F. (1993). Thyroid hormones: biochem-
istry and physiology. In J. Bertrang, R. Rappaport, P. C. Sizonenko 
(Eds.), Pediatric endocrinology (pp. 242–251). Baltimore: Williams 
and Wilkins; Lazar, L., Frumkin, R. B., Battat, E., et al. (2009).  
J Clin Endocrinol Metab, 94, 1678–1682.

T3*
(ng/dL)

rT3 *
(ng/dL)

Free T4**
(ng/dL)

Free T3**
(pg/mL)

Cord blood 14-86 100-501 1.2-2.2 —
4-7 days 36-316 34-258 2.2-5.3 1.3-6.1
1-4 weeks 105-345 26-290 0.9-2.3 2.2-8
1-12 months 105-245 11-129 0.8-2.1 2.5-7
1-5 years 105-269 15-71 0.8-2 2.8-5.2
6-10 years 94-241 17-79 0.8-2 2.8-5.2
11-15 years 83-213 19-88 0.8-2 2.9-5.6
16-20 years 80-210 25-80 0.8-2 2.4-5
21-50 years 70-204 30-80 0.9-2.5 24.4

TABLE 12-2  Changes with Age in Serum 
Concentrations of T3, rT3, Free T4, 
and Free T3

*Geometric mean and range.
†Two standard deviations (SD) range, by tracer dialysis.
Compiled from Delange, F. (1993). Thyroid hormones: biochemistry 

and physiology. In J. Bertrang, R. Rappaport, P. C. Sizonenko 
(Eds.), Pediatric endocrinology (pp. 242–251). Baltimore: 
Williams and Wilkins; Lucas, C., Carayan, P., Bellhilehi, J., &  
Giraud, F. (1980). Changes in levels of free thyroid hormones  
in children from 1 to 16 years: comparison with other thyroid  
indices. Pediatric, 35, 197; Nelson, J. C., Clark, S. J., Borut, D. L., 
et al. (1993). Age related changes in serum free thyroxine during 
childhood adolescence. J Pediatr, 123, 899.
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FIGURE 12-2 n  The metabolism of thyroxine (tetraiodothyronine). The major metabolic pathway is progressive monodeiodination 
mediated by the three iodothyronine monodeiodinase enzymes type I, type II, and type III. Outer (phenolic) ring 5’monodeiodination 
produces active 3,5,3’ triiodothyronine. Inner (tyrosyl) ring 5’monodeiodination produces inactive reverse 3,3,5’ triiodothyronine. Type 
I deiodinase is also capable of inner-ring monodeiodination. The alanine side chain of the tyrosyl ring is also subject to degradative 
reactions, including deamination and decarboxylation. Sulfoconjugation and glucuronide conjugation reactions at the 4’ phenolic ring 
site occur largely in liver tissue. (From Fisher and Greuters [2008] Thyroid disorders in childhood and adolescence. In Pediatric Endocrinology, 
(3rd ed.) (pp 227-253). Philadelphia: Saunders.)

TABLE 12-3 Variation in Peripheral Thyroxin Metabolism with Age*

*Data are means and SE.
†Fraction of extrathyroid pool per day.

Thyroxine Kinetic Parameter
Children  

(3-9 years)
Adolescents  
(10-16 years)

Adults  
(23-26 years)

Half-life (d) 5 
(0.13)

6
(0.35)

6.7
(0.30)

Fractional clearance† 0.14
(0.005)

0.12
(0.008)

0.11
(0.004)

Distribution volume (L/kg) 0.16 0.16 0.12
(0.008) (0.014) (0.005)

Thyroxine turnover (µg/kg/d) 1.9
(0.09)

1.5
(0.07)

1.1
(0.06)

Data from Beckers, C., Malvaux, C., & De Visscher, M. (1966). Quantitative aspects of the secretion 
and degradation of thyroid hormones during adolescence. J Clin Endocrinol Metab, 26, 202–306; 
Sterling, K., & Chodos, R. (1956). Radiothyroxine turnover studies in myxedema, thyrotoxicosis 
and hypermetabolism without endocrine disease. J Clin Invest, 35, 806–813.

TSH action. TSH receptor–stimulating immunoglobulin 
antibodies (TSI), or thyroid receptor antibodies (TRAb), 
are present in the circulation of individuals with Graves 
disease and activate TSH receptors.17-19 Conversely, TSH 
receptor–blocking immunoglobulins (TBI) antagonize 
TSH action and can lead to hypothyroidism.17-19

CLINICAL AND BIOCHEMICAL ASSESSMENT 
OF THYROID STATUS

Clinical Evaluation of Thyroid Function
Thyroid disease can present with overt symptoms, insidi-
ously, or with isolated thyromegaly. Thus, evaluation of the 

thyroid gland should be included in the routine examina-
tion of children. The thyroid gland can be visualized by 
having the patient look to the ceiling and swallow. As the 
thyroid moves, the margins of the gland are viewed to esti-
mate size and symmetry. The thyroid should be palpated to 
assess size, consistency, and symmetry. This is best per-
formed with the clinician standing behind the patient and 
palpating the neck with the fingertips. The texture of the 
thyroid can be assessed to determine if it is smooth or ir-
regular, and the texture may feel firm or soft if nodules are 
present. If any asymmetry or abnormal thyroid fullness is 
noted, ultrasonographic evaluation is recommended, as 
pathologic thyroid nodules may feel like normal tissue.

To assess gland size, one may estimate the size of  
each thyroid lobe relative to that of a teaspoon (5 g) or a 
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tablespoon (15 g). Generally, until the end of puberty, 
gland size (in grams) approximates the patient’s age in 
years times 0.5 to 0.7.20 Thus, each thyroid lobe of a 
10-year-old is approximately one half of a teaspoon for a 
total gland size of 5 to 7 g.20 For teens and adults, each 
lobe of the thyroid may reach one teaspoon in size for an 
approximate total gland size of about 10 g.20

In newborns and young infants, the thyroid can be 
examined by placing the infant supine on the parent’s lap, 
with the head toward the parent’s knees. The head can 
then be gently lowered backward to expose the neck, 
which facilitates thyroid palpation. If the examiner can 
palpate each ring of the trachea from the sternal notch to 
above the larynx, then the absence of pretracheal thyroid 
tissue is suggested with a lingual thyroid gland or com-
plete absence (athyreosis). Failure to detect pretracheal 
thyroid tissue in older children warrants visual examina-
tion of the base of the tongue for ectopic thyroid tissue.

When a sublingual thyroid gland is discovered late  
in childhood or in adolescence, the tissue should be 
palpated with a gloved finger during regular office visits, 
because nodules and malignancies may develop in ectopic 
thyroid glands.21 In contrast, when an ectopic thyroid is 
detected in infancy and replacement therapy is initiated, 
the residual thyroid tissue becomes atrophic and does not 
present long-term problems.

Biochemical Evaluation of 
Thyroid Function
Thyroid function can be assessed by measurement of 
total T4 and T3 levels, along with indices that reflect 
thyroid hormone-binding proteins (T3 or T4 resin up-
take).22 The levels of estimated free (unbound) T4 (FT4) 
are measured to assess thyroid hormone status without 
the confounding influences of carrier proteins.

Several conditions occur in which thyroid hormone 
levels are abnormal, yet the individual is euthyroid.  
Because of their confusing nature, these conditions may 
result in the patient being erroneously diagnosed or 
treated for hypothyroidism or hyperthyroidism. When 
FT4 values are normal yet total T4 values are high,  
familial dysalbuminemic hyperthyroxinemia needs to  
be considered as the cause.23,24 In the United States, 
this autosomal dominant disorder is most commonly 
seen in Hispanic individuals and can be diagnosed by 
thyroid hormone–binding protein electrophoresis. If 
FT4 values are normal but total T4 values are low, the 
possibility of TBG deficiency must be entertained. 
TBG deficiency is an X-linked disorder that may be  
associated with color blindness.25 In these and other 
conditions affecting thyroid hormone binding, treat-
ment is not needed and the patient should be educated 
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about the condition to avoid unnecessary treatment by 
unsuspecting practitioners.

As indicated previously, T4 is much more abundant 
in the circulation, but T3 is the more metabolically ac-
tive thyroid hormone. The majority of T3 is produced 
peripherally from T4, but some (10% to 30%) is also 
secreted by the thyroid gland. A metabolically inactive 
form ofT3, reverse T3, also is produced, and its concen-
tration is elevated in conditions such as euthyroid sick 
syndrome26 (see Figure 12-2). Ultrasensitive thyrotro-
pin or thyroid stimulating (TSH) assays have been de-
veloped, and assessment of TSH has greatly improved 
the evaluation of thyroid status.27 TSH concentrations 
help to distinguish many thyroid disorders that present 
with either low or high T4 concentration. TSH values 
within the normal range for the assay are indicative of  
a euthyroid state if the hypothalamic pituitary axis is 
intact. Elevations of TSH above the normal levels for 
age generally indicate primary thyroid hypofunction; 
suppressed or undetectable TSH values generally indicate 
hyperthyroidism, providing that there are no substances 
in the circulation such as drugs or endogenous antibod-
ies that interfere with the assay. When both FT4 and 
TSH levels are elevated, TSH-producing pituitary ad-
enomas or thyroid hormone resistance needs to be 
considered.

Critical in the interpretation of thyroid hormone 
concentration is the recognition that concentrations of 
T4, T3, and TSH vary with age (see Box 12-1). TSH 
values in children differ from those in adults, defined by 
an upper limit value of about 4 mU/mL or less.28-31 In 
comprehensive studies of this issue, the upper limit of 
TSH values in healthy children and adolescents without 
thyroid disease is about 7mU/mL.32-34 The application of 
an adult reference range to children results in the erro-
neous diagnosis of subclinical hypothyroidism and the 
unnecessary referral of children for subspecialty care by 
primary care providers.

HYPOTHYROIDISM

Disorders of the thyroid lead to hypothyroidism much 
more commonly than to hyperthyroidism. Hypothyroidism 
may be present at birth, acquired during childhood or ado-
lescence, present with or without symptoms, or be present 
after long-standing onset or acutely.

 The public and many practitioners commonly believe 
that hypothyroidism is associated with and is a cause of 
obesity, yet there is little support for the notion that the 
hypothyroid state contributes to obesity.35,36 It is also 
important to note that TSH levels are slightly higher  
in obese individuals than nonobese individuals.37-40 With 
weight loss, TSH levels normalize in these children.37-39,41 
Thus, slight elevations in TSH in obese individuals are 
physiologic, reflecting an attempt by the body to increase 
metabolism and limit adipose tissue deposition and, 
hence, do not warrant therapy.

Hypothyroidism signs may be elusive, with symptoms 
elicited only in retrospect. In the extreme, hypothyroid-
ism can be associated with cold intolerance, bradycardia, 
carotenemia, coarse and brittle hair, dry skin, pallor, and 
myxedema. These symptoms may not be distressing, 

which allows prolonged hypothyroidism to escape 
detection.

The most common causes of hypothyroidism in children 
are autoimmune processes resulting in Hashimoto thyroid-
itis.42,43 Autoimmune thyroiditis also leads to juvenile ac-
quired hypothyroidism that can present with growth failure 
when chronically present.44 Hypothyroidism in children 
can be caused by iodine exposure or hypothalamic-pituitary 
dysfunction. Other causes of hypothyroidism include exog-
enous goitrogens,45,46 cystinosis,47,48 acute and subacute 
thyroiditis,49 and thyroid irradiation during cancer treat-
ment.50 Hypothyroidism in the newborn is a serious health 
concern and is detected by newborn screening programs as 
detailed in Chapter 7

Hashimoto or Autoimmune Thyroiditis
Autoimmune thyroiditis with thyroid enlargement is 
one of the most common presentations of childhood 
thyroid disease.43,51 It is associated with antibodies 
against thyroglobulin and thyroperoxidase and is char-
acterized by lymphocytic infiltration of the thyroid 
gland, which results in thyromegaly.43,51 Depending on 
the nature of the antithyroid antibodies, Hashimoto 
disease may be associated with a euthyroid state, hypo-
thyroidism, or transient hyperthyroidism.43,51 Damage 
to the thyroid gland reflects both antibody-mediated 
and cell-mediated injury.

Hashimoto thyroiditis may rarely occur in very young 
infants52 but typically presents in adolescents, affecting 
females three to five times more commonly than males.43 
The thyroid gland is usually diffusely enlarged and may 
seem to have an irregular, cobblestone texture on palpa-
tion. Asymmetric thyroid enlargement, mimicking a thy-
roid nodule, may be noted. The presence of antithyroid 
antibodies and the absence of nodules on ultrasonogra-
phy can distinguish inflammation from other pathologic 
processes.

Importantly, the presence of antithyroid antibodies 
does not portend the development of complete or par-
tial thyroid failure that will warrant therapy. In the 
healthy adult population, up to 5% of individuals had 
circulating antithyroid antibodies present.53 Less than 
10% of these individuals (i.e., only 0.5% of those with 
antibodies) will develop hypothyroidism, and those who 
have elevated antithyroperoxidase (TOP) antibodies are 
much more at risk than those who have antithyroglobu-
lin (TG) antibodies.53

In children, the incidence of antithyroid antibodies 
in the population is not defined. Of those children 
with antithyroid antibodies, about 20% are reported to 
develop hypothyroidism that requires treatment with 
exogenous thyroid hormone,54,55 and these children of-
ten have very high antithyroid antibody titers. If a child 
is found to have low concentrations of antithyroid anti-
bodies, it is reasonable to assess thyroid indices every 6 
to 12 months and initiate therapy when the TSH rises 
above the upper limit of normal for children. If high 
titers are present at presentation, it is reasonable to ini-
tiate therapy at that time.

In some children, untreated Hashimoto thyroiditis can 
result in progressive thyromegaly and hypothyroidism.43 
Treatment with levothyroxine prevents hypothyroidism 
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and the TSH elevations that stimulate gland enlargement. 
When T4 levels are modestly depressed (, 5 μg/dL) or 
normal, treatment can be initiated with 1 to 2 μg/kg/day of 
levothyroxine. If profound hypothyroidism is present, 
pseudotumor cerebri may develop when children are 
treated with conventional doses.56 Thus, treatment is initi-
ated with one third to one half of the usual dose of levothy-
roxine. After 2 to 4 weeks, the patient can be advanced to 
conventional doses. However, children with profound 
hypothyroidism can develop pseudotumor cerebri even if 
treatment is initiated with low doses of levothyroxine.57-59

It has been reported that some children with profound 
TSH elevations (. 250 mIU/mL) and those with severe 
hypothyroidism may experience complete spontaneous 
resolution of the hypothyroid state without treatment 
and restoration of a euthyroid state occurs.60 Based on 
the experience of others, this is very uncommon.

Although it has been reported that there are some  
differences in the oral bioavailability of different levothy-
roxine preparations,61-63 from a practical vantage these 
differences are minor.62-64 Thus, the routine use of less 
expensive generic compounds versus more expensive 
brand-name products is justified.

The timing of levothyroxine ingestion has been the 
subject of study. In contrast to the standard recommen-
dation that thyroid replacement be taken on an “empty 
stomach,” taking the medication at bedtime is associated 
with higher T4 levels and lower TSH levels over the 
course of the day.65,66 This is believed to be related to 
better gastrointestinal absorption in the evening than 
during the day.65,66

The suggestion has also been made that hypothyroid-
ism in adolescents can be treated with a single dose given 
weekly.67 This approach is not recommended, because 
thyroid hormone levels are high shortly after the dose is 
administered and are low by the week’s end.67 Treatment 
of congenital hypothyroidism with weekly doses of  
levothyroxine can result in mental retardation.68 It is 
also recognized that excessive soy intake, iron tablets,  
and excessive fiber can interfere with the absorption of 
levothyroxine.69-71

Other potential therapies that may theoretically alter 
the autoimmune process have been tested. Among the 
proposed remedies, no benefit has been observed in  
patients who have taken selenium.72

Hashitoxicosis
Uncommonly, patients may present with hashitoxicosis, 
in which the immunologic destruction of thyroid tissue 
results in the release of preformed thyroid hormone, 
leading to elevated T4 levels in the circulation with 
symptoms and signs of hyperthyroidism.73 In contrast to 
Graves disease, hyperthyroidism is transient, eye findings 
are absent, radionuclide uptake is low, and levels of  
thyroid-stimulating immunoglobulins are not elevated.73

Hashimoto thyroiditis may be associated with other 
autoimmune diseases, including diabetes mellitus, adre-
nal insufficiency, vitiligo, and hypoparathyroidism.74 
Autoimmune thyroiditis is also seen in patients with 
inflammatory bowel disease and juvenile arthritis.75,76 
Annual surveillance of thyroid gland size and TSH  

levels should thus be considered for children with other 
autoimmune problems, and clinicians should be vigi-
lant for signs of hyperthyroidism or hypothyroidism. 
Conversely, children with autoimmune thyroiditis should 
be observed for signs of diabetes mellitus and Addison 
disease (see Chapter 20 for a discussion of autoimmune 
polyglandular syndromes).

 The incidence of coexisting celiac disease in the setting 
of Hashimoto thyroiditis is about 1%.77 If patients mani-
fest abdominal discomfort, weight loss, or gastrointestinal 
symptoms, celiac disease screening should be performed, 
but does not need to be done routinely in children with 
thyroid disease. We have found a 1% incidence of autoim-
mune liver disease in children with autoimmune thyroid 
disease. Because such liver disease can be occult, we annu-
ally assess circulating transaminase values (alanine amino 
transferase [ALT] and aspartate amino transferase [AST]). 
If values are elevated, evaluation of possible autoimmune 
liver disease is initiated and level of antineutrophil anti-
bodies (ANA) as well as smooth muscle and liver-kidney 
microsomal antibodies obtained.78

Several groups of children are at risk for autoimmune 
thyroiditis. Because girls with Turner syndrome are pre-
disposed to autoimmune thyroiditis,79 TSH levels should 
be assessed annually. Turner syndrome should be consid-
ered in girls with hypothyroidism, especially if the child 
is prepubertal at presentation.80,81 Children with Down 
syndrome warrant annual screening for hypothyroidism 
because they are more prone to develop autoimmune 
disorders.82,83

Subclinical Hypothyroidism
Subclinical hypothyroidism refers to a situation where cir-
culating T4 and T3 concentrations are normal but TSH 
values are elevated.36,84 As noted previously, many children 
are erroneously diagnosed with this condition when TSH 
concentrations are found to be elevated relative to adult 
reference range values.33 However, if appropriate pediatric-
based TSH values are applied, the majority of children  
so diagnosed will not have hypothyroidism. Thus, some 
experts have questioned if subclinical hypothyroidism is a 
real entity in children.36,84

Studies of children with mild TSH elevations (5 to  
10 mU/mL) reveal that only a small fraction will progress 
to TSH elevations . 10 mU/mL.36,84 Data also show that 
treatment of children with TSH values of 5 to 10 mU/mL 
do not exhibit somatic or other benefits when treated 
with levothyroxine.36,84 Thus, treatment of children with 
TSH levels , 10 mU/mL is not needed. For children 
with TSH levels . 10 mU/mL, treatment with low doses 
of levothyroxine is indicated.

Juvenile Acquired Hypothyroidism
When autoimmune thyroiditis occurs during childhood, 
it is referred to as juvenile acquired hypothyroidism. In 
children, severe hypothyroidism can be well tolerated. 
Thus, prolonged hypothyroidism may not be detected 
until growth failure occurs.44,85

Because untreated infantile hypothyroidism is associ-
ated with mental retardation, the assumption is often 
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made that juvenile hypothyroidism is associated with 
learning problems and poor academic performance. This 
notion is not correct, as children with juvenile hypothy-
roidism can be successful academically and do not mani-
fest overt learning problems or cognitive impairment 
related to the hypothyroid state,

Children with severe hypothyroidism may manifest cold 
intolerance, decreased frequency of bowel movements, and 
decreased physical activity.44,85 Bradycardia, facial puffiness, 
delayed reflexes, and carotenemia may be present. In com-
parison with Hashimoto thyroiditis, the thyroid gland is 
either small or only modestly enlarged. 44,85 Antithyroid 
antibodies usually are present.44,85 These patients are gen-
erally not obese, and body mass index values are similar 
before and after treatment.35,86 The development of slipped 
capital femoral epiphyses may antedate the detection of 
hypothyroidism.87

Some children with juvenile hypothyroidism may 
present with signs of puberty but without pubic hair.88-90 
Boys may present with testicular enlargement and girls 
may present with menarche, with or without breast de-
velopment.91 With treatment of the hypothyroid state, 
these characteristics may regress.88-90 Available evidence 
suggests that the hypothyroid state leads to increased 
gonadotropin secretion, which triggers gonadal activ-
ity.88,91 Alternatively, it has been suggested that extreme 
high levels of TSH cross-react with the follicle-stimulating 
hormone (FSH) receptor in the gonads. This entity is 
referred to as the “overlap” or Van Wyk–Grumbach  
syndrome.92,93 The very high TSH values reflect pitu-
itary hyperplasia of thyrotrophs and may be associated 
with an appearance of an enlarged pituitary on imaging 
studies that might be mistaken for a pituitary TSH secret-
ing adenoma.94 However, these findings resolve with 
treatment of the hypothyroid state. In some children, 
true puberty may develop within a year or two of treat-
ment onset, which may limit catch-up growth due to 
earlier closure of epiphyses induced by sex steroids.44

Juvenile hypothyroidism may not be recognized until 
a sizable statural deficit is present, and the lost height is 
usually not recovered.44 Children with juvenile hypo-
thyroidism who present with growth failure manifest 
very low T4 values that are often less than 2 μg/dL and 
profoundly elevated TSH levels that are higher than 
250 mU/mL.44 Hypercholesterolemia and anemia may 
be present.44

The magnitude of the height deficit is proportional to 
the duration of hypothyroidism, which can be estimated 
as the difference between the chronologic and bone 
age.44 When the individual is treated with conventional 
doses of levothyroxine, accelerated skeletal maturation is 
observed, with the skeletal age advancing disproportion-
ately faster than gains in height.44 Thus, predicted heights 
fall, and genetic growth potential is not achieved.

Because of the potential poor growth outcomes of 
patients with hypothyroidism, we have treated these  
patients with low doses of levothyroxine (0.25 to  
0.5 mg/kg/day; e.g., 50 μg for a 10-year-old). With this 
regimen we find that, with low-dose levothyroxine therapy, 
T4 values normalize (6 to 7 mg/dL) within 2 months, 
and TSH levels normalize or remain only modestly  
elevated. Moreover, serial bone age determinations do 

not show the disproportionate advancement of skeletal 
age seen with conventional therapy. However, we do not 
know if this approach leads to more favorable height 
outcomes.95 Some physicians have also suggested that 
treating these children with gonadotropin-releasing hor-
mone analogs to delay puberty will lead to improved 
long-term growth.96-100 However, we have found that 
catch-up growth slows markedly in some hypothyroid 
children receiving gonadotropin-releasing hormone ana-
log therapy so that predicted adult heights is less and 
others have not observed added benefit.101 Because the 
loss in adult height is proportional to the duration of 
hypothyroidism,44 early detection of this disorder is the 
best intervention for preventing statural deficits.

Iodine-Induced Hypothyroidism
Sixty percent of the weight of T4 is iodine, and iodine  
is the rate-limiting substrate for synthesis of thyroid hor-
mones2 (see Figure 12-1). Iodine is present in small 
amounts (15 to 20 mg) in humans. The recommended 
dietary allowance of iodine is 100 μg/day for adolescents 
and adults, and 150 μg/day for pregnant and lactating 
women. It is 60 to 100 μg/day for children aged 1 to  
10 years, 40 μg/day for infants aged 6 to 12 months, and 
30 μg/day for infants 6 months of age or younger. In  
areas of low iodine intake, the recommended dietary  
intake should be 90 μg for infants aged less than 1 year.2

Although modest iodine intake is essential for thyroid 
function, high-level iodine exposure results in an acute 
block in the release of preformed thyroid hormone and 
impaired thyroid hormone synthesis, a phenomenon  
referred to as the Wolff-Chaikoff effect.102 When iodine-
induced hypothyroidism is suspected, it can be diagnosed 
by the detection of high iodine levels in urine samples.103

In children, iodine can be absorbed through the skin, 
and iodine-induced hypothyroidism has been observed 
after cutaneous iodine or Betadine use.103-105 Iodine-
induced suppression of thyroid hormone production has 
also been observed in children with central intravenous 
lines when regular cleansing of the insertion site with 
iodine was included in central line care. Neonatal hypo-
thyroidism has also been associated with maternal povi-
done (iodine) exposure at the time of delivery.104

In preterm infants, iodine-induced hypothyroidism 
warrants special attention, because the suggestion has 
been made that cutaneous iodine exposure is a major 
cause of hypothyroidism in premature infants.106 Studies 
show that iodine-induced hypothyroidism is infrequent 
in the United States.107

Significant iodine exposure also occurs from amio-
darone, an antiarrhythmic drug that contains 37%  
iodine.108 Hypothyroidism occurs in 10% of individuals 
treated with this compound.109 Amiodarone can also 
reach the fetus by transplacental passage and induce 
fetal hypothyroidism.108

In addition to iodine excess, iodine deficiency also 
leads to hypothyroidism. Estimates indicate that more 
than 1 billion people worldwide are at risk for iodine 
deficiency.110 Clinically, iodine deficiency is associated 
with goiter, hypothyroidism,110 and endemic cretinism.111 
Endemic cretinism is classified into neurologic or  



section iii  Endocrine Disorders in Children and Adolescents452

myxedematous type,112 with severe mental retardation, 
mutism, and cerebral diplegia found in neurologic type. 
Children with the myxedematous type, have less severe 
mental retardation and have severe growth retardation 
and myxedema.112

Geographic areas of iodine deficiency exist, even  
in the United States.113,114 With the prevalent use of 
iodized salt, however, the incidence of iodine deficiency 
has been markedly reduced, and hypothyroidism and 
goiter due to iodine deficiency are rare in the developed 
world.113,114 Iodine intake in the United States has 
declined, an issue that may have future clinical implica-
tions.113,114 In Australia, a reduction in iodine intake has 
been reported, with potential implications for pregnant 
and lactating women,115 as reduced iodine intake may 
predispose to maternal and child hypothyroidism predis-
posing to hypothyroidism or developmental delay.112 
The exclusive use of deiodized salt, which includes sea 
salt, is thus not recommended.

Hypothalamic-Pituitary Dysfunction
Central hypothyroidism should be considered in chil-
dren with a history of head trauma, brain tumors, men-
ingitis, central nervous system irradiation, or congenital 
nervous system malformations. Central hypothyroidism 
has also been associated with the use of retinoid X receptor-
selective ligands in the treatment of lymphomas.116

In contrast to primary hypothyroidism, the diagnosis 
of hypothyroidism secondary to hypothalamic-pituitary 
dysfunction may be difficult to establish. Often, circulat-
ing concentrations of T4 are in the low-normal range, 
and TSH may be low, normal, or elevated.117,118 FT4 
values, however, are usually low.

Whereas congenital central hypothyroidism will be  
diagnosed in states that perform T4 screening of new-
borns, neonatal screening programs that rely on TSH 
determinations will not detect this condition. Central hy-
pothyroidism should therefore be suspected in infants with 
cholestasis, poor growth, hypoglycemia, structural ner-
vous system problems, or pituitary insufficiency.119 When 
neonatal T4 values are interpreted, care should also be 
taken to use infant thyroid hormone values for compari-
son, because infantile T4 levels are higher than those seen 
in adults120 (see Tables 12-1 and 12-2; also see Chapter 7).

Importantly, up to 30% of children who will develop 
central hypothyroidism may have normal T4 and TSH 
levels at birth.121 Thus, all children with evidence of hy-
popituitarism should be regularly monitored for central 
hypothyroidism onset.

When central hypothyroidism is suspected, the thyro-
tropin releasing hormone (TRH) test helps distinguish 
pituitary (secondary) and hypothalamic (tertiary) hypo-
thyroidism.118,120,122 Typically, there is a minimal rise 
in serum TSH levels in response to TRH in patients  
with pituitary disease, whereas there is a delayed response 
(. 60 minutes) in patients with hypothalamic disease. 
However, responses to this test are variable, making it 
difficult to distinguish between pituitary and hypothalamic 
hypothyroidism.118,120,122 Central nervous system imaging 
should be performed to look for congenital malformations 
or hypothalamic-pituitary lesions. Care should be taken 

to search for other pituitary hormone deficiencies, es-
pecially abnormalities of the hypothalamic-pituitary 
adrenal and growth hormone axes, as gene defects that 
adversely affect hypothalamic pituitary dysfunction, 
include mutations in the LIM/homeobox protein 3 
(LHX3) and 4, prophet of pit-1 (PROP1), and pituitary 
transcription factor (PIT).123-125

Treatment consists of replacement therapy with levo-
thyroxine. Some children with central hypothyroidism 
require doses lower than those used to treat primary 
hypothyroidism.126 Because TSH values are not helpful 
in guiding treatment, measurement of FT4 levels is 
recommended.126 Furthermore, a dose of 1.6 μg/kg of 
levothyroxine is recommended to maintain the FT4 
levels in the upper half of the reference range.127

Giant Hemangiomas
Hypothyroidism has been associated with giant heman-
giomas.128 In some infantile hemangiomas, the endo-
thelium of these vascular structures produces type 3 
iodothyronine deiodinase, which degrades circulating 
T4 (see Figure 12-2). Treatment of hypothyroidism in 
this setting requires high doses of levothyroxine.128

Hypothyroidism in Cancer Survivors
It is well recognized that children who are cancer survivors 
and who have had head and neck irradiation are at increased 
risk for differentiated thyroid cancer.129,130 More common, 
though, is the development of mild hypothyroidism.131-133 
Up to 30% of children who have had head and neck irra-
diation will develop primary hypothyroidism.133 Thus, an-
nual TSH screening is suggested. In addition, ultrasound 
studies are recommended beginning 5 years after radiation 
exposure.

Practitioners who argue that palpation alone is suffi-
cient for the follow-up of individuals who have had head 
and neck irradiation need to recognize that ultrasonogra-
phy will detect thyroid nodules well before palpation.130,134 
It must also be recognized that earlier rather than later 
recognition of thyroid cancer can lead to less extensive 
surgery, lower administered activities of 131I, and a better 
chance of cure.135

THYROID HORMONE RESISTANCE

Thyroid hormones exert their effects by binding to  
a specific nuclear receptors to regulate cellular gene 
expression.136 When the thyroid hormone receptor is 
mutated, impaired tissue responsiveness results, leading 
to thyroid enlargement, elevated levels of T4 and T3, 
tachycardia, and behavioral problems.137-140 Unlike 
Graves disease, TSH values are normal or slightly  
elevated.

The most common forms of thyroid hormone resis-
tance are caused by mutations of the thyroid hormone 
receptor beta gene.138-140 More than 100 mutations have 
been identified that result in impaired affinity for T3.138 
Mutant thyroid hormone receptors also block the 
function of normal thyroid hormone receptors.138 Thus, 
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thyroid hormone resistance is a dominant-negative  
mutation, and inheritance is autosomal dominant.138 
Detection of thyroid hormone resistance in the index 
case may therefore lead to diagnosis of the condition  
in other family members. In up to 50% of children  
with thyroid hormone resistance, the mutations are  
spontaneous.

Most individuals with resistance to thyroid hormone 
have generalized thyroid hormone resistance.138 These 
individuals are eumetabolic and asymptomatic, with TSH 
levels in the normal range.

In contrast, some individuals have isolated pituitary 
thyroid hormone resistance. These individuals have symp-
toms of hyperthyroidism, because they are sensitive to the 
effects of increased circulating thyroid hormone in the 
periphery, where the thyroid receptors are functionally 
intact.141 Resistance to thyroid hormone can be associated 
with central nervous system problems. Approximately 
50% of individuals with resistance to thyroid hormone 
have attention deficit hyperactivity disorder and a minority 
have mental retardation.142

Because individuals compensate for thyroid hormone 
resistance by secreting more thyroid hormone, treatment 
is generally not necessary.138,143 However, some patients 
with thyroid hormone resistance may be improperly  
diagnosed as having Graves disease and undergo ablation 
of the thyroid. In this situation, replacement therapy with 
appropriate doses of exogenous thyroid hormone is 
needed. With the earlier recognition of resistance to 
thyroid hormone due to newborn screening, the issue of 
whether children with resistance to thyroid hormone 
should be treated prenatally or during infancy has been 
raised.138,143 Treatment is generally reserved for infants 
who show elevated TSH levels, growth failure, seizures, 
and developmental delay.138,143

In some cases, TSH secretion may be profound, lead-
ing to massive thyromegaly, which may adversely impact 
upper airway function.144,145 These cases are associated 
with severe loss of function mutations. Treatment with 
high doses of triiodiothyroine every other day has been 
shown to be somewhat effective in this setting.144,145 In 
other cases, thyroidectomy is needed to prevent airway 
compromise.144,145

HYPERTHYROIDISM

Hyperthyroidism occurs less commonly in children than 
hypothyroidism, yet is far more symptomatic.146-150 Graves 
disease is the most common cause of childhood thyro-
toxicosis and is characterized by diffuse goiter, hyperthy-
roidism, and occasionally ophthalmopathy. Other causes 
of hyperthyroidism in children include autonomously 
functioning thyroid nodules, neonatal thyrotoxicosis, and 
infections of the thyroid. Hyperthyroidism also results 
from thyroid hormone ingestion, McCune-Albright  
syndrome, struma ovarii, and TSH-producing pituitary 
adenomas. Epidemic hyperthyroidism has also been seen 
when thyroid tissue has been inadvertently included in 
meat products.151 In contrast to these disorders, thyroid 
hormone resistance may appear similar to hyperthyroid-
ism yet is best left untreated.

Graves Disease
Graves disease is the most common cause of hyperthy-
roidism in children and adults and occurs when the 
thyroid gland is stimulated by immunoglobulins.51,148,152 
In children, the incidence of Graves disease is about 
1:10,000.153 Current treatment approaches for Graves 
disease include the antithyroid drugs (ATDs) propyl-
thiouracil (PTU) or methimazole (MMI), surgery, and 
radioactive iodine (RAI; 131I), therapies that have been 
used since the 1960s.148,154-157

Medical Therapy
PTU and MMI reduce thyroid hormone synthesis by  
inhibiting the oxidation and organic binding of thyroid 
iodide.158 Importantly, these medications are not curative. 
Rather, they palliate the hyperthyroid state until it spon-
taneously resolves or definitive treatment is rendered. In 
2008, serious complications related to the use of PTU in 
children were noted and a review of adverse events related 
to ATD use in the pediatric population was reported.153 
The risk of PTU-induced liver failure leading to trans-
plantation was estimated to be 1 in 2000 children. The 
number of children developing PTU-induced liver injury 
that was reversible was estimated to be at least 10-fold 
greater than the number of children who develop liver 
failure requiring transplantation. Because PTU-induced 
liver injury is of rapid onset and can be rapidly progres-
sive, biochemical monitoring of liver function tests and 
transaminase levels is not useful in managing the hepato-
toxicity risk in a PTU-treated patient.153 Considering 
the risk of PTU-related hepatotoxicity in children, it is 
now recommended that the use of PTU be stopped, and 
children taking the medication should be considered for 
alternative treatments.159

Although PTU use should be avoided in favor of 
MMI, there is a role for the limited use of PTU. PTU 
use should be considered in circumstances when neither 
prompt surgery nor 131I treatments are readily available 
options, or when a toxic reaction to MMI has occurred 
but therapy for Graves disease is necessary. In this situ-
ation, PTU use should be used for the short term only. 
Because of potential teratogenic effects of MMI,160 
PTU also is the drug of choice over the first trimester 
of pregnancy.161 In the United States and many other 
countries, MMI (or carbimazole) is available and is the 
drug of choice for Graves disease. The typical MMI 
dose is 0.2 to 0.5 mg/kg/day, with a range from 0.1 to  
1 mg/kg/day.152 Although many practitioners give MMI 
in divided administered doses, data do not support a 
need for such titration.162

Overall MMI has a better safety profile than PTU, but 
MMI can be associated with minor adverse events;163 
major adverse events include agranulocytosis and allergic 
reactions. Agranulocytosis has been reported in about 
0.3% of adult patients taking MMI or PTU.156,164,165 
Agranulocytosis is dose dependent with MMI and rarely 
occurs at low doses.156,164,165 When it develops, agranulo-
cytosis occurs over the first 100 days of therapy in 95% 
of individuals.156,164,165 If patients taking MMI develop 
fever, pharyngitis, or feel ill, the medication should be 
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immediately discontinued by the patient, a physician 
contacted, and a white blood cell count obtained.

The issue of how long anti-thyroid drugs (ATDs) 
should be used in children before considering radioactive 
iodine or surgery is a topic of controversy and warrants 
further study. Prospective studies in adults show that if 
remission does not occur within 18 months, there is little 
chance of remission with prolonged therapy.166 In chil-
dren, when ATDs are used for 1 to 2 years, remission 
rates are generally 20% to 30%.167-169 The chance of re-
mission after 2 years of ATD use will be low if the thyroid 
gland is large (. 2.5 normal size for age),170 the child is 
young (, 12 years)168,169,171 not Caucasian, initial serum 
TRAb levels are high, or FT4 levels are high at diagnosis 
(. 4 ng/dL; 50 pmol/l). 169

Studies of large cohorts of pediatric patients with 
Graves disease treated with ATDs for extended peri-
ods170,172 have revealed low remission rates that are com-
parable to those seen with 2 years of therapy. In view of 
these data, many practitioners will consider a trial of MMI 
for 1 or 2 years and proceed to surgery or 131I therapy if 
remission does not occur. Practitioners may also elect to 
continue ATDs for many years, as long as toxic reactions 
and progressive thyromegaly do not occur. Most recently, 
higher remission rates for children treat with antithyroid 
medications have been reported.173 Yet, these studies are 
at variance with most other studies148 and warrant addi-
tional follow-up.

Radioactive Iodine Therapy
The use of RAI has been reported in more than  
1200 children.157 Patients as young as 1 year of age have 
been treated with 131I with excellent outcomes.157 Overall 
studies of 131I use in children report remission rates that 
exceed 95%.157,174,175 The goal of 131I therapy for Graves 
disease is to induce hypothyroidism. 131I doses are typi-
cally calculated to deliver the desired amount of radiation 
based on gland size and 24-hour 123I uptake. Some cen-
ters administer all patients the same fixed dose of 131I 
with excellent outcome.176 To achieve thyroid ablation or 
hypothyroidism, more than 150 uCi of 131I per gram of 
thyroid tissue should be administered.177,178 With larger 
glands (30 to 80 g), higher administered doses of 131I (200 
to 300 uCi of 131I per g) may be needed.177 To assess 
gland size when the thyroid is large, ultrasonography is 
recommended with gland size determined by the formula, 
lobe size 5 [length 3 width 3 depth 3 0.6] and the vol-
umes of each lobe summed. Radioactive iodine is often not 
effective with large glands (. 80 g).179 Thus, surgery may 
be preferable to 131I in these patients, although patients 
can be given a repeat RAI treatment.

 Some centers administer a fixed dose of about 15 mCi 
131I to all children176 rather than providing individually 
calculated doses. One potential advantage of calculated 
versus fixed dosing, though, is that it may be possible to 
administer lower doses of 131I when the administered 
dose is calculated, especially when uptake is high. Less 
than 10% of children complain of mild tenderness over 
the thyroid in the first week after therapy, which can be 
treated effectively with acetaminophen or nonsteroidal 
anti-inflammatory agents for 24 to 48 hours175,177 There 

are rare reports of pediatric patients with severe hyper-
thyroidism who have developed thyroid storm after re-
ceiving 131I.180 Thyroid storm in this setting is believed to 
reflect progression of the uncontrolled hyperthyroid 
state. Thus, if T4 values are . 20 μg/dL or freeT4 values 
are . 5 ng/dL (60 pmol/l), children should be treated 
with MMI until T4 or free T4 levels normalize before 
proceeding with 131I therapy.177

Hypothyroidism typically develops by 2 to 3 months 
posttreatment.176,177 When administered doses . 150 uCi 
of 131I per gram of thyroid tissue are administered, hypo-
thyroidism rates are about 95%.152,157,181 If hyperthyroid-
ism persists 4 to 6 months after therapy, retreatment with 
131I is indicated.

The thyroid gland is unique in its developmental sen-
sitivity to malignancy following low-level radiation expo-
sure.182,183 When individuals are younger than 20 years at 
the time of exposure to low-level thyroid irradiation, 
thyroid cancer risks increase the younger the patient is at 
the time of exposure.182,183

Detractors of 131I therapy point to the increased rates 
of thyroid cancer and thyroid nodules observed in young 
children exposed to radiation from nuclear fallout at  
Hiroshima or after the explosion at the Chernobyl nuclear 
reactor.183,184 The risk of thyroid neoplasms, however, is 
greatest with exposure to low level external radiation (0.1 
to 25 Gy; ,0.09 to 30 uCi/g),182-185 not with the higher 
doses used to treat Graves disease. We are not aware of 
cases of thyroid cancer developing in patients treated with 
. 150 uCi of 131I per gram of thyroid tissue for childhood 
Graves disease attributable to RAI therapy.

Although RAI is being used in progressively younger 
ages, we do not know if there is an age below which high-
dose 131I therapy should be avoided. Risks of thyroid 
cancer after external irradiation are highest in children 
less than 5 years of age and progressively decline with 
advancing age.174,182,183,186 If there is residual thyroid tis-
sue in young children after RAI treatment, there is a 
theoretic risk of thyroid cancer.

In addition to thyroid cancer risks, potential influ-
ences of 131I therapy on other cancers need to be con-
sidered. This issue has been examined in several large 
cohorts of adults in the United States and other coun-
tries. These studies have not revealed increased cancer 
incidence or mortality in adults treated with 131I for 
Graves disease.187-193

In comparison with the studies in adults, few studies 
have focused on populations exposed to 131I in childhood 
for the treatment of Graves disease. The longest follow-
up study of pediatric patients involved 36-year outcomes 
of 116 patients who were less than 20 years of age when 
treated with 131I between 1953 and 1973.174 This group 
did not have an increased cancer rate.

The total-body radiation dose after 131I varies with 
age, and the same absolute dose of 131I will result in more 
radiation exposure to a young child than to an adolescent 
or adult.194,195 At present, we do not have dosimetry in-
formation regarding 131I use in children with Graves 
disease to assess total body exposure in children. But, 
based on theoretic calculations, we feel it is prudent to 
avoid radioactive iodine therapy in very young children 
(, 5 years) and to avoid . 10 mCi in patients younger 
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than 10 years of age. It is important to recognize that 
there may be circumstances in which 131I therapy is 
required in young children. This situation may occur 
when a child has developed a reaction to antithyroid 
medications, proper surgical expertise is not available, or 
the patient is not a suitable surgical candidate. In this 
situation, 131I therapy is needed.

Surgery
Surgery is an acceptable form of therapy for Graves dis-
ease in children.196 When performed, near total or total 
thyroidectomy is recommended, as subtotal thyroidec-
tomy is associated with a higher relapse rate.197 Surgery 
is preferred in young children (, 5 years) when definitive 
therapy is required and can be performed by an experi-
enced thyroid surgeon. In individuals with large thyroid 
glands (. 80 g), the response to 131I may be poor,179,198 
and surgery is recommended for these patients.

Data in adults show that acute complications following 
thyroidectomy include hypocalcemia (40%), hematoma 
(2%), and recurrent laryngeal nerve paresis (2%).199,200 
Children aged 0 to 6 years had complication rates of 22%, 
whereas those aged 7 to 12 years had complication rates 
of 11%, and those aged 13 to 17 years had complication 
rates of 11%. These rates are higher than those seen in 
adults. Thus, surgery may not be an optimal option for 
some pediatric patients with Graves disease, especially in 
young children. In circumstances where local pediatric 
thyroid surgery expertise is not available, referral of a 
child with Graves disease to a high-volume thyroid sur-
gery center of excellence that also has pediatric experience 
should be considered.

Stratification of Treatment
Based on what is known about the risks of different treat-
ments and the pathogenesis of Graves disease, we can be 
more selective in our approach to therapy.148 To reduce 
treatment risks and expedite cure, the treatment options 
can be guided by the patient’s age and the nature of the 
intrinsic autoimmune disease (Figure 12-4).

In determining if drug therapy is likely to be success-
ful, TRAb levels and thyroid size may be predictive of 
remission rates. The presence of low TRAb levels and a 
small thyroid suggests the possibility of remission on 
medical therapy. Yet if TRAb levels are high and the thy-
roid is large, the odds of spontaneous remission are 
low.201,202 However, TRAb levels and thyroid size may 
not always be indicative of the likelihood for remission.

For children younger than 5 years of age, we consider 
MMI as a first-line therapy. Because young children are 
less likely to have remission than older children on drug 
treatment,168,171 prolonged drug therapy may be needed. 
If there are no toxic effects, continuing MMI is reasonable 
until the child is considered old enough for radioactive 
iodine therapy. Alternatively, thyroidectomy or ablative 
radioactive iodine therapy can be considered if reactions 
to medications develop or there is the desire to avoid 
prolonged drug use.

Fifteen percent of children with Graves disease will 
present between 6 and 10 years of age.147 MMI therapy as 

a first-line measure for this age group is reasonable. Yet as 
the child approaches 10 years of age, either radioactive 
iodine or drug therapy can be considered as initial therapy.

Children 10 years of age and older account for 80% of 
the pediatric cases of Graves disease. For this age group, 
radioactive iodine or MMI can be considered as first-line 
treatment options.

Finally, irrespective of the treatment option selected, 
careful follow-up is needed for all patients treated for 
Graves disease. Long-term follow-up should include 
regular examination of the thyroid gland and measure-
ment of circulating levels of thyroid hormones once or 
twice a year. All newly appearing thyroid nodules should 
be biopsied or excised.

In addition to assessing thyroid function in children 
with Graves disease, attention also needs to focus on 
body composition and weight change in children after 
treatment onset. Data now show that Graves disease 
therapy can be associated with a significant increase in 
body weight.86,203

OTHER CAUSES OF HYPERTHYROIDISM
Neonatal Thyrotoxicosis
Thyrotoxicosis in the neonate is a severe and life-threat-
ening condition that call be associated with lasting neuro-
logic problems.204,205 If a mother has Graves disease, the 
chance is 1 in 80 that TSI (or TRAbs) will be transferred 
to the fetus, which will result in intrauterine or neonatal 
hyperthyroidism.206 Rarely, neonatal thyrotoxicosis will 
persist, like the Graves disease seen in older children.205 
In other rare cases, persistent neonatal thyrotoxicosis is 
caused by the activation of the TSH receptor.207,208

The fetal thyroid gland is responsive to maternal  
TSI, which, if present at elevated levels, may result in 
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FIGURE 12-4 n  Graves disease therapy in children: Stratification 
by clinical characteristics. Patients can be grouped into those 
with a better or worse chance of remission based on age, TSI 
levels, and thyroid size. For very large glands (. 80 g), surgery 
is the treatment of choice. Patients can be treated with antithy-
roid drugs for 12 to 24 months and the drug withdrawn to see  
if remission is achieved. If there is no remission, either surgery 
of radioactive iodine can be administered. Alternatively,  
the patient can be restarted on antithyroid medication. Only 
methimazole or carbimazole should be used.
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hyperthyroidism.209-212 Fetal hyperthyroidism manifests 
during the second half of gestation, as transfer of TSI 
from the mother to the fetus increases with the progres-
sion of pregnancy.209-211

The risk of fetal hyperthyroidism and neonatal Graves 
disease is proportional to the magnitude of elevation  
of TSI levels.209-211 Fetal hyperthyroidism is generally 
associated with levels of TSI more than two- to fourfold 
greater than the upper limit of normal for assay.209-211 
Because the fetus is at risk for hyperthyroidism when 
there is active or past maternal Graves disease, fetal 
growth and heart rate should be regularly assessed from 
midpregnancy onward.209-211 Excessive fetal heart rate 
(. 160 beats per minute after 20 weeks) and the presence 
of a fetal goiter suggest hyperthyroidism in the fetus. In 
addition, accelerated maturation of the femoral ossifica-
tion center is seen with fetal hyperthyroidism.210

If a mother with Graves disease is taking antithyroid 
medications during pregnancy, fetal thyroid hormone 
synthesis will be inhibited, which will prevent the devel-
opment of intrauterine hyperthyroidism.213 However, the 
infant may be born with a goiter and hypothyroidism.165 
At birth, circulating levels of T4 may be low and TSH 
levels elevated. In most cases, the effects of antithyroid 
drugs wane, and thyroid function normalizes within a 
week.206 If significant transplacental passage of TSI has 
occurred, however, thyrotoxicosis will develop.206,214

If a mother with a history of Graves disease is not tak-
ing antithyroid drugs during pregnancy, the fetus may 
develop intrauterine hyperthyroidism.205 If the condi-
tion is not recognized, it may result in profound intra-
uterine thyrotoxicosis and growth retardation.205 Such 
infants have prematurely fused cranial sutures, advanced 
skeletal age, long-term learning problems, and mental 
retardation.205,215 If hyperthyroidism is recognized pre-
natally because of fetal tachycardia (heart rate higher 
than 160 beats per minute after 22 weeks), treatment of 
the mother with antithyroid drugs will reduce the sever-
ity of intrauterine thyrotoxicosis.213,216,217

Treatment of thyrotoxic infants consists of administra-
tion of antithyroid medications (PTU 5 to 10 mg/kg/day 
or MMI 0.5 to 1 mg/kg/day) and beta-blockers (pro-
pranolol 1 mg/kg/day). Lugol solution or saturated po-
tassium iodide may be given (one to two drops every  
8 hours) for 7 to 10 days to more rapidly control bio-
chemical hyperthyroidism. After approximately 2 weeks 
of antithyroid drug therapy, thyroid hormone levels will 
decline. When thyroid hormone levels fall below normal 
(8 mg/dL), supplementary levothyroxine (37.5 mg/day for 
full-term infants) is added to prevent hypothyroidism.  
As TRAbs are cleared from the infant’s circulation, the 
half-life of IgG being approximately 3 weeks, spontaneous 
recovery usually begins within 3 months and is usually 
complete by 6 months.205,214 Thus, the infant can be 
weaned from treatment after 3 months. Monitoring of 
the infant’s TSI levels is also a useful predictor of when 
antithyroid medication can be tapered.218,219

Infectious Thyroiditis
Occasionally a child presents with hyperthyroidism, ten-
derness over the thyroid gland, and fever due to bacterial 

infection of the thyroid, a condition called acute thyroid-
itis.220 Acute thyroiditis can be associated with the pres-
ence of a fistula connecting the piriform sinus on the left 
side of the pharynx to the thyroid.220 Fevers can be high 
and erythrocyte sedimentation rates and white counts 
elevated. Ultrasonography may reveal a local abscess.  
In contrast to Graves disease, uptake of technetium 
99-pertechnetate or radioiodine is reduced when thyroid 
scanning is performed.

The offending bacteria include Haemophilus influenza 
and group A streptococci.220 Thus, treatment with an anti-
biotic resistant to disruption by beta-lactamase is recom-
mended. In severe cases, hospitalization and intravenous 
antibiotic administration is indicated, because lymphatic 
drainage into the mediastinal region may occur. Surgical 
drainage is needed if a localized abscess develops and the 
response to antibiotics is poor.220

Because the infectious process results in destruction 
of thyroid tissue, release of preformed thyroid hormone 
and clinical hyperthyroidism may occur during infec-
tion. The hyperthyroid state is usually transient, and 
treatment with antithyroid drugs is not indicated.220 
If the patient becomes symptomatic, beta-blockers may 
be used.

After the child has recovered, pharyngography is indi-
cated to test for a patent piriform sinus tract. Occasionally, 
the tract may close as the result of the infection. If the tract 
persists, however, and acute thyroiditis recurs, resection is 
needed.

Subacute Thyroiditis
Viral infections of the thyroid may occur and result in 
subacute thyroiditis.221 In comparison with acute thy-
roiditis, subacute thyroiditis may be less severe.221,222 
Fever, thyroid tenderness, and hyperthyroidism may be 
present and may last for several weeks.223 Because clini-
cally distinguishing between bacterial and viral thyroid 
infections is difficult, antibiotic treatment is indicated 
when infectious thyroiditis is suspected.

Hyperfunctioning Nodules
Warm or hot nodules lead to excessive production of thy-
roid hormone and can be associated with clinical and 
biochemical hyperthyroidism.224 Activating mutations of 
the TSH receptor and Gs have been discovered in hyper-
functioning nodules.225,226 Although hyperfunctioning 
nodules may be ablated with radioiodine, surgical excision 
of hyperfunctioning nodules is recommended in children 
and adolescents, because radiation-exposed normal thy-
roid tissue will remain after the hyperfunctioning nodule 
is ablated. Although the risk of malignancy in hyper-
functioning nodules is low, thyroid cancers have been 
described in warm nodules.227,228

Toxic Multinodular Goiters
Multinodular goiters are uncommon in children, but 
patients with this condition can develop thyrotoxicosis, 
which is usually related to the time the goiter has been 
present and goiter size. In this setting, hyperthyroidism 
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develops as a single nodule in the thyroid, becomes overly 
active, and functions autonomously.229,230 Forty-six per-
cent of patients may have T3 thyrotoxicosis, and nodules 
are 3 cm or more in diameter.229,230

In adults, 131I is routinely used in the treatment of iso-
lated toxic adenomas and toxic multinodular goiters.229,230 
The use of radioiodine to treat these conditions in chil-
dren is uncommon, however, and few follow-up data are 
available. Although strong justification exists for the use 
of radioiodine in the treatment of childhood Graves dis-
ease, especially when appropriate doses are used, we rec-
ommend that radioiodine be avoided in children with 
toxic adenomas or multinodular goiters.

When a toxic nodule is present, either as an isolated 
nodule or in the setting of a multinodular goiter, thyroid 
function is suppressed in the nontoxic regions. When 
radioiodine is given, uptake will be limited to the au-
tonomously functioning tissue, and if large doses are 
administered, the remaining thyroid tissue will receive 
external irradiation. Because the risk of thyroid cancer 
following external radiation is very low after 20 years of 
age,231,232 the use of radioiodine for toxic nodule ablation 
in adults is not associated with increased thyroid cancer 
risks. In the child or adolescent treated with 131I for toxic 
nodules, however, low-level irradiation to the remaining 
thyroid tissue may be associated with an increased thy-
roid cancer risk.

THYROID NODULES AND THYROID CANCER
Nodule Evaluation
Thyroid nodules in children are uncommon and encom-
pass nonfunctional and functional lesions and benign and 
malignant tumors.135,233,234 Thyroid cancer needs to be 
suspected when thyroid nodules are detected in children 
and adolescents. In a compilation of 16 studies that ex-
amined the malignancy rate of thyroid nodules in chil-
dren, 299 of 1134 nodules were malignant for an overall 
rate of 26%.235

When thyroid nodules are detected, serum TSH, 
estimated FT4 or T4, and a neck ultrasound should be 
obtained. Calcitonin levels should be assessed to screen 
for medullary thyroid cancer, which accounts for 3% to 
5% of pediatric thyroid cancers.236,237 If the TSH is sup-
pressed, a radionuclide scan may identify a hyperfunc-
tioning nodule.

Ultrasound characteristics suggestive of malignancy 
include microcalcifications, indistinct margins, and a 
variable echotexture.130,234,238 Ultrasound can determine 
the intrathyroidal location of nodules, identify addi-
tional nodules, and assess if there is lymph node involve-
ment.130,234,238 After the Chernobyl disaster, the most 
reliable ultrasound diagnostic criteria for malignancy in 
children were an irregular, subcapsular location and  
an increased intranodular vascularization by Doppler 
technique.239 Ultrasonographic appearance alone, though, 
cannot reliably distinguish between benign and malignant 
lesions. Thus, fine-needle aspiration (FNA) is indicated 
for children with thyroid nodules.234

FNA is the most accurate means to evaluate if a thy-
roid nodule is malignant.234 Reports of FNAs performed 

in children describe similar specificity and sensitivity as 
adults.240-242 Difficulty arises when the FNA is nondiag-
nostic or the cytology is “indeterminate,” as malig-
nancy can be present up to 50% of the time with such 
cytologic features.243 If this occurs, the clinician may 
repeat the ultrasound study and FNA within 3 to  
6 months. The nodule size at which point FNA should 
be performed in children is a matter for discussion.244 
In adults, recommendations suggest that FNA be per-
formed when nodule diameter is or exceeds 1 cm.234 
However, as about 30% of pediatric thyroid nodules 
are malignant, and FNA can be performed in nodules 
smaller than 1 cm, it is reasonable to biopsy smaller 
lesions in children if such capabilities are available, es-
pecially for nodules 0.5 to 1 cm. Ultrasound-guided 
FNA is recommended especially in children because  
of the difficulty to biopsy small nodules, which rarely 
can be palpated.245 When FNA is performed in chil-
dren, because this is an uncommon procedure, special 
expertise outside of pediatric departments may be 
needed.

Thyroid Cancer
Pediatric thyroid cancer is a rare and treatable disease 
with an excellent prognosis.135,236 Compared with adults, 
epithelial-derived differentiated thyroid cancer (DTC), 
which includes papillary thyroid cancer (PTC) and fol-
licular thyroid cancer (FTC), presents at more advanced 
stages of disease in children and is associated with 
higher rates of recurrence. Thyroid cancer in the pediatric 
population is rare, as a total of 1753 patients with  
malignant thyroid neoplasms were identified with an 
age-adjusted annual incidence of 0.54 cases per 100,000 
persons. The thyroid cancer types in children in the 
United States are PTC in 60%, follicular variant of 
papillary in 23%, FTC in 10% (FTC), and medullary in 
5% (MTC)236 (Box 12-2). Algorithm for the evaluation 
and follow-up of DTC are presented in Figures 12-5 
and 12-6.

Compared with adults, children with DTC present 
with more extensive disease.246-255 Lymph node involve-
ment at diagnosis is seen in 40% to 90% of children246-256 
compared with 20% to 50% of adults.257 The prevalence 

BOX 12-2 Thyroid Neoplasia in Childhood

tumors of the folliculAr ePithelium

• Follicular adenoma
• Papillary carcinoma
• Follicular carcinoma
• Anaplastic carcinoma

tumors of nonfolliculAr origin

• Medullary carcinoma
• Metastatic tumors
• Teratoma
• Lymphoma
• Other
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of distant metastases, most commonly lung, is 20% to 
30% in children versus 2% in adults.246-255,258 Multifocal 
disease is more common in children than adults and is 
seen in about 40% of childhood PTC cases.

In general, DTC that first presents when a person  
is younger than 10 years of age appears to have higher 

recurrence and mortality rates than when presentation 
occurs at older ages.258,259 DTC that first presents when 
a person is older than 10 years of age behaves similar to 
that in young adults.258 DTC is generally more wide-
spread at presentation and more likely to recur in younger 
than older children.260 Other investigators, though, have 
found that DTC has similar biologic properties in 
younger children and adolescents.261

Even in the presence of metastatic disease, long-term 
follow-up data show 30-year survival rates of 90% to 
99% for children with DTC (see Figure 12-2).251,252,262 
Even with distant metastases, mortality rates are more 
favorable in children than adults,263 and pulmonary me-
tastases can remain stable for extended periods.264 The 
favorable prognosis reflects the fact that most young  
patients have well-differentiated tumor types, few have 
bone metastasis, and most tumors respond well to RAI 
therapy.

In most cases, specific risk factors for DTC cannot be 
identified in children; however, risk factors are found in 
a subset of patients. Exposure to low-level head and neck 
irradiation has been recognized for more than six decades 
as predisposing to DTC.265,266 Low-level radiation doses 
to the thyroid of less than 30 Gy (3000 cGy or Rad) in-
crease the risk for cancer, with the risk being higher at 
progressively younger ages.183-185 Above 20 years of age, 
the risk of thyroid cancer following low-level irradiation 
is either very low or undetectable.183,185 The latency pe-
riod between the time of radiation exposure and cancer 
onset in children is typically 10 to 20 years.183,185,266

Thyroid cancer in children can also be observed in 
families. Familial nonmedullary differentiated thyroid 
cancer (FNMTC) is diagnosed when three or more indi-
viduals in the family have DTC.267-270 Although studies 
are under way to identify specific genes leading to cancer 
risk in FNMTC, specific common molecular signatures 
have yet to be identified.271-273 When FNMTC is pres-
ent, it is recommended that thyroid ultrasonography be 
performed every year or 2 beginning at 8 years as part of 
tumor surveillance. DTC in children with FNMTC has 
been identified in children as young as 8 years of age, and 
the age of cancer occurrence is generally younger in the 
second than in the first generation.274

Other rare genetic syndromes are associated with thy-
roid cancer. Cowden syndrome is caused by mutation in 
the PTEN gene and is a rare autosomal dominant disor-
der associated with hamartomas of mucosal surfaces and 
DTC.275-277 Cancer in Cowden syndrome has been iden-
tified in children as young as 8 years.278 Gardner syn-
drome (familial colorectal polyposis) is a genetically 
transmitted, autosomal dominant condition associated 
with multiple polyps in the colon and other tumors  
including DTC.279-281 Gardner syndrome is caused by 
mutation in the APC gene located on chromosome 
5q21.279,280 Werner syndrome, caused by a mutation in 
the WRN gene, a DNA helicase, is a very rare autosomal 
recessive disorder characterized by premature aging.277 
The syndrome is associated with DTC, melanomas, and 
sarcomas.277 Certain forms of congenital hypothyroid-
ism, caused by mutations in the TPO gene, can lead to 
thyroid nodules goiter282 and rarely DTC.283 Mutations 
in the RET protooncogene typically lead to medullary 
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carcinoma of the thyroid in MEN2a, MEN2b, and iso-
lated familial medullary carcinoma of the thyroid, which 
are not forms of DTC.284 (See Chapter 14 for a discus-
sion of MEN syndromes.)

Recognizing that thyroid cancer is rare in children, 
studies reporting outcomes of more than 100 children are 
few,246,285-287 and there are a small number of reports with 
sample sizes between 25 and 100 patients.251,253,260,288,289 
Outcomes of some of these studies* were recently 
independently tabulated by Thompson and Luster.250,253 
In general, the following observations about pediatric 
DTC can be made: (1) about 70% of children present 
with disease that is metastatic to lymph nodes.  
(2) About 15% of children present with distant meta-
static disease, most commonly to the lungs. In more 
than 50% of these cases, lung tumors are micrometas-
tases that are not apparent with chest radiographs  
or computerized tomography (CT) scanning but are 
apparent with RAI scans.258 (3) Recurrence rates over 
5 to 20 years are as high as 30%. (4) About 10% to 
20% of children will have complications related to 
surgery. (5) A standardized approach to the care  
of children with DTC is lacking. Some children are 
routinely treated with RAI, whereas others are not. 
Some children are treated by lobectomy, and others 
are treated by total thyroidectomy and central com-
partment lymph node dissection. Collectively, these 
studies show that DTC recurrence risk can be reduced 
by performing total thyroidectomy versus lobectomy, 
performing compartment lymph node dissection  
versus selective or no lymph node dissection, and  
administering RAI.

Surgical Options
The preoperative evaluation of pediatric patients with 
thyroid disease involves both a general examination to 
rule out comorbid conditions and a thyroid focused 
evaluation.233,234,304 A neck ultrasound using a high-
resolution probe (7.5 MHz or higher) should be per-
formed to examine the contralateral thyroid lobe and 
the central and lateral neck compartments.305-308 Most 
children with PTC will have metastatic cervical lymph 
node disease.246,256,285,301,309-313 FNA prior to surgery of 
suspicious lymph nodes should be performed prior to 
surgery. Ultrasonography may not detect the full of 
lymph node involvement.314,315 When further delinea-
tion of potential neck disease is needed, imaging using 
contrast-enhanced CT or magnetic resonance imaging 
(MRI) may be considered.

The extent of lymph node surgery has been the sub-
ject of attention.316,317 Cancer recurrence most com-
monly takes place in lymph nodes in the laryngotracheal 
region.318 In children and adults, the greater the lymph 
node involvement in recurrent disease, the greater is the 
risk of distant metastasis and mortality.236,250,253-255 Lymph 
node metastasis is a pervasive component of DTC in 
children, as up to 90% of children with DTC will have 
nodal disease. Importantly, in up to 50% of cases, DTC 

involvement of lymph nodes is not detectable by preop-
erative ultrasonography.319,320

Pediatric data summarized by Thompson and Luster 
revealed complication rates ranging from 0 to 40% for 
recurrent laryngeal nerve injury and 0 to 32% for perma-
nent hypoparathyroidism.250,253 A database analysis of 
thyroidectomy complications in the United States showed 
that children aged 0 to 6 years have higher complication 
rates (22%) than older children (15% for those aged 7  
to 12 years and 11% for those aged 13 to17 years).199 
Children had higher endocrine-specific complication 
rates than adults after thyroidectomy (9.1% versus 
6.3%).199 Importantly, surgical outcome was significantly 
optimized when surgeries were performed by high-volume 
surgeons, defined as those performing 30 or more thyroid 
operations per year.199 Yet, even when surgery is per-
formed by high-volume thyroid surgeons, complication 
rates reach 6%.199

Recognizing data from children and adults, as such, 
for children with DTC, we recommend total or near-
total thyroidectomy along with central compartment 
lymph node dissection as part of the initial operation. In 
addition, lateral compartment dissection with lymph 
node removal is indicated when lymph node involvement 
is localized preoperatively by imaging studies or FNA. To 
minimize the risk of complications, high-volume thyroid 
surgeons should perform the surgery.

Radioactive Iodine Therapy
Radioactive iodine (RAI, 131I, also referred to as radioio-
dine) was observed to kill thyroid tumor cells more than 
60 years ago.321,322 Based on available evidence from 
studies of adults,233,234,323-335 the following conclusions 
can be tendered: (1) RAI treatment leads to a reduced 
risk of recurrence and mortality in patients with DTC 
with postsurgical residual disease. (2) RAI benefit is 
clearly demonstrated in adult patients with stage 2 and  
3 disease, but not in stage 1. (3) RAI treatment of rem-
nant tissue results in lower rates of DTC recurrence and 
metastasis. (4) Relatively high cumulative activities of 
RAI (. 300 mCi; 11 GBq) may be associated with an 
increased risk of second primary malignancies (SPM). 
(5) Different approaches have been used to determine 
activities including empiric dosaging, blood-based upper-
limit dosimetry, and tumor dosimetry. (6) RAI efficacy  
is dependent on factors that include tumor biology and 
the radiation dose to the tumor. (7) Six decades after the 
introduction of DTC therapy, RAI use is still under  
refinement and viewed with controversy.

The overwhelming majority of pediatric patients 
will have nodal involvement.246-250,336 In this setting, 
based on studies showing the potential extent of lymph 
node spread,337-339 it must be assumed that there will be 
residual lymph tissue containing micrometastases fol-
lowing compartment dissection. Lymph node spread is 
associated with increased mortality and distant meta-
static spread,334,336,340,341 and adjunctive RAI will reduce 
recurrence risk.285,286 Thus, RAI is favored in children 
with DTC.

Administered 131I activities to be applied should range 
from 100 to 200 mCi (3.7 to 7.4 GBq) in physically mature *See references 246, 256, 259, 263, 264, 285, and 290-303.
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children and may be corrected for body weight 1.35 to  
2.7 mCi/kg (50 to 100 MBq/kg) in younger children. New 
analyses show that treatment with at least 200 MBq/kg 
(5.4 mCi/kg), and in most patients even much higher ac-
tivities, is possible without a risk of exceeding bone marrow 
tolerance limits.342

For the uncommon low-risk pediatric patient with 
microcarcinoma (tumor , 1 cm) and no lymph node in-
volvement, treatment with 30 mCi (1.2 GBq) for the 
purposes of remnant ablation may be administered and 
additional courses given if there is Tg persistence. Based 
on studies in adults,343-345 about 10% of patients admin-
istered 131I for remnant ablation will have biochemical 
evidence of remaining thyroid tissue and will require  
retreatment. Alternatively, as suggested,233 RAI may 
be withheld for the child with microcarcinoma, and the 
patient monitored for disease persistence and recurrence 
via concentrations of Tg and ultrasonography. If Tg lev-
els rise in the absence of gross disease, RAI can be later 
administered.

Levothyroxine Therapy
It is standard practice to treat thyroid cancer patients 
with levothyroxine postoperatively, as it is well recog-
nized that TSH suppression can reduce rates of recur-
rence.346,347 The optimal degree of TSH suppression is 
debated in low-risk patients, as it is not clear if complete 
suppression of TSH secretion confers benefit.

In adults, the long-term impact of supraphysiologic 
doses of thyroid hormone on bone mineral density and 
cardiovascular risks is well recognized.348,349 In children, 
high levels of thyroid hormones can have effects on 
growth and profoundly impact on behavior and learning 
ability.350 On the other hand, children generally need 
considerably higher doses of levothyroxine to completely 
suppress TSH as compared to adults. To date, studies of 
the effects of treatment resulting in subclinical hyperthy-
roidism in children treated for DTC have yet to be per-
formed to assess impact.

In adults with low-risk disease, it is recommended  
to maintain TSH levels in the low normal range (0.5 to 
2.5 mU/mL).351,352 The American Thyroid Association 
Taskforce recommends more aggressive suppression 
(TSH 0.1 to 0.5 mU/mL).234 For high-risk adult patients, 
TSH values should be suppressed to , 0.1 mU/mL.234

One scheme proposed for children is to initially sup-
press TSH levels to , 0.1 mU/mL and then allow the 
TSH to rise to 0.5 mU/mL once the patient enters remis-
sion.353 These recommendations seem appropriate for 
children when one considers that most recurrent DTC 
develops 5 years after initial treatment.354

In pediatrics it is well recognized that medical com-
pliance can be a major problem, especially for teens and 
young adults, including those with serious medical con-
ditions.355-358 Although TSH suppression is desirable, 
clinicians must recognize that TSH-suppression may be 
difficult to enforce in the pediatric population. As such, 
TSH-suppressive therapy cannot be practically consid-
ered to be a mainstay of therapy, supporting surgical 
and RAI approaches that minimize recurrence risk in 
children.

Follow-up
Follow-up care of the child with DTC involves the regular 
assessment of circulating thyroid hormone levels, ultraso-
nography of the neck, measurement of Tg, and whole-body 
radioiodine scans135,258 (see Figure 12-6).

A very pertinent issue is the criteria used to assess if a 
patient is disease free. With more sensitive Tg assays, 
one can aim for an undetectable Tg level as indicative of 
a disease-free state, rather than a Tg of , 2 μg/L, which 
had been standard practice. Although an 131I uptake of 
, 0.1% is considered an indication of being disease free, 
small metastases or thyroid remnants may be present 
even with such low uptake values; modern gamma cam-
eras can reliably detect thyroid remnants with an uptake 
as low as 0.01%.

In general, a follow-up ultrasound and a TSH- 
suppressed Tg level assessment are performed 6 months 
after initial therapy, and at least annually thereafter,  
although following patients every 6 months for at least  
5 years after diagnosis may be preferred for patients  
with more advanced initial or metastatic DTC. TSH-
stimulated Tg levels are assessed 6 months after initial 
therapy, and 6 to 12 months thereafter, based on the sus-
picion of residual disease. Assessment of T4, T3, and 
TSH levels is indicated every 6 months and 1 to 2 months 
after dose changes.234,359

Overall, ample evidence suggests that more extensive 
surgery is associated with lower rates of recurrence.135 
Surgery is associated with clear and definable rates of 
complications that can be minimized when surgery is 
performed by high-volume thyroid surgeons. Evidence 
shows that, properly administered, RAI is associated with 
lower recurrence rates. Evidence also shows that DTC is 
associated with an increase secondary primary malig-
nancy (SPM) risk, which reflects intrinsic factors related 
to having DTC itself. Evidence also suggests that rela-
tively high doses of 131I may contribute to an increased 
risk of SPM. Thus, the proven benefit of 131I in prevent-
ing cancer recurrence and cancer-related deaths needs to 
be weighed against potential long-term risks. Long-term 
follow-up for the child with DTC is essential, as disease 
can recur decades after initial diagnosis and therapy.

MEDULLARY THYROID CARCINOMA

Medullary thyroid carcinoma (MTC) accounts for about 
5% of thyroid cancer in children.360 In comparison with 
differentiated thyroid cancer, MTC arises from the para-
follicular or C cells of the thyroid gland that produce 
calcitonin.360 Hereditary forms of MTC account for 
about 30% of cases and include multiple endocrine neo-
plasia type 2A (MEN2A), MEN2B, and familial MTC 
(FMTC).361 However, most patients with MTC have 
sporadic disease. MEN 2A includes MTC, pheochromo-
cytomas, and hyperparathyroidism.362 MEN 2B includes 
MTC, pheochromocytomas, and multiple mucosal neu-
romas362 (Table 12-4). Mucosal neuromas usually have a 
distinctive appearance, and children with MEN2B may 
have thick and bumpy lips, a prominent jaw and a mar-
fanoid habitus.362 FMTC is said to be present when four 
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or more family members have MTC. In comparison with 
MEN 2A and 2B, FMTC occurs at later ages, between 20 
to 40 years of age.360

MTC is caused by autosomal-dominant gain-of-function 
mutations in the RET protooncogene on chromosome 
10.362 The RET gene includes 21 exons and encodes 
a plasma membrane–bound tyrosine kinase enzyme.362 
RET is expressed in neuroendocrine and neural cells,  
including thyroid C cells, adrenal medullary cells, para-
thyroid cells, and colonic ganglion cells.362 There are 
three RET isoforms with 9,43 or 51 distinct amino acids 
in the intracellular C-terminal tail. These isoforms have 
different roles in kidney differentiation, in sympathetic 
neuronal growth and function, and in neuronal signaling.362 
Activating RET mutations may also be associated with short 
segment Hirschsprung disease, and inactivating RET muta-
tions are associated with congenital megacolon. Activating 
gain-of-function germline mutations are responsible for 
FMTC and its variants (see Chapter 14 for a discussion  
of pheochromocytoma and multiple endocrine neoplasia 
syndromes).

Numerous mutations of the RET protooncogene have 
been identified and found to correlate with disease type 
and tumor aggressiveness.363,364 Mutation at codon 634 is 
present in 85% of MEN2A patients, and mutations in 
codons 609, 611, 618, and 620 in 10% to 15%. A single 
point mutation at codon 918 of the intracellular tyrosine 

kinase domain of the RET oncogene is present in 95% of 
patients with MEN2B. In cases of sporadic MEN2A, 
MEN2B, and FMTC, new mutations in the RET gene 
are found in most cases in the paternal allele, and somatic 
RET mutations are also found in sporadic MTC. These 
most frequently occur in codon 918, but a variety of  
mutations, including multiple mutations, have been  
characterized.363,364

Serum calcitonin is the most reliable marker of MTC. 
In children, calcitonin levels usually do not exceed 20 pg/
mL.365,366 When the compound pentagastrin was avail-
able, the pentagastrin test was used to distinguish C-cell 
hyperplasia from MTC, with stimulated calcitonin con-
centrations between 30 and 100 pg/mL associated with 
C-cell hyperplasia and levels in the 100- to 1000-pg/mL 
associated with microscopic MTC localized to the thy-
roid gland.367-369 In contrast, stimulated calcitonin levels 
greater than 10,000 pg/mL are associated with macro-
scopic MTC, and 20% of these patients have distant 
metastases.367-369 Because pentagastrin is not available, 
basal levels of calcitonin are used to assess disease.370,371 
The doubling rate of circulating calcitonin levels is also 
of prognostic significance.372,373

Genetic testing of the RET protooncogene is com-
mercially available, and the treatment is based on the 
mutation present. The goal of mutation analysis is to 
optimize the timing of surgery so that surgery can be 
performed before the onset of malignancy. MTC risk 
based on mutation analysis is divided into three catego-
ries called levels 1 through 3, with 3 being highest 
risk.362,374-376 For individuals in the highest-risk group 
(mutated exons 883 or 918 in MEN2B patients), thyroid-
ectomy is recommended before age 6 months (or prefer-
ably within the first month of life).362,374-376 In the case 
of risk level 2, thyroidectomy before age 5 is indicated. 
With level 1 mutations, it is recommended that thy-
roidectomy be performed between 5 and 10 years of 
age362,374-376 (Table 12-5). When surgery is performed, 
it is important that it be performed by a “high-volume” 
thyroid surgeon.200,377

Phenotype MTC MN PCT HPT

MEN2A 100% 100% 50% 20%
MEN2B 100% N 50% N
FMTC 100% N N N

TABLE 12-4  Classification of Hereditary 
Medullary Thyroid Cancer

MTC, medullary thyroid carcinoma; MN, mucosal neuromata; PCT, 
pheochromocytoma; HPT, hyperparathyroidism; N 5 not present.

Test Name Patient Preparation Specimen Requirements

Calcitonin (ICMA),  
post calcium- 
pentagastrin  
stimulation

NPO after midnight; with the patient  
supine, give 20 mg/kg calcium gluconate  
(2 mg elemental calcium) intravenously 
over 1 minute, followed by pentagastrin  
0.5 mg/kg as a bolus over 5 seconds; draw 
blood at 0, 1, 2, 5, and 10 minutes

3 mL frozen serum (red top tube)

Catecholamines Avoid alcohol, coffee, tea, tobacco, and  
strenuous exercise prior to specimen  
collection

—

Plasma 4 mL frozen plasma (green top tube)
Random urine 10 mL refrigerated aliquot of 24-hour 

urine preserved in 25 mL of 6N HCI;  
record 24-hour urine volume

Random urine 10 mL refrigerated aliquot of random  
urine specimen

Calcium, total, serum Overnight fasting preferred 1 mL refrigerated serum (red top tube)
PTH, intact (ICMA) None 2 mL refrigerated serum (red top tube)

Centrifuge and separate immediately

TABLE 12-5  Laboratory Tests for the Management of MEN2 and FMTC
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Before surgery, patients should be screened for pheo-
chromocytomas. Pheochromocytomas in MEN patients 
are diagnosed after MTC in 90% of patients. Pheochro-
mocytomas in MEN2 patients are typically intra-adrenal 
and are rare in the first decade of life.378,379 Screening can 
be performed by assessment of circulating catecholamine 
levels or via timed urinary collections.378,379 Direct visu-
alization of the adrenal gland is also indicated when a 
tumor is suspected by either CT or MRI methods.378,379

Patients should also be screened for hypercalcemia. 
Parathyroid hyperplasia is associated most commonly 
with codon 634 mutations and less frequently with co-
don 609, 611, 618, 620, 790, and 791 mutations. Assess-
ment of circulating PTH concentrations relative to cal-
cium concentration is needed when the diagnosis is 
considered.

SYNOPSIS

Whereas many thyroid disorders are common in children 
and adults, the diagnosis and treatment of pediatric thy-
roid disease require a specialized approach. Clinicians 
need to recognize that normative thyroid hormone val-
ues for adults may not apply to children, especially for 
TSH values that trend higher for children than adults. 
Children with autoimmune thyroid disease need indi-
vidualized treatment to help maximize their growth 
when they present with growth delay due to hypothy-
roidism, and they need individually tailored regimens to 
minimize the risks of therapy when they present with 
Graves disease. Because of the rarity of thyroid cancer, 
children need to be cared for in centers with proven ex-
pertise in the care of patients with thyroid cancer. We are 
now in an era where the benefits of personalized medi-
cine are recognized. The opportunity before us is to 
recognize the nature of the thyroid disorder affecting the 
child and to best optimize that child’s treatment.
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QUESTIONS

 1. A 12-year-old Hispanic girl presents with a thyroxine 
level of 19.8 μg/dL, a free T4 level of 2.2 ng/dL, a 
total T3 level of 125 ng/dL, and a TSH of 1.1 uU/mL. 
Her mother has been treated for Graves disease. What 
condition does the patient have?
 a. Graves disease
 b. Thyroid hormone resistance
 c. Subclinical hyperthyroidism
 d. Familial dysalbuminemic hyperthyroxinemia
 e. Thyroid hormone ingestion

Answer: d

 2. A 4-year-old girl presents with tachycardia and thyro-
megaly. The T4 is 12.9 m/dL, total T3 is 587 ng/dL, 
and the TSH is 4.7 uU/ml. There is no history of 
thyroid disease in any family members. What condi-
tion does the patient have?
 a. Graves disease
 b. Thyroid hormone resistance
 c. Subclinical hyperthyroidism
 d. Familial dysalbuminemic hyperthyroxinemia
 e. Thyroid hormone ingestion

Answer: b

 3. A 16-year-old girl presents with mild thyromegaly, a 
T4 level of 14 m/dL, a free T4 level of 3.7 ng/Dl, and 
a TSH of 0.01 uU/mL What is the likelihood this 
individual will undergo spontaneous remission of 
Graves disease after 2 years of antithyroid medication 
therapy?
 a. 50%
 b. 40%
 c. 30%
 d. 20%
 e. 10%

Answer: d

 4. An 8-year-old boy presents with left-sided thyromeg-
aly. A fine-needle aspiration indicates the presence of 
papillary thyroid carcinoma. A neck ultrasound does 
not reveal enlarged lymph nodes. What is the most 
appropriate operation?
 a. Left-hemithyroidectomy
 b. Total thyroidectomy
 c. Total thyroidectomy with central compartment 

lymph node dissection
 d. Continued observation with serial ultrasound 

studies
Answer: c

 5. A 12-year-old boy presents with hyperthyroidism 
Graves disease. The child is treated with methimazole 
for 2 years. What condition is most likely to be associ-
ated with this patient?
 a. Excessive weight gain
 b. A 10% risk of celiac disease
 c. A 5% risk of autoimmune hepatitis
 d. Development of antineutrophil cytoplasmic anti-

bodies (ANCA)
Answer: a

 6. A 10-year-old girl presents with a total T4 of 10.1 m/dL, 
total T3 of 85 ng/dL, a TSH of 6.2 uU/mL, and no 
antithyroid antibodies are present. What is the most  
appropriate treatment option?
 a. Treat with low-dose levothyroxine.
 b. Do not treat, but reassess thyroid hormone levels 

every 6 to 12 months.
 c. Obtain a nuclear medicine scan assess uptake.
 d. Treat with triiodothyronine for thyroid hormone 

resistance.
Answer: b
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Adrenal Cortex and its Disorders
Walter L. Miller, MD • Christa E. Flück, MD

HISTORY, EMBRYOLOGY, AND ANATOMY

The adrenal cortex produces three principal categories of 
steroid hormones that regulate a wide variety of physio-
logic processes from fetal to adult life. Mineralocorticoids, 
principally aldosterone, regulate renal retention of sodium 
and thus profoundly influence electrolyte balance, intra-
vascular volume, and blood pressure. Glucocorticoids, prin-
cipally cortisol, are named for their carbohydrate-mobilizing 
activity, but they are ubiquitous physiologic regulators that 
influence a wide variety of bodily functions. Adrenal 

androgens serve no known physiologic role but do mediate 
some secondary sexual characteristics in women (e.g.,  
pubic and axillary hair), and their overproduction may  
result in virilism. Thus, the adrenal cortex is of consider-
able interest because of the widespread effects of its secre-
tions and because derivatives of these secreted steroids are 
widely used as pharmacologic agents. Disorders of the 
adrenal cortex, once thought to be rare, are being recog-
nized with increasing frequency. The severe congenital 
adrenal hyperplasias affect nearly 1 in 10,000 persons, and 
the very mild forms may affect as many as 1 in 100 in some 
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glucocorticoids ameliorated the symptoms of rheumatoid 
arthritis greatly stimulated interest in synthesizing new 
pharmacologically active analogs of naturally occurring 
steroids. The structures of the various adrenal steroids  
suggested precursor/product relationships, leading in 1950 
to the first treatment of congenital adrenal hyperplasia with 
cortisone by both Wilkins and Bartter. This opened a vigor-
ous era of clinical investigation of the pathways of steroido-
genesis in a variety of inherited adrenal and gonadal  
disorders. The association of cytochrome P450 with  
21-hydroxylation was made in 1965, and some of the  
steroidogenic enzymes were then isolated in the 1970s, but 
it was not until the genes for most of these enzymes were 
cloned in the 1980s that it became clear which proteins 
participated in which steroidal transformations.2 The iden-
tification of these genes (Table 13-1) then led to an under-
standing of the genetic lesions causing heritable disorders of 
steroidogenesis. At the same time, studies of steroid hor-
mone action led to the discovery of steroid hormone recep-
tors in the 1960s, but it was not until they were cloned in 
the 1980s that their biology has begun to be understood.3

Embryology
The cells of the adrenal cortex are of mesodermal origin, 
in contrast to cells of the adrenal medulla, which are  
derived from the neuroectoderm. In human embryos, 

populations. Cushing disease, once regarded as a true  
rarity in pediatrics, may affect as many children as adults.

History
The history of adrenal research has been reviewed.1 The 
adrenal glands apparently were first described in 1563 by 
the Italian anatomist Bartolomeo Eustaccio, better known 
for his description of the eustachian tube of the ear. Medical 
interest in the adrenals as something other than an anatomic 
curiosity began in the mid-19th century with Addison’s  
classic description of adrenal insufficiency and Brown- 
Sequard’s experimental creation of similar disorders in ani-
mals subjected to adrenalectomy. The signs and symptoms 
of glucocorticoid excess due to adrenal tumors were well 
known by 1932, when Cushing described the pituitary  
tumors that cause what is now known as Cushing disease. 
Effects of adrenalectomy on salt and water metabolism were 
reported in 1927, and by the late 1930s, Selye had proposed 
the terms glucocorticoid and mineralocorticoid to distinguish 
the two broad categories of actions of adrenal extracts.

Numerous adrenal steroids were painstakingly isolated 
and their structures determined during the 1930s in the 
laboratories of Reichstein and Kendall, leading to their 
sharing the 1950 Nobel Prize in medicine. Many of these 
steroids were synthesized chemically, providing pure mate-
rial for experimental purposes. The observation in 1949 that 

Enzyme Gene Gene Size (kb)
Chromosomal  

Location Exons (n)
mRNA  

Size (kb)

StAR STAR 8 8p11.2 8 1.6
P450scc CYP11A1 30 15q23-q24 9 2.0
P450c11b CYP11B1 9.5 8q21-22 9 4.2
P450c11AS CYP11B2 9.5 8q21-22 9 4.2
P450c17 CYP17A1 6.6 10q24.3 8 1.9
P450c21 CYP21A2 3.4 6p21.1 10 2.0
P450aro CYP19A1 130 15q21.1 10 1.5-4.5
3bHSD1 HSD3B1 8 1p13.1 4 1.7
3bHSD2 HSD3B2 8 1p13.1 4 1.7
11bHSD1 HSD11B1 7 1q32-q41 6 1.6
11bHSD2 HSD11B2 6.2 16q22 5 1.6
17bHSD1 HSD17B1 3.3 17q11-q21 6 1.4, 2.4
17bHSD2 HSD17B2 63 16q24.1-q24.2 5 1.5
17bHSD3 HSD17B3 67 9q22 11 1.2
17bHSD6 (RoDH) HSD17B6 24.5 12q13 5 1.6
AKR1C1 AKR1C1 14.3 10p14–p15 9 1.2
AKR1C2 AKR1C2 13.8 10p14–p15 9 1.3
AKR1C3 (17bHSD5) AKR1C3 13.0 10p14–p15 9 1.2
AKR1C4 AKR1C4 22.1 10p14–p15 9 1.2
5a-Reductase 1 SRD5A1 36 5p15 5 2.4
5a-Reductase 2 SRD5A2 56 2p23 5 2.4
SULT2A1 SULT2A1 17 19q13.3 6 2.0
PAPSS2 PAPSS2 85 10q24 13 3.9
P450-Oxidoreductase POR 69 7q11.2 16 2.5
Ferredoxin FDX1 35 11q22 5 1.0, 1.4, 1.7, 3.2
Ferredoxin reductase FDXR 11 17q24-q25 12 2.0
Cytochrome b5 CYB5A 32 18q23 5 0.9
H6PDH H6PD 36.5 1p36 5 9.1

TABLE 13-1 Physical Characteristics of Human Genes Encoding Steroidogenic Enzymes
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adrenogonadal progenitor cells first appear at around the 
fourth week of gestation as a thickening of the coelomic 
epithelium (or intermediate mesoderm) between the uro-
genital ridge and dorsal mesentery4 (Figure 13-1). These 
progenitor cells give rise to the steroidogenic cells of the 
gonads and to the adrenal cortex. The adrenal and go-
nadal cells then separate, with the adrenal cells migrating 
retroperitoneally to the cranial pole of the mesonephros 
and the gonadal cells migrating caudally. Between the 
seventh and eighth week of development, the adrenal 
primordium is invaded by sympathetic cells derived from 
the neural crest that give rise to the adrenal medulla. By 
the end of the eighth week, the rudimentary adrenal has 
become encapsulated and is clearly associated with the 
upper pole of the kidney, which at this time is much 
smaller than the adrenal.5

The fetal adrenal cortex consists of an outer “defini-
tive” zone, the principal site of glucocorticoid and 

mineralocorticoid synthesis, and a much larger “fetal” 
zone that makes androgenic precursors (DHEA, 
DHEAS), which the placenta converts to estriol. A puta-
tive “transitional” zone exists between these regions  
toward the end of fetal development, but its role is  
unclear. The fetal adrenal glands are huge in proportion 
to other structures, and continue to grow well into the 
third trimester (Figure 13-2). At birth, the adrenals 
weigh 8 to 9 g, about the same size of adult adrenals,  
and represent approximately 0.4% of total body weight. 
However, the fetal adrenal zone rapidly involutes fol-
lowing birth and has virtually disappeared by 6 to  
12 months of postnatal life. Thereafter, adrenal growth 
is comparatively slow so that the adrenal glands repre-
sent only 0.01% of body weight in the adult.

The complex mechanisms regulating adrenal develop-
ment are still relatively poorly understood. However, 
important insight into key factors has been obtained 

FIGURE 13-1 n Overview of human adrenal development. A-C, The adrenogonadal primordium develops at around 4 weeks’ gestation, 
after which the adrenal primordium becomes a distinct structure that then migrates retroperitoneally to the cranial pole of the meso-
nephros. D, By 8 to 9 weeks’ gestation, the adrenal gland is encapsulated, contains chromaffin cells (black), and has distinct fetal (FZ) 
and definitive zones (DZ). Some of the signaling molecules, transcription factors and growth factors implicated in adrenal development 
are shown here, although the exact timing and interaction of many of these factors remains poorly understood at present. (Adapted with 
permission from Else, T., & Hammer, G. D. (2005). Genetic analysis of adrenal absence: agenesis and aplasia. Trends Endocrinol Metab, 16, 
458–468.) 

A B C D

FIGURE 13-2 n  Combined adrenal weight (filled circles) and relative adrenal weight (open circles) from the first trimester through to 
early adulthood. (Reprinted with permission from Mesiano, S., & Jaffe, R. B. (1997). Developmental and functional biology of the primate 
fetal adrenal cortex. Endocr Rev, 18, 378–403.)
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from studies of transgenic mice and from patients with 
disorders of adrenal development.6 For example, the 
early stages of adrenal differentiation and development 
involve a number of signaling pathways (hedgehog/
GLI3, WNT3/WNT4/WNT11, midkine), transcription 
factors (SALL1, FOXD2, PBX1, WT1, SF1 [NR5A1], 
DAX1 [NR0B1]), co-regulators (CITED2), matrix pro-
teins (SPARC), and regulators of telomerase activity 
(ACD).7 Subsequent fetal adrenal growth is highly depen-
dent on the tropic effects of adrenocorticotropin (ACTH), 
its receptor (MC2R), and its downstream signaling path-
ways, as well as growth factor signaling pathways such as 
insulin-like growth factor II (IGFII), basic fibroblast growth 
factor (bFGF), and epidermal growth factor (EGF).

Anatomy
The adrenals, once termed suprarenal glands, derive 
their name from their anatomic location, sitting on top 
of the upper pole of each kidney. Unlike most other or-
gans, the arteries and veins serving the adrenal do not 
run in parallel. Arterial blood is provided by several 
small arteries arising from the renal and phrenic arteries, 
the aorta, and sometimes the ovarian and left spermatic 
arteries. The veins are more conventional, with the left 
adrenal vein draining into the left renal vein and the 
right adrenal vein draining directly into the vena cava. 
Arterial blood enters the sinusoidal circulation of the 
cortex and drains toward the medulla, so that medullary 
chromaffin cells are bathed in very high concentrations 
of steroid hormones. High concentrations of cortisol are 
required for the expression of medullary phenylethanol-
amine-N-methyltransferase, which converts norepi-
nephrine to epinephrine, linking the adrenal cortical and 
medullary responses to stress.8

The adrenal cortex consists of three histologically 
recognizable zones: the glomerulosa is immediately below 
the capsule, the fasciculata is in the middle, and the reticularis 
lies next to the medulla. The glomerulosa, fasciculata, and 
reticularis, respectively, constitute about 15%, 75%, and 
10% of the adrenal cortex of the older child and adult. 
These zones appear to be distinct functionally as well as 
histologically, but considerable overlap exists, and im-
munocytochemical data show that the zones physically 
interdigitate. After birth, the large fetal zone begins to 
involute and disappears by about 3 to 6 months of age. 
The definitive zone simultaneously enlarges, but two of 
the adult zones—glomerulosa and fasciculata—are not 
fully differentiated until about 3 years of age, and the 
reticularis may not be fully differentiated until about  
15 years of age. The origin of the distinct adrenocortical 
zones and the mechanisms that regulate their prolifera-
tion are still poorly understood. One model suggests that 
a population of undifferentiated stem cells exists between 
the zona glomerulosa and zona fasciculata, which repre-
sents a pool of common precursor cells that can contrib-
ute to either the inner or outer zones. In contrast, the 
“cell-migration” theory proposes that a subcapsular pop-
ulation of stem cells exists. In this model, precursor cells 
first differentiate within the zona glomerulosa but change 
their characteristics as they migrate centripetally into the 
zona fasciculata then zona reticularis.

STEROID HORMONE SYNTHESIS
Early Steps: Cholesterol Uptake, 
Storage, and Transport
Much is now known about steroid biosynthesis,9 and the 
early steps in the intracellular trafficking of cholesterol 
have been reviewed.10 The human adrenal can synthesize 
cholesterol de novo from acetate, but most of its supply 
of cholesterol comes from plasma low-density lipopro-
teins (LDL) derived from dietary cholesterol. Rodent 
adrenals derive most of their cholesterol from high-den-
sity lipoproteins via a receptor termed SR-B1, but this 
pathway appears to play a minor role in human steroido-
genesis. Adequate concentrations of LDL will suppress 
3-hydroxy-3-methylglutaryl co-enzyme A (HMG CoA) 
reductase, the rate-limiting enzyme in cholesterol syn-
thesis. ACTH, which stimulates adrenal steroidogenesis, 
also stimulates the activity of HMG CoA reductase, LDL 
receptors, and uptake of LDL cholesterol. LDL choles-
terol esters are taken up by receptor-mediated endocyto-
sis, then they are stored directly or converted to free 
cholesterol and used for steroid hormone synthesis. Cho-
lesterol can be esterified by acyl-CoA:cholesterol trans-
ferase (ACAT), stored in lipid droplets, and accessed by 
activation of hormone-sensitive lipase (HSL) and by the 
so-called NPC proteins, which derive their name from 
their causative role in Niemann-Pick type C disease. 
ACTH stimulates HSL and inhibits ACAT, thus increas-
ing the availability of free cholesterol for steroid hor-
mone synthesis.

Steroidogenic Enzymes
Cytochrome P450

Most steroidogenic enzymes are members of the cyto-
chrome P450 group of oxidases.9 Cytochrome P450 is a ge-
neric term for a group of oxidative enzymes, all of which 
have about 500 amino acids and contain a single heme 
group. They are termed P450 (pigment 450) because all 
absorb light at 450 nm in their reduced states. It is some-
times stated that certain steroidogenic enzymes are “P450-
dependent” enzymes. This is a misnomer, as it implies a 
generic P450 cofactor to a substrate-specific enzyme; how-
ever, the P450 binds the steroidal substrate and achieves its 
catalysis on an active site associated with the heme group. 
Human beings have genes for 57 cytochrome P450 en-
zymes, of which 7 are targeted to mitochondria and 50 are 
targeted to the endoplasmic reticulum, especially in the 
liver, where they metabolize countless endogenous and 
exogenous toxins, drugs, xenobiotics, and environmental 
pollutants. Each P450 enzyme can metabolize multiple 
substrates, catalyzing a broad array of oxidations. This 
theme recurs with each adrenal P450 enzyme.

Five distinct P450 enzymes are involved in adrenal  
steroidogenesis (Figure 13-3). Mitochondrial P450scc 
(CYP11A1) is the cholesterol side-chain cleavage enzyme 
catalyzing the series of reactions formerly termed 20,22 
desmolase. Two distinct isozymes of P450c11, P450c11b 
(CYP11B1) and P450c11AS (CYP11B2), also found in 
mitochondria, catalyze 11b-hydroxylase, 18-hydroxylase, 
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and 18-methyl oxidase activities. P450c17 (CYP17A1), 
found in the endoplasmic reticulum, catalyzes both 17a-
hydroxylase and 17,20 lyase activities, and P450c21 
(CYP21A2) catalyzes the 21-hydroxylation of both gluco-
corticoids and mineralocorticoids. In the gonads and else-
where, P450aro (CYP19A1) in the endoplasmic reticulum 
catalyzes aromatization of androgens to estrogens.

Hydroxysteroid Dehydrogenases

The hydroxysteroid dehydrogenases have molecular masses 
of about 35 to 45 kilodaltons, do not have heme groups, 
and require NAD1 or NADP1 as cofactors. Whereas most 
steroidogenic reactions catalyzed by P450 enzymes are due 
to the action of a single form of P450, each of the reactions 
catalyzed by hydroxysteroid dehydrogenases can be cata-
lyzed by at least two, often very different, isozymes. Mem-
bers of this family include the 3a- and 3b-hydroxysteroid 
dehydrogenases, the two 11b-hydroxysteroid dehydroge-
nases, and a series of 17b-hydroxysteroid dehydrogenases; 

the 5a-reductases are unrelated to this family. Based on 
their structures, these enzymes fall into two groups: the 
short-chain dehydrogenase-reductase (SDR) family, char-
acterized by a “Rossman fold,” and the aldo-keto reductase 
(AKR) family, characterized by a triosephosphate isomerase 
(TIM) barrel motif.11 The SDR enzymes include 11b-
HSDs 1 and 2, and 17b-HSDs 1, 2, 3, and 4; the AKR 
enzymes include 17b-HSD5, which is important in extra-
glandular activation of androgenic precursors, and the  
3a-hydroxysteroid dehydrogenases that participate in the 
so-called backdoor pathway of fetal androgen synthesis 
(discussed later). Based on their activities, it is physiologi-
cally more useful to classify them as dehydrogenases or 
reductases. The dehydrogenases use NAD1 as their cofac-
tor to oxidize hydroxysteroids to ketosteroids, and the  
reductases mainly use NADPH to reduce ketosteroids  
to hydroxysteroids. Although these enzymes are typically 
bidirectional in vitro, they tend to function in only one  
direction in intact cells, with the direction determined by 
the cofactor(s) available.11
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FIGURE 13-3 n  Principal pathways of human adrenal steroid hormone synthesis. Other quantitatively and physiologically minor ste-
roids are also produced. The names of the enzymes are shown by each reaction, and the traditional names of the enzymatic activities 
correspond to the circled numbers. Reaction 1: Mitochondrial cytochrome P450scc mediates 20a-hydroxylation, 22-hydroxylation, 
and scission of the C20-22 carbon bond. Reaction 2: 3bHSD mediates 3b-hydroxysteroid dehydrogenase and isomerase activities, 
converting D5 steroids to D4 steroids. Reaction 3: P450c17 catalyzes the 17a-hydroxylation of pregnenolone to 17OH-pregnenolone 
and of progesterone to 17OH-progesterone. Reaction 4: The 17,20 lyase activity of P450c17 converts 17OH-pregnenolone to DHEA; 
only insignificant amounts of 17OH-progesterone are converted to D4 androstenedione by human P450c17, although this reaction 
occurs in other species. Reaction 5: P450c21 catalyzes the 21-hydroxylation of progesterone to DOC and of 17OH-progesterone to 
11-deoxycortisol. Reaction 6: DOC is converted to corticosterone by the 11-hydroxylase activity of P450c11AS in the zona glomeru-
losa and by P450c11b in the zona fasciculata. Reaction 7: 11-deoxycortisol undergoes 11b-hydroxylation by P450c11b to produce 
cortisol in the zona fasciculata. Reactions 8 and 9: The 18-hydroxylase and 18-methyl oxidase activities of P450c11AS convert corti-
costerone to 18OH-corticosterone and aldosterone, respectively, in the zona glomerulosa. Reactions 10 and 11 are found principally 
in the testes and ovaries. Reaction 10: 17bHSD-III converts DHEA to androstenediol and androstenedione to testosterone, whereas 
17bHSD-I converts estrone to estradiol. Reaction 11: Testosterone may be converted to estradiol and androstenedione may be con-
verted to estrone by P450aro.
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P450scc

Conversion of cholesterol to pregnenolone in mitochondria 
is the first, rate-limiting, and hormonally regulated step  
in the synthesis of all steroid hormones.9,10 This involves 
three distinct chemical reactions, 20a-hydroxylation, 
22-hydroxylation, and scission of the cholesterol side- 
chain to yield pregnenolone and isocaproic acid. Because 
20-hydroxycholesterol, 22-hydroxycholesterol, and 20, 
22-hydroxycholesterol could all be isolated from bovine 
adrenals in significant quantities, it was previously thought 
that three separate enzymes were involved. However, a sin-
gle protein, termed P450scc (where SCC refers to the side 
chain cleavage of cholesterol), encoded by a single gene 
(CYP11A1), on chromosome 15 catalyzes all the steps be-
tween cholesterol and pregnenolone. These three reactions 
occur on a single active site that is in contact with the hydro-
phobic bilayer membrane. Deletion of the gene for P450scc 
in the rabbit or mouse eliminates all steroidogenesis, indicat-
ing that all steroidogenesis is initiated by this one enzyme.

Transport of Electrons to P450scc: 
Adrenodoxin Reductase and Adrenodoxin

P450scc functions as the terminal oxidase in a mito-
chondrial electron transport system.12 Electrons from 
NADPH are accepted by a flavoprotein, termed adreno-
doxin reductase, that is loosely associated with the inner 
mitochondrial membrane. Adrenodoxin reductase trans-
fers the electrons to an iron/sulfur protein termed  
adrenodoxin, which is found in the mitochondrial matrix 
or loosely adherent to the inner mitochondrial mem-
brane. Adrenodoxin then transfers the electrons to 
P450scc (Figure 13-4). Adrenodoxin reductase and ad-
renodoxin serve as generic electron transfer proteins for 
all mitochondrial P450s, and not just for those involved 
in steroidogenesis; hence, these proteins are also termed 
ferredoxin reductase and ferredoxin. Adrenodoxin forms a 
1:1 complex with adrenodoxin reductase, then dissociates, 

then subsequently reforms an analogous 1:1 complex 
with a mitochondrial P450 such as P450scc or P450c11, 
thus functioning as an indiscriminate diffusible electron 
shuttle mechanism. Adrenodoxin reductase is a membrane-
bound mitochondrial flavoprotein that receives electrons 
from NADPH. The human genes for adrenodoxin reduc-
tase and adrenodoxin are expressed in all tissues, indicating 
they may have other roles. Human mutations in these 
genes have not been described.

Mitochondrial Cholesterol Uptake: 
The Steroidogenic Acute Regulatory  
Protein, StAR

ACTH regulates steroidogenic capacity (chronic regula-
tion) by inducing the transcription of genes for steroido-
genic enzymes, but acute regulation, where steroids are 
released within minutes of a stimulus, is at the level of 
cholesterol access to P450scc.13,14 When either steroido-
genic cells or intact rats are treated with inhibitors of 
protein synthesis such as cycloheximide, the acute ste-
roidogenic response is eliminated, suggesting that a 
short-lived, cycloheximide-sensitive protein acts at the 
level of the mitochondrion as the specific trigger to the 
acute steroidogenic response. This factor was first identi-
fied as short-lived 30- and 37-kilodalton phosphoproteins 
that were rapidly synthesized when steroidogenic cells 
were stimulated with tropic hormones, then cloned from 
mouse Leydig MA-10 cells and named the steroidogenic 
acute regulatory protein, StAR.13,14 The central role 
of StAR in steroidogenesis was proven by finding that 
mutations of StAR caused congenital lipoid adrenal  
hyperplasia.15,16 Thus, StAR is the acute trigger that is 
required for the rapid flux of cholesterol from the outer 
to the inner mitochondrial membrane that is needed for 
the acute response of aldosterone to angiotensin II, of 
cortisol to ACTH, and of sex steroids to an LH pulse.

Some adrenal steroidogenesis is independent of StAR; 
when nonsteroidogenic cells are transfected with StAR 

FIGURE 13-4 n  Electron transport to mitochondrial forms of cytochrome P450. Adrenodoxin reductase (AdRed), a flavoprotein loosely 
bound to the inner mitochondrial membrane, accepts electrons (e2) from NADPH, converting it to NADP1. These electrons are passed 
to adrenodoxin (Adx), an iron-sulfur protein in solution in the mitochondrial matrix that functions as a freely diffusible electron 
shuttle mechanism. Electrons from charged adrenodoxin (Adx2) are accepted by any available cytochrome P450, such as P450c11 or 
P450scc shown here. The uncharged adrenodoxin (Adx1) may then be again bound to adrenodoxin reductase to receive another pair 
of electrons. For P450scc, three pairs of electrons must be transported to the P450 to convert cholesterol to pregnenolone. The flow 
of cholesterol into the mitochondria is facilitated by StAR, which is not shown in this diagram. (Copyright W.L. Miller.)
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and the P450scc system, they convert cholesterol to 
pregnenolone at about 14% of the StAR-induced rate.15,16 
Furthermore, the placenta utilizes mitochondrial P450scc 
to initiate steroidogenesis but does not express StAR. 
The mechanism of StAR-independent steroidogenesis is 
unclear; it may occur without a triggering protein, or 
some other protein may exert StAR-like activity to pro-
mote cholesterol flux, but without StAR’s rapid kinetics. 
The exact mechanism of StAR’s action is unclear, but it is 
established that StAR acts on the outer mitochondrial 
membrane, does not need to enter the mitochondria to 
be active, and undergoes conformational changes on the 
outer mitochondrial membrane that are required for 
StAR’s activity.14,17 StAR functions as a component of a 
molecular machine termed a transduceosome on the outer 
mitochondrial membrane that consists of StAR, TSPO 
(the translocator protein formerly known as the periph-
eral benzodiazepine receptor), TSPO-associated protein 
7 (PAP7, ACBD3 for acyl-CoA-binding-domain 3), the 
voltage-dependent anion channel (VDAC-1), and pro-
tein kinase A regulatory subunit 1a (PKAR1A).18 The 
precise fashion in which these proteins interact and move 
cholesterol from the OMM to P450scc and the means  
by which cholesterol is loaded into the OMM remain 
unclear. It is possible that new disorders of steroidogen-
esis will be described involving these proteins, but their 
mutation would be expected to affect many other systems 
as well.

3b-Hydroxysteroid Dehydrogenase/D5
nD4 

Isomerase

Once pregnenolone is produced from cholesterol, it  
may undergo 17a-hydroxylation by P450c17 to yield 
17-hydroxypregnenolone, or it may be converted to pro-
gesterone, the first biologically important steroid in  
the pathway. A single 42-kilodalton microsomal enzyme, 
3b-hydroxysteroid dehydrogenase (3bHSD), catalyzes 
both conversion of the hydroxyl group to a keto group  
on carbon 3 and the isomerization of the double bond 
from the B ring (D5 steroids) to the A ring (D4 steroids). 9 
Thus, a single enzyme, 3bHSD, converts pregnenolone 
to progesterone, 17a-hydroxypregnenolone to 17a-
hydroxyprogesterone, dehydroepiandrosterone (DHEA) 
to androstenedione, and androstenediol to testosterone, 
all with the same enzymologic efficiency (Km and Vmax). 
As is typical of hydroxysteroid dehydrogenases, there are 
two isozymes of 3bHSD, encoded by separate genes 
(HSD3B1 and HSD3B2).19 These isozymes share 93.5% 
amino acid sequence identity and are enzymatically very 
similar. The enzyme catalyzing 3bHSD activity in the 
adrenals and gonads is the type 2 enzyme, whereas the 
type 1 enzyme, encoded by a closely linked gene with 
identical intron/exon organization, catalyzes 3bHSD 
activity in placenta, breast, and “extraglandular” tissues. 
Ultrastructural data surprisingly shows that bovine 
3bHSD can be found in both the endoplasmic reticulum 
and in mitochondria. It is not clear if this is also true  
for human 3bHSD or if this subcellular distribution 
differs in various types of steroidogenic cells, but this 
could be a novel point regulating the direction of  
steroidogenesis.9

P450c17

Pregnenolone and progesterone may undergo 17a-
hydroxylation to 17a-hydroxypregnenolone and 17a-
hydroxyprogesterone (17OHP), respectively. 17OHP 
may also undergo scission of the C17,20 carbon bond to 
yield dehydroepiandrosterone (DHEA), but very little 
17OHP is converted to androstenedione because the hu-
man P450c17 enzyme catalyzes this reaction at only 3% 
of the rate for conversion of 17a-hydroxypregnenolone 
to DHEA.20 These reactions are all mediated by a single 
enzyme, P450c17 (CYP17A1). This P450 is bound to 
smooth endoplasmic reticulum, where it accepts elec-
trons from P450 oxidoreductase. As P450c17 has both 
17a-hydroxylase activity and 17,20 lyase activity, it is the 
key branch point in steroid hormone synthesis. Neither 
activity of P450c17 is present in the adrenal zona glomeru-
losa, hence pregnenolone is converted to mineralocorti-
coids; in the zona fasciculata, the 17a-hydroxylase activity 
is present but 17,20 lyase activity is not, hence pregneno-
lone is converted to the glucocorticoid cortisol; in the zona 
reticularis, both activities are present, so that pregnenolone 
is converted to sex steroids (see Figure 13-3).9

17a-Hydroxylase and 17,20 lyase were once thought 
to be separate enzymes. The adrenals of prepubertal 
children synthesize ample cortisol but virtually no sex 
steroids (i.e., have 17a-hydroxylase activity but not 
17,20 lyase activity), until adrenarche initiates the pro-
duction of adrenal androgens (i.e., turns on 17,20 lyase 
activity). Furthermore, patients had been described lack-
ing 17,20 lyase activity but retaining normal 17a-
hydroxylase activity.21 However, studies of pig P450c17 
showed that both 17a-hydroxylase and 17,20 lyase ac-
tivities reside in a single protein, and cells transfected 
with a vector expressing P450c17 cDNA acquire both 
17a-hydroxylase and 17,20 lyase activities. P450c17 is 
encoded by a single gene (CYP17A1) on chromosome 
10q24.3 that is structurally related to the genes for 
P450c21 (21-hydroxylase).

Thus, the distinction between 17a-hydroxylase and 
17,20 lyase is functional and not genetic or structural. 
Human P450c17 catalyzes 17a-hydroxylation of preg-
nenolone and progesterone equally well, but the 17,20 
lyase activity of human P450c17 strongly prefers 17OH 
pregnenolone and not 17OH progesterone, consistent 
with the large amounts of dehydroepiandrosterone 
(DHEA) secreted by both the fetal and adult adrenal. 
Furthermore, the 17a-hydroxylase reaction occurs more 
readily than the 17,20 lyase reaction. The principal factor 
regulating the 17,20 lyase reaction is electron transport 
from NADPH.21

Electron Transport to P450c17: P450 
Oxidoreductase and Cytochrome b5

P450c17 (and P450c21) receive electrons from a mem-
brane-bound flavoprotein, termed P450 oxidoreductase, 
which is a different protein from the mitochondrial flavo-
protein, adrenodoxin reductase.12 P450 oxidoreductase 
receives two electrons from NADPH and transfers them 
one at a time to the P450. Electron transfer for the lyase 
reaction is promoted by the action of cytochrome b5 as an 
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allosteric factor rather than as an alternate electron donor.20 
17,20 Lyase activity also requires the phosphorylation  
of serine residues on P450c17 by a cAMP-dependent 
protein kinase21 (Figure 13-5). The availability of elec-
trons determines whether P450c17 performs only 17a-
hydroxylation or also performs 17,20 bond scission: in-
creasing the ratio of P450 oxidoreductase or cytochrome b5 
to P450c17 in vitro or in vivo increases the ratio of  
17,20 lyase activity to 17a-hydroxylase activity. Compe-
tition between P450c17 and P450c21 for available 
17-hydroxyprogesterone (17OHP) does not appear to 
be important in determining whether 17OHP under-
goes 21-hydroxylation or 17,20 bond scission. Thus, the 
regulation of 17,20 lyase activity, and consequently of 
DHEA production, depends on factors that facilitate the 
flow of electrons to P450c17: high concentrations of 
P450 oxidoreductase, the presence of cytochrome b5, 
and serine phosphorylation of P450c17.21

P450c21

After the synthesis of progesterone and 17-hydroxyproges-
terone (17OHP), these steroids are hydroxylated at  
the 21 position to yield deoxycorticosterone (DOC) and 
11-deoxycortisol, respectively9 (see Figure 13-3). The nature 
of the 21 hydroxylating step has been of great clinical interest 
because disordered 21-hydroxylation causes more than 90% 
of all cases of congenital adrenal hyperplasia. The clinical 
symptoms associated with this common genetic disease are 
complex and devastating.22 Decreased cortisol and aldoste-
rone synthesis often lead to sodium loss, potassium reten-
tion, and hypotension, which will lead to cardiovascular 

collapse and death, usually within a month after birth if not 
treated appropriately. Decreased synthesis of cortisol in 
utero leads to overproduction of ACTH and consequent 
overstimulation of adrenal steroid synthesis; as the 21- 
hydroxylase step is impaired, 17OHP accumulates because 
P450c17 converts only miniscule amounts of 17OHP to 
androstenedione. However, 17-hydroxypregnenolone also 
accumulates and is converted to DHEA and subsequently to 
androstenedione and testosterone, resulting in severe pre-
natal virilization of female fetuses.22 Congenital adrenal 
hyperplasia (CAH) has been extensively studied clinically. 
Variations in the manifestations of the disease, especially  
the identification of patients without apparent defects in 
mineralocorticoid activity, suggested that there were two 
separate 21 hydroxylating enzymes that were differentially 
expressed in the zones of the adrenal specifically synthesiz-
ing aldosterone or cortisol. However, characterization of 
the P450c21 protein and gene cloning show there is only 
one 21-hydroxylase encoded by a single functional gene 
(CYP21A2) on chromosome 6p21.9,23,24 As this gene lies in 
the middle of the major histocompatibility locus, disorders 
of adrenal 21-hydroxylation are closely linked to specific 
HLA types.

Adrenal 21-hydroxylation is mediated by P450c21 found 
in smooth endoplasmic reticulum. P450c21 employs the 
same P450 oxidoreductase used by P450c17 to transport 
electrons from NADPH. 21-hydroxylase activity has also 
been described in a broad range of adult and fetal extra-
adrenal tissues,25,26 especially in the liver, but is not cata-
lyzed by P450c21.25 Hepatic 21-hydroxylation is mediated 
by several enzymes, notably CYP2C19 and CYP3A4, 
which are principally involved in drug metabolism; these 
enzymes can 21-hydroxylate progesterone, but not 17OHP, 
and hence may contribute to the synthesis of mineralocor-
ticoids but not glucocorticoids.26,27

P450c11b and P450c11AS

Two closely related enzymes, P450c11b and P450c11AS, 
catalyze the final steps in the synthesis of both glucocor-
ticoids and mineralocorticoids.9,28,29 These two isozymes 
have 93% amino acid sequence identity and are encoded 
by tandemly duplicated genes (CYP11B1 and CYP11B2) 
on chromosome 8q21-22. Like P450scc, the two forms of 
P450c11 are found on the inner mitochondrial mem-
brane and use adrenodoxin and adrenodoxin reductase to 
receive electrons from NADPH. By far the more abun-
dant of the two isozymes is P450c11b, which is the classic 
11b-hydroxylase that converts 11-deoxycortisol to corti-
sol and 11-deoxycorticosterone to corticosterone. The 
less abundant isozyme, P450c11AS, is found only in  
the zona glomerulosa, where it has 11b-hydroxylase, 
18-hydroxylase, and 18-methyl oxidase (aldosterone syn-
thase) activities; thus, P450c11AS is able to catalyze all 
the reactions needed to convert DOC to aldosterone.

P450c11b, which is principally involved in the synthesis 
of cortisol, is encoded by a gene (CYP11B1) that is primar-
ily induced by ACTH via cAMP and is suppressed by 
glucocorticoids. The existence of two distinct functional 
genes is confirmed by the identification of mutations in 
each that cause distinct genetic disorders of steroidogen-
esis. Thus, patients with disorders in P450c11b have 
classic 11b-hydroxylase deficiency but can still produce 

FIGURE 13-5 n  Electron transport to microsomal forms of cyto-
chrome P450. NADPH interacts with P450 oxidoreductase (POR), 
bound to the endoplasmic reticulum, and gives up a pair of elec-
trons (e2), which are received by the FAD moiety. Electron receipt 
elicits a conformational change, permitting the isoalloxazine rings 
of the FAD and FMN moieties to come close together, so that the 
electrons pass from the FAD to the FMN. Following another con-
formational change that returns the protein to its original orienta-
tion, the FMN domain of POR interacts with the redox-partner 
binding site of the P450. Electrons from the FMN domain of POR 
reach the heme group to mediate catalysis. The interaction of POR 
and the P450 is coordinated by negatively charged acidic residues 
on the surface of the FMN domain of POR and positively charged 
basic residues in the concave redox-partner binding site of the 
P450. The active site containing the steroid lies on the side of 
heme ring (Fe) opposite from the redox-partner binding site. In 
the case of human P450c17, this interaction is facilitated by the 
allosteric action of cytochrome b5 and by the serine phosphoryla-
tion of P450c17. (Copyright W.L. Miller.)
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aldosterone, whereas patients with disorders in P450c11AS 
have rare forms of aldosterone deficiency (so-called corti-
costerone methyl oxidase deficiency) while retaining the 
ability to produce cortisol.9,28,29

17b-Hydroxysteroid Dehydrogenase

Androstenedione is converted to testosterone, DHEA is  
converted to androstenediol, and estrone is converted  
to estradiol by the 17b-hydroxysteroid dehydroge-
nases (17bHSD; HSD17B), sometimes also termed 
17-oxidoreductase or 17-ketosteroid reductase. The ter-
minologies for these enzymes vary, depending on the  
direction of the reaction being considered.9,30-32 There is 
confusion in the literature about the 17bHSDs because 
(1) there are several different 17bHSDs; (2) some are 
preferential oxidases whereas others are preferential re-
ductases; (3) they differ in their substrate preference and 
sites of expression; (4) there is inconsistent nomenclature, 
especially with the rodent enzymes; and (5) some proteins 
termed 17bHSD actually have very little 17bHSD activ-
ity and are principally involved in other reactions.

Type 1 17bHSD (17bHSD1), also known as estrogenic 
17bHSD, is a 34-kilodalton cytosolic reductive SDR en-
zyme first isolated and cloned from the placenta, where it 
produces estriol, and is expressed in ovarian granulosa cells, 
where it produces estradiol.9,30-32 17bHSD1 uses NADPH 
as its cofactor to catalyze reductase activity. It acts as a  
dimer and only accepts steroid substrates with an aromatic 
A ring, so that its activity is confined to activating estro-
gens. The three-dimensional structure of human 17bHSD1 
has been determined by x-ray crystallography. No genetic 
deficiency syndrome for 17bHSD1 has been described.

17bHSD2 is a microsomal oxidase that uses NAD1 to 
inactivate both estradiol to estrone and testosterone to D4 
androstenedione. 17bHSD2 is found in the placenta, liver, 
small intestine, prostate, secretory endometrium, and 
ovary. In contrast to 17bHSD1, which is found in placen-
tal syncytiotrophoblast cells, 17bHSD2 is expressed in 
endothelial cells of placental intravillous vessels, consistent 
with its apparent role in defending the fetal circulation 
from transplacental passage of maternal estradiol or testos-
terone.9,30-32 No deficiency state for 17bHSD2 has been 
reported.

17bHSD3, the androgenic form of 17bHSD, is a 
microsomal enzyme that is apparently expressed only in 
the testis. This is the enzyme that is disordered in the 
classic syndrome of male pseudohermaphroditism that is 
often termed 17-ketosteroid reductase deficiency.9,30-32

An enzyme termed 17bHSD4 was initially identified as 
an NAD1-dependent oxidase with activities similar to 
17bHSD2, but this peroxisomal protein is primarily an 
enoyl-CoA hydratase and 3-hydroxyacyl-CoA dehydroge-
nase.9 Deficiency of 17bHSD4 causes a form of Zellweger 
syndrome, in which bile acid biosynthesis is disturbed but 
steroidogenesis is not.

17bHSD5, originally cloned as a 3a-hydroxysteroid 
dehydrogenase, is an AKR enzyme (in contrast to 17bHSD 
types 1-4, which are SDR enzymes) termed AKR1C3 that 
catalyzes the reduction of D4 androstenedione to testoster-
one.9,33 The 17bHSD activity of 17bHSD5 is quite labile 
in vitro, and this enzyme catalyzes different activities  
under different conditions, which has led to confusion in 

its role in steroidogenesis.33 The adrenal zona reticularis 
expresses this enzyme at low levels, accounting for the 
small amount of testosterone produced by the adrenal.34

Steroid Sulfotransferase and Sulfatase

Steroid sulfates may be synthesized directly from choles-
terol sulfate or may be formed by sulfation of steroids by 
cytosolic sulfotransferase (SULT) enzymes.35,36 At least 
44 distinct isoforms of these enzymes have been identi-
fied, belonging to five families of SULT genes; many of 
these genes yield alternately spliced products accounting 
for the large number of enzymes. The SULT enzymes 
that sulfonate steroids include SULT1E (estrogens), 
SULT2A1 (nonaromatic steroids), and SULT2B1 (sterols). 
SULT2A1 is the principal sulfotransferase expressed  
in the adrenal, where it sulfates the 3b hydroxyl group of 
D5 steroids (pregnenolone, 17OH-pregnenolone, DHEA, 
androsterone) but not of cholesterol. SULT2B1a will 
also sulfonate pregnenolone but not cholesterol, whereas 
cholesterol is the principal substrate for SULT2B1b in 
the skin, liver, and elsewhere. It is not clear whether most 
steroid sulfates are simply inactivated forms of steroid or 
if they serve specific hormonal roles. Knockout of the 
mouse SULT1E1 gene is associated with elevated estro-
gen levels, increased expression of tissue factor in the 
placenta, and increased platelet activation, leading to 
placental thrombi and fetal loss that could be ameliorated 
by anticoagulant therapy. Mutations ablating the func-
tion of human SULT enzymes have not been described, 
but single nucleotide polymorphisms that alter the amino 
acid sequences and catalytic activity affecting drug activ-
ity are well described. African Americans have a high rate 
of polymorphisms in SULT2A1 apparently influencing 
plasma ratios of DHEA:DHEAS, which may correlate 
with risk of prostatic and other cancers.

To catalyze sulfation, SULT enzymes must receive sul-
fate in the form of 3’-phosphoadenosine-5’-phosphosulfate 
(PAPS). The production of PAPS requires PAPS synthase 
(PAPSS), which first converts ATP and sulfate (SO4) to 
adenosine phosphosulfate (APS), and then uses phosphate 
from another ATP molecule to convert APS to PAPS36. 
There are two human PAPSS genes: PAPSS1 is expressed 
ubiquitously, and PAPSS2 is abundantly expressed in adre-
nal and liver, where DHEA is sulfated36. PAPSS2 defi-
ciency prevents DHEA sulfation so that the adrenal pro-
duces more non-sulfated DHEA than normal; this DHEA 
is converted to excess androgens. Compound heterozygous 
PAPSS2 deficiency was reported in a 6-year-old girl with 
premature pubarche and advanced bone age; by age 13 she 
had acne, hirsutism, and secondary amenorrhea37. Her se-
rum concentrations of DHEA were high, DHEAS was 
very low, and androstendione, testosterone, and DHT 
were increased. She also had short stature and abnormal 
bone development, consistent with a role for PAPSS2 in 
cartilage and bone formation; complete PAPSS2 deficiency 
causes spondyloepimetaphyseal dysplasia.

Steroid sulfates may also be hydrolyzed to the native 
steroid-by-steroid sulfatase. Deletions in the steroid sul-
fatase gene on chromosome Xp22.3 cause X-linked ich-
thyosis. The fact that males have a single copy of this 
gene probably accounts for males having higher DHEAS 
levels than females of the same age. In the fetal adrenal 
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and placenta, diminished or absent sulfatase deficiency 
reduces the pool of free DHEA available for placental 
conversion to estrogen, resulting in low concentrations 
of estriol in the maternal blood and urine. The accumula-
tion of steroid sulfates in the stratum corneum of the skin 
causes the ichthyosis.

Aromatase: P450aro

Estrogens are produced by the aromatization of andro-
gens, including adrenal androgens, by a complex series of 
reactions catalyzed by a single microsomal aromatase, 
P450aro.38,39 This typical cytochrome P450 is encoded by 
a single gene (CYP19A1) on chromosome 15q21.1. This 
gene uses several different promoter sequences, transcrip-
tional start sites, and alternatively chosen first exons to 
encode aromatase mRNA in different tissues under differ-
ent hormonal regulation. Aromatase expression in extrag-
landular tissues, especially adipose tissue, can convert ad-
renal androgens to estrogens. Aromatase in the epiphyses 
of growing bone converts testosterone to estradiol. The 
tall stature, delayed epiphyseal maturation, and osteopenia 
of males with aromatase deficiency, and their rapid reversal 
with estrogen replacement indicate that estrogen, not  
androgen, is responsible for epiphyseal maturation in males. 
Although it has traditionally been thought that aromatase 
activity is needed for embryonic and fetal development, 
infants and adults with genetic disorders in this enzyme 
have been described, showing that fetoplacental estrogen 
is not needed for normal fetal development.39

5a-Reductase

Testosterone is converted to the more potent androgen, 
dihydrotestosterone, by 5a-reductase, an enzyme found 
in testosterone’s target tissues. There are two distinct 
forms of 5a-reductase. The type 1 enzyme, found in the 
scalp and other peripheral tissues, is encoded by a gene 
(SRD5A1) on chromosome 5; the type 2 enzyme, the 
predominant form found in male reproductive tissues, is 
encoded by a structurally related gene (SRD5A2) on 
chromosome 2p23.40 The syndrome of 5a-reductase 
deficiency, a disorder of male sexual differentiation, is due 
to a wide variety of mutations in the gene encoding the 
type 2 enzyme.41 The type 1 and 2 genes show an unusual 
pattern of developmental regulation of expression. The 
type 1 gene is not expressed in the fetus, then is expressed 
briefly in the skin of the newborn, and then remains unex-
pressed until its activity and protein are again found after 
puberty. The type 2 gene is expressed in fetal genital skin, 
in the normal prostate, and in prostatic hyperplasia and 
adenocarcinoma. Thus, the type 1 enzyme may be respon-
sible for the pubertal virilization seen in patients with clas-
sic 5a-reductase deficiency, and the type 2 enzyme may be 
involved in male pattern baldness.40,41

11b-Hydroxysteroid Dehydrogenase

Although certain steroids are typically categorized as glu-
cocorticoids or mineralocorticoids, the “mineralocorti-
coid” (glucocorticoid type 2) receptor has equal affinity for 
both aldosterone and cortisol. Nevertheless, cortisol does 

not act as a mineralocorticoid in vivo, even though cortisol 
concentrations can exceed aldosterone concentrations by 
100- to 1000-fold, because mineralocorticoid responsive 
tissues (such as the kidney) convert cortisol to cortisone,  
a metabolically inactive steroid. The interconversion of 
cortisol and cortisone is mediated by two isozymes of  
11b-hydroxysteroid dehydrogenase (11bHSD, HSD11B), 
each of which can catalyze both oxidase and reductase  
activity, depending on the cofactor available (NADP1 or 
NADPH).42-45 The ratio of NADP1 to NADPH is regu-
lated by hexose-6-phosphate dehydrogenase (H6PDH).46 
The type 1 enzyme (11bHSD1; HSD11B1) is expressed 
mainly in glucocorticoid-responsive tissues such as the liver, 
testis, lung, and proximal convoluted tubule. 11bHSD1 can 
catalyze both the oxidation of cortisol to cortisone using 
NADP1 as its cofactor (Km 1.6 mM), or the reduction 
of cortisone to cortisol using NADPH as its cofactor  
(Km 0.14 mM); the reaction catalyzed depends on which 
cofactor is available, but the enzyme can only function 
with high (micromolar) concentrations of steroid. 11bHSD2 
(HSD11B2) catalyzes only the oxidation of cortisol to 
cortisone using NADH and can function with low (nano-
molar) concentrations of steroid (Km 10 to 100 nM). 
11bHSD2 is expressed in mineralocorticoid-responsive 
tissues and thus serves to “defend” the mineralocorticoid 
receptor by inactivating cortisol to cortisone, so that only 
“true” mineralocorticoids, such as aldosterone or deoxy-
corticosterone, can exert a mineralocorticoid effect. Thus, 
11bHSD2 prevents cortisol from overwhelming renal 
mineralocorticoid receptors, and in the placenta and other 
fetal tissues 11bHSD2 also inactivates cortisol. The pla-
centa also has abundant NADP1 favoring the oxidative 
action of 11bHSD1, so that in placenta both enzymes pro-
tect the fetus from high maternal concentrations of corti-
sol, but not from maternally administered betamethasone 
or dexamethasone. 11bHSD1 is located on the luminal side 
of the endoplasmic reticulum, and hence is not in contact 
with the cytoplasm. In this unusual cellular location, 
11bHSD1 receives NADPH provided by H6PDH.44 This 
links 11bHSD1 to the pentose monophosphate shunt, 
providing a direct paracrine link between local glucocorti-
coid production and energy storage as fat.43-45

3a-Hydroxysteroid Dehydrogenases

The 3a-hydroxysteroid dehydrogenases (3aHSDs) are 
not familiar to most endocrinologists, but they are clini-
cally important because of the discovery of the so-called 
backdoor pathway of steroidogenesis.47 This remarkable 
pathway (Figure 13-6), first discovered as the mechanism 
by which the male marsupial fetal testis makes andro-
gens,47,48 plays a central role in human male sexual dif-
ferentiation.49 In this pathway 17OHP is converted to 
dihydrotestosterone without going through DHEA, an-
drostenedione, or testosterone, and hence it provides a 
mechanism for 17OHP to contribute to the virilization of 
female fetuses with 21-hydroxylase deficiency.22,50 There 
are four 3aHSD enzymes, sometimes termed types 1 
through 4 but more properly termed AKR1C4-131; the 
numbering of the 3aHSD nomenclature is reversed in the 
AKR1C nomenclature, which is confusing and most un-
fortunate. These enzymes are structurally very similar, are 
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encoded by a gene cluster on chromosome 10p14-15, and 
catalyze a wide array of steroidal conversions and other 
reactions.9 The backdoor pathway is characterized by 
both reductive and oxidative 3aHSD activities; the reduc-
tive activity can apparently be catalyzed by either AKR1C2 
or AKR1C4.49 The nature of the oxidative activity remains 
uncertain, but may be catalyzed by retinol dehydrogenase 
(RoDH).9 AKR1C3, which converts androstenedione to 
testosterone in the adrenal, is also known as 17bHSD5. 
Further studies of the role of the backdoor pathway will be 
central to pediatric endocrinology.

Fetal Adrenal Steroidogenesis
Adrenocortical steroidogenesis begins early in embryonic 
life, around 7 weeks after fertilization. Steroidogenic en-
zymes are immunocytochemically detected principally in 
the fetal zone at 50 to 52 days postconception, and by  
8 weeks postconception the adrenal contains cortisol and 
responds to ACTH in primary culture systems.51 This cor-
tisol synthesis is under the regulation of pituitary ACTH 
and involves transient expression of adrenal 3bHSD2; 
following the 9th week postconception, expression of 
3bHSD2 and synthesis of cortisol wane; 3bHSD2 is barely 
detectable at 10 to 11 weeks and is absent at 14 weeks. At 
the same time, the fetal adrenal also produces 17bHSD5,51 
which can convert androstenedione to testosterone. Thus, 
the fetal adrenal makes cortisol at the same time during 
gestation that fetal testicular testosterone is virilizing the 
genitalia of the normal male fetus. This fetal adrenal corti-
sol apparently suppresses ACTH, which otherwise would 
drive adrenal testosterone synthesis via 17bHSD5.

Fetuses affected with genetic lesions in adrenal ste-
roidogenesis can produce sufficient adrenal androgen to 
virilize a female fetus to a nearly male appearance, and 
this masculinization of the genitalia is complete by the 
12th week of gestation. The definitive zone of the fetal 
adrenal produces steroid hormones according to the 

pathways in Figure 13-3. By contrast, the large fetal zone 
of the adrenal is relatively deficient in 3bHSD2 activity 
after 12 weeks. The fetal adrenal has relatively abundant 
17,20 lyase activity of P450c17; low 3bHSD and high 
17,20 lyase activity account for the abundant production 
of dehydroepiandrosterone (DHEA) and its sulfate 
(DHEAS) by the fetal adrenal, which are converted to 
estrogens by the placenta (Figure 13-7). The fetal adre-
nal also has considerable sulfotransferase activity but lit-
tle steroid sulfatase activity, also favoring conversion of 
DHEA to DHEAS. The resulting DHEAS cannot be a 
substrate for adrenal 3bHSD2; instead, it is secreted, 
16a-hydroxylated in the fetal liver, and then acted on by 
placental 3bHSD1, 17bHSD1, and P450aro to produce 
estriol, or the substrates can bypass the liver to yield es-
trone and estradiol. Placental estrogens inhibit adrenal 
3bHSD activity, providing a feedback system to promote 
production of DHEAS. Fetal adrenal steroids account 
for 50% of the estrone and estradiol and 90% of the es-
triol in the maternal circulation.

Although the fetoplacental unit produces huge 
amounts of DHEA, DHEAS, and estriol, as well as other 
steroids, they do not appear to serve an essential role.52 
Successful pregnancy is wholly dependent on placental 
synthesis of progesterone, which suppresses uterine con-
tractility and prevents spontaneous abortion; however, 
fetuses with genetic disorders of adrenal and gonadal 
steroidogenesis develop normally, reach term gestation, 
and undergo normal parturition and delivery. Mineralo-
corticoid production is only required postnatally, estro-
gens are not required, and androgens are only needed 
for male sexual differentiation. It appears that human 
fetal glucocorticoids are needed at about 8 to 12 weeks,51 
but it is not clear that they are needed thereafter; if they 
are, the small amount of maternal cortisol that escapes 
placental inactivation suffices. A single newborn has 
been described with profound glucocorticoid resistance 
who was homozygous for a frameshift mutation at codon 

FIGURE 13-6 n  Pathways to androgens in CAH. In the absence of P450c21 activity, the adrenal can produce androgens by three pathways. 
First, the pathway from cholesterol to DHEA remains intact in 21-hydroxylase deficiency, and increased production of DHEA will lead 
to some DHEA being converted to androstenedione and thence to testosterone. Second, although minimal amounts of 17OHP are 
converted to androstenedione in the normal adrenal, the huge amounts of 17OHP produced in CAH permit some 17OHP to be converted 
to androstenedione and then to testosterone. Third, the so-called backdoor pathway depends on the 5a and 3a reduction of 17OHP to 
17OH-allopregnenolone. This steroid is readily converted to androstanediol, which can then be oxidized to DHT by a 3aHSD enzyme, 
AKR1C2. Mass spectrometric examinations of human urinary steroids indicate this pathway is a major contributor in CAH.
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772 in the glucocorticoid-binding domain of the gluco-
corticoid receptor.53 Although the infant had severe hy-
poglycemia and hypertension postnatally, pulmonary 
and other aspects of fetal development were normal, 
suggesting that glucocorticoid action is not required for 
normal human fetal development.

The regulation of steroidogenesis and growth of  
the fetal adrenal are not fully understood, but both are 
related to ACTH. ACTH effectively stimulates steroido-
genesis by fetal adrenal cells in vitro, and excess ACTH 
is clearly involved in the adrenal growth and overproduc-
tion of androgens in fetuses affected with congenital  
adrenal hyperplasia. Experimental prenatal treatment of 
such fetuses by administering pharmacologic doses of 
dexamethasone to the mother at 6 to 10 weeks’ gestation 
can significantly reduce fetal adrenal androgen production 
and thus reduce the virilization of female fetuses, indicat-
ing that the hypothalamic-pituitary-adrenal (HPA) axis 
functions very early in fetal life.22 By contrast, anencephalic 
fetuses lacking pituitary ACTH have adrenals that contain 
a fairly normal complement of steroidogenic enzymes  
and retain their capacity for steroidogenesis. Thus, fetal 

adrenal steroidogenesis may be regulated by both ACTH- 
dependent and ACTH-independent mechanisms.

REGULATION OF STEROIDOGENESIS
The Hypothalamic-Pituitary-Adrenal Axis
Hypothalamus: CRF and AVP

The principal steroidal product of the human adrenal is 
cortisol, which is mainly secreted in response to adreno-
corticotropic hormone (ACTH, corticotropin) produced 
in the pituitary; secretion of ACTH is stimulated primar-
ily by corticotropin-releasing factor (CRF) from the  
hypothalamus. Hypothalamic CRF is a 41-amino-acid 
peptide synthesized mainly by neurons in the paraven-
tricular nucleus. These same hypothalamic neurons also 
produce the decapeptide arginine vasopressin (AVP, also 
known as antidiuretic hormone or ADH).54 Both CRF 
and AVP are proteolytically derived from larger precur-
sors with the AVP precursor containing the sequence for 
neurophysin, which is the AVP-binding protein. CRF 

FIGURE 13-7 n  Steroid synthesis by the fetoplacental system. The fetal adrenal has minimal 3bHSD activity, hence the pathway from 
cholesterol to DHEA predominates. Most DHEA is converted to DHEAS by the sulfotransferase SULT2A1 and is then 16a-hydroxylated 
by CYP3A7 in the fetal liver. The 16a-hydroxy DHEAS reaches the placenta, where the sequential action of steroid sulfatase, 3bHSD1, 
17bHSD1, and aromatase (P450aro) yield estriol, the principal steroidal product of the placenta. Small amounts of DHEA reach the 
placenta without being 16a-hydroxylated, where 3bHSD1 and P450aro can convert it to estrone; small amounts of estrone may also 
be converted to estradiol. About 80% of placental estrogen is estriol, 15% is estrone, and only 5% is estradiol.
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and AVP travel through axons to the median eminence, 
which releases them into the pituitary portal circulation, 
although most AVP axons terminate in the posterior  
pituitary. AVP is co-secreted with CRF in response to 
stress, and both CRF and AVP stimulate the synthesis 
and release of ACTH, but they appear to do so by differ-
ent mechanisms. CRF binds to a G-protein–coupled re-
ceptor on the membranes of pituitary corticotropes and 
activates adenylyl cyclase, increasing cAMP, which acti-
vates the protein kinase A (PKA) signaling pathway. PKA 
triggers ACTH secretion by concerted regulation of cel-
lular potassium and calcium fluxes and enhances POMC 
gene transcription. AVP binds to its G-protein-coupled 
receptor and activates phospholipase C, which leads to 
the release of intracellular Ca11 and to the activation 
of protein kinase C (PKC). AVP seems to amplify the 
effects of CRF on ACTH secretion without affecting syn-
thesis. However, CRF is the more important physiologic 
stimulator of ACTH release, although maximal doses of 
AVP can elicit a maximal ACTH response. When given 
together, CRF and AVP act synergistically, as would be 
expected from their independent mechanisms of action.

Pituitary: ACTH and POMC

Pituitary ACTH is a 39-amino-acid peptide derived from 
proopiomelanocortin (POMC), a 241-amino-acid protein.55 
POMC undergoes a series of proteolytic cleavages, yield-
ing several biologically active peptides (Figure 13-8). The 
N-terminal glycopeptide (POMC 1-75) can stimulate ste-
roidogenesis and may function as an adrenal mitogen. 
POMC 112-150 is ACTH 1-39, POMC 112-126 and 
POMC 191-207 constitute a- and b-MSH (melanocyte 
stimulating hormone), respectively, and POMC 210-241 is 
b-endorphin. POMC is also produced in small amounts by 
the brain, testis, liver, kidney, and placenta, but this extra-
pituitary POMC does not contribute significantly to circu-
lating ACTH. Malignant tumors will commonly produce 
“ectopic ACTH” in adults and rarely in children; this 
ACTH derives from ectopic biosynthesis of the same 
POMC precursor. Only the first 20 to 24 amino acids of 

ACTH are needed for its full biologic activity, and syn-
thetic ACTH 1-24 is widely used in diagnostic tests of ad-
renal function. However, these shorter forms of ACTH 
have a shorter half-life than does native ACTH 1-39. 
POMC gene transcription is stimulated by CRF and inhib-
ited by glucocorticoids.55

Actions of ACTH

ACTH stimulates the G-protein–coupled melanocortin  
2 receptor (MC2R), which is located almost exclusively in 
the adrenal cortex. Activation of MC2R triggers the pro-
duction of cAMP, activating PKA that catalyzes the phos-
phorylation of many proteins involved in steroidogenesis, 
thereby modifying their activity. ACTH elicits both acute 
and long-term effects. ACTH stimulates the biosynthesis 
of LDL receptors and the uptake of LDL, which provides 
most of the cholesterol used for steroidogenesis, and 
stimulates transcription of the gene for HMG-CoA re-
ductase, the rate-limiting step in cholesterol biosynthesis, 
but adrenal biosynthesis of cholesterol is quantitatively 
much less important than the uptake of LDL cholesterol.10 
Cholesterol is stored in steroidogenic tissues as choles-
terol esters in lipid droplets. ACTH stimulates the activ-
ity of cholesterol esterase while inhibiting cholesterol  
ester synthetase, thus increasing the intracellular pool of 
free cholesterol, the substrate for P450scc. Finally, ACTH 
facilitates transport of cholesterol into mitochondria by 
stimulating the synthesis and phosphorylation of StAR, 
thus increasing the flow of free cholesterol into the mito-
chondria.10 All of these actions are mediated by cAMP 
and occur within minutes, constituting the “acute” effect 
of ACTH on steroidogenesis.14 The adrenal contains 
relatively modest amounts of steroid hormones; thus, re-
lease of preformed cortisol does not contribute signifi-
cantly to the acute response to ACTH; acute responses 
occur by the rapid provision of large supplies of choles-
terol to mitochondrial P450scc.10,14

The long-term “chronic” effects of ACTH are medi-
ated directly at the level of the steroidogenic enzymes. 
ACTH via cAMP stimulates the accumulation of the 
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FIGURE 13-8 n  Structure of human prepro-opiomelanocortin. The numbers refer to amino acid positions, with No. 1 assigned to the first 
amino acid of POMC after the 26-amino-acid signal peptide. The a-, b-, and g-MSH regions, which characterize the three “constant” 
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steroidogenic enzymes and their mRNAs by stimulating 
the transcription of their genes.2,9 ACTH also increases 
adrenal blood flow, increasing the influx of oxygen and 
metabolic fuel and the delivery of newly secreted hor-
mones to the circulation.56 Thus, ACTH increases both 
the uptake of the cholesterol substrate and its conversion 
to steroidal products. The stimulation of this steroido-
genesis occurs at each step in the pathway, not only at the 
rate-limiting step, P450scc.

The roles of ACTH and other peptides derived from 
POMC in stimulating growth of the adult adrenal remain 
uncertain. However, lack of pituitary POMC causes  
severe adrenal hypoplasia, and chronic ACTH excess 
causes adrenal hyperplasia. In the fetal adrenal ACTH 
stimulates the local production of insulin-like growth 
factor 2, basic fibroblast growth factor, and epidermal 
growth factor. These, and possibly other factors work 
together to mediate ACTH-induced growth of the fetal 
adrenal.57

Diurnal Rhythms of ACTH and Cortisol

Plasma concentrations of ACTH and cortisol tend to be 
high in the morning and low in the evening. Peak ACTH 
levels are usually seen at 4 to 6 a.m., and peak cortisol 
levels follow at about 8 a.m. Both ACTH and cortisol are 
released episodically in pulses every 30 to 120 minutes 
throughout the day, but the frequency and amplitude of 
these pulses are much greater in the morning. The basis 
of this diurnal rhythm is complex and incompletely un-
derstood. The hypothalamic content of CRF itself shows 
a diurnal rhythm with peak content at about 4 a.m.  
At least four factors appear to play a role in the rhythm of 
ACTH and cortisol: intrinsic rhythmicity of synthesis and 
secretion of CRF by the hypothalamus; light/dark cycles; 
feeding cycles; and inherent rhythmicity in the adrenal, 
possibly mediated by adrenal innervation. These factors 
are clearly interdependent and related. Dietary rhythms 
may play as large a role as light/dark cycles. Animal ex-
periments show that altering the time of feeding can 
overcome the ACTH/cortisol periodicity established by a 
light/dark cycle. In normal human subjects, cortisol is 
released before lunch and supper, but not at these times  
in persons eating continuously during the day. Thus, glu-
cocorticoids, which increase blood sugar, appear to be 
released at times of fasting and are inhibited by feeding.

As all parents know, infants do not have a diurnal 
rhythm of sleep or feeding. Infants acquire such behavioral 
rhythms in response to their environment long before they 
acquire a rhythm of ACTH and cortisol. The diurnal 
rhythms of ACTH and cortisol begin to be established at 
6 to 12 months and often are not well established until 
after 3 years of age. Once the rhythm is well established in 
the older child or adult, it is changed only with difficulty. 
When people move to different parts of the world, their 
ACTH/cortisol rhythms generally take 15 to 20 days to 
adjust appropriately.

Physical stress (such as major surgery, severe trauma, 
blood loss, high fever, or serious illness) can increase the 
secretion of both ACTH and cortisol, but minor surgery 
and minor illnesses (such as upper respiratory infections) 
have little effect on ACTH and cortisol secretion.58,59 

Infection, fever, and pyrogens can stimulate the release of 
cytokines, such as IL-1 and IL-6, which stimulate secre-
tion of CRH, and also stimulate IL-2 and TNF, which 
stimulate release of ACTH, providing further stimulus to 
cortisol secretion during inflammation.60 Conversely, 
glucocorticoids inhibit cytokine production in the im-
mune system, providing a negative feedback loop. Most 
psychoactive drugs, such as anticonvulsants, neurotrans-
mitters, and antidepressants, do not affect the diurnal 
rhythm of ACTH and cortisol, although cyproheptadine 
(a serotonin antagonist) effectively suppresses ACTH 
release.

Adrenal: Glucocorticoid Feedback

The hypothalamic-pituitary-adrenal axis is a classic  
example of an endocrine feedback system. ACTH increases 
production of cortisol, and cortisol decreases production of 
ACTH. Cortisol and other glucocorticoids exert feedback 
inhibition of both CRF and ACTH (and AVP) principally 
through the glucocorticoid receptor. Like the acute and 
chronic phases of the action of ACTH on the adrenal, there 
are acute and chronic phases of the feedback inhibition of 
ACTH (and presumably CRF). The acute phase, which oc-
curs within minutes, inhibits release of ACTH (and CRF) 
from secretory granules. With prolonged exposure, gluco-
corticoids inhibit ACTH synthesis by directly inhibiting the 
transcription of the gene for POMC (and AVP). Some evi-
dence also suggests that glucocorticoids can directly inhibit 
steroidogenesis at the level of the adrenal fasciculata cell it-
self, but this appears to be a physiologically minor compo-
nent of the regulation of cortisol secretion.

Mineralocorticoid Secretion: The Renin-
Angiotensin System
Renin is a serine protease enzyme synthesized primarily 
by the juxtaglomerular cells of the kidney, but it is  
also produced in a variety of other tissues, including the 
glomerulosa cells of the adrenal cortex. The role of adre-
nally produced renin is not well established; it appears  
to maintain basal levels of P450c11AS, but it is not 
known if angiotensin II is involved in this action. Renin 
is synthesized as a precursor of 406 amino acids that is 
cleaved to prorenin (386 amino acids) and finally to the 
340-amino acid protein found in plasma.61 Decreased 
blood pressure, upright posture, sodium depletion, vaso-
dilatory drugs, kallikrein, opiates, and b-adrenergic stim-
ulation all promote release of renin. Renin enzymatically 
attacks angiotensinogen, the renin substrate, in the circu-
lation. Angiotensinogen is a highly glycosylated protein 
and, therefore, has a highly variable molecular weight 
from 50,000 to 100,000 daltons. Renin proteolytically 
releases the aminoterminal 10 amino acids of angioten-
sinogen, referred to as angiotensin I. This decapeptide is 
biologically inactive until converting enzyme, an enzyme 
found primarily in the lungs and blood vessels, cleaves  
off its two carboxyterminal amino acids, to produce an 
octapeptide, termed angiotensin II. Angiotensin II binds 
to specific membrane receptors located in the zona  
glomerulosa of the adrenal cortex to stimulate aldoste-
rone production. Angiotensin converting enzyme can be 
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inhibited by captopril and related agents; alternatively 
angiotensin II receptors may be blocked by pharmaco-
logic agents such as irbesartan for the diagnosis and 
treatment of hyperreninemic hypertension.

Angiotensin II has two principal actions, both of which 
increase blood pressure. It directly stimulates arteriolar 
vasoconstriction within a few seconds and it stimulates 
synthesis and secretion of aldosterone within minutes. 
Increased plasma potassium is also a powerful and direct 
stimulator of aldosterone synthesis and release. Aldoste-
rone, secreted by the glomerulosa cells of the adrenal 
cortex, has the greatest mineralocorticoid activity of  
all naturally occurring steroids. Aldosterone causes renal 
sodium retention and potassium loss, with a consequent 
increase in intravascular volume and blood pressure.  
Expansion of the blood volume provides the negative 
feedback signal for regulation of renin and aldosterone 
secretion. Angiotensin II functions through receptors that 
stimulate production of phosphatidylinositol, mobilize 
intracellular and extracellular Ca11, and activate PKC.62 
These intracellular second messengers then stimulate 
transcription of the P450scc gene by means independent 
of those employed by ACTH and cAMP. Potassium ion 
increases uptake of Ca11 with consequent hydrolysis of 
phosphoinositides to increase phosphatidylinositol. Thus, 
angiotensin II and potassium work at different levels of 
the same intracellular second messenger pathway, but 
these differ fundamentally from the action of ACTH.

Although the renin-angiotensin system is clearly the 
major regulator of mineralocorticoid secretion, ACTH and 
possibly other POMC-derived peptides such as g3-MSH 
can also promote secretion of aldosterone when used in 
high concentrations in animal systems, but the relevance of 
physiologic concentrations in human beings has not been 
established. Ammonium ion, hyponatremia, dopamine  
antagonists, and some other agents can also stimulate  
secretion of aldosterone, and atrial natriuretic factor is a 
potent physiologic inhibitor of aldosterone secretion.

Adrenal Androgen Secretion and 
the Regulation of Adrenarche
DHEA, DHEAS, and androstenedione, which are almost 
exclusively secreted by the adrenal zona reticularis, are 

generally referred to as adrenal androgens because they 
can be peripherally converted to testosterone. However, 
these steroids have little if any capacity to bind to and 
activate androgen receptors, hence they are only andro-
gen precursors and not true androgens. The fetal adrenal 
secretes large amounts of DHEA and DHEAS, and these 
steroids are abundant in the newborn, but their concen-
trations fall rapidly as the fetal zone of the adrenal invo-
lutes following birth. After the first year of life, the  
adrenals of young children secrete very small amounts of 
DHEA, DHEAS, and androstenedione until the onset of 
adrenarche, usually around age 7 to 8 years, preceding 
the onset of puberty by about 2 years. Adrenarche is  
independent of puberty, the gonads, or gonadotropins, 
and the mechanism by which the onset of adrenarche is 
triggered remains unknown. The secretion of DHEA 
and DHEAS continues to increase during and after  
puberty and reaches maximal values in young adulthood, 
following which there is a slow, gradual decrease in the 
secretion of these steroids in the elderly (“adrenopause”) 
(Figure 13-9).63 Men have higher serum concentrations 
of DHEAS than women,63 probably because men have a 
single copy of the X-linked steroid sulfatase gene.64 
Throughout much of adult life, adrenal secretion of 
DHEAS exceeds that of cortisol; in adult women, adrenal 
secretion of androgen precursors and androgens is equal 
to their secretion from the ovary. Despite the huge  
increases in the adrenal secretion of DHEA and DHEAS 
during adrenarche, circulating concentrations of ACTH 
and cortisol do not change with age. Thus, ACTH plays 
a permissive role in adrenarche but does not trigger it. 
Searches for hypothetical polypeptide hormones that 
might specifically stimulate the zona reticularis have 
been unsuccessful. Adrenarche is a unique phenomenon 
confined to few higher primates such as chimpanzees or 
orangutans, but the significance of adrenarche remains 
unknown.

Studies of adrenarche have focused on the roles of 
3bHSD and P450c17. The abundance of 3bHSD in the 
zona reticularis appears to decrease with the onset of 
adrenarche, and the adrenal expression of cytochrome b5, 
which fosters the 17,20 lyase activity of P450c17,20,21 
is almost exclusively confined to the zona reticularis; 
these factors strongly favor the production of DHEA.65 
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The phosphorylation of P450c17 also increases 17,20 
lyase activity; the responsible kinase has recently been 
identified as p38a, but its role in adrenarche remains 
uncertain.66 Premature and exaggerated adrenarche may 
be associated with insulin resistance, and girls with pre-
mature exaggerated adrenarche appear to be at much 
higher risk of developing the polycystic ovary syndrome  
as adults (characterized by hyperandrogenism, fewer 
ovulatory cycles, insulin resistance, and hypertriglyceri-
demia). Evidence suggests that infants born small for 
gestational age may be at increased risk for this syn-
drome. The suggestion that replacing the DHEA may 
improve memory and a sense of well-being in the elderly 
and in adrenal insufficiency remains controversial.67 
Thus, studies of physiology, biochemistry, and clinical 
correlates of adrenarche are pointing to premature adre-
narche as an early sign of a metabolic disorder.

PLASMA STEROIDS AND THEIR DISPOSAL
Structure and Nomenclature
All steroid hormones are derivatives of pregnenolone  
(Figure 13-10). Pregnenolone and its derivatives that con-
tain 21 carbon atoms are often termed C21 steroids. Each 
carbon atom is numbered, indicating the location at which 
the various steroidogenic reactions occur (e.g., 21-hydrox-
ylation, 11-hydroxylation). The 17,20 lyase activity of 
P450c17 cleaves the bond between carbon atoms 17 and 
20, yielding C19 steroids, which include all the androgens; 
P450aro converts C19 androgens to C18 estrogens. With 
the exception of estrogens, all steroid hormones have a 
single unsaturated carbon-carbon double bond. Steroids 
having this double bond between carbon atoms 4 and 5, 
including all the principal biologically active steroids, are 
termed D4 steroids; their precursors having a double bond 
between carbon atoms 5 and 6 are termed D5 steroids. The 
two isozymes of 3bHSD convert D5 to D4 steroids.

A rigorous, logically systematic, and unambiguous 
chemical terminology has been formulated to describe  

accurately the structure of all the steroid hormones and all 
their conceivable derivatives. However, this terminol-
ogy is quite cumbersome (e.g., cortisol is 11b,17a,
21-trihydroxy-pregn-4-ene-3,20-dione, and dexamethasone 
is 9a-fluoro-11b,17a,21-trihydroxyprena-1,4-diene-3,20-
dione). Therefore, we use only the standard “trivial 
names.” Before the structures of the steroid hormones 
were determined in the 1930s, Reichstein, Kendall, and 
others identified them as spots on paper chromatograms 
and designated them A, B, C, and so forth. Unfortunately, 
some persist in using this outmoded terminology, so that 
corticosterone is sometimes termed compound B, cortisol 
compound F, and 11-deoxycortisol compound S. This archaic 
terminology obfuscates the precursor-product relationships 
of the steroids, confuses students, and should not be used.

Circulating Steroids
Although more than 50 different steroids have been iso-
lated from adrenocortical tissue, the main pathways of 
adrenal steroidogenesis include only a dozen or so ste-
roids, of which only a few are secreted in sizable quantities. 
The adult secretions of DHEAS and cortisol are each 
about 20 mg/24 hours, and the secretion of corticosterone, 
a weak glucocorticoid, is about 2 mg/24 hours. Although 
glucocorticoids, such as cortisol, and mineralocorticoids, 
such as aldosterone, are both needed for life and hence are 
of “equivalent” physiologic importance, diagrams such  
as Figure 13-3 fail to indicate that these steroids are not 
secreted in molar equivalents. The adult secretion rate of 
aldosterone is only about 0.1 mg/24 hour. This 100- to 
1000-fold molar difference in the secretory rates of corti-
sol and aldosterone must be borne in mind when consider-
ing the effects of steroid-binding proteins in plasma and 
when conceptualizing the physiologic manifestations  
of incomplete defects in steroidogenesis due to single 
amino acid changes causing the partial loss of activity of a 
steroidogenic enzyme.

Most circulating steroids are bound to plasma proteins, 
including corticosteroid-binding globulin (CBG, also 
termed transcortin), albumin, and a1 acid glycoprotein.68,69 
CBG has a very high affinity for cortisol but a relatively 
low binding capacity, albumin has a low affinity and high 
capacity, and a1 acid glycoprotein is intermediate for both 
variables. The result is that about 90% of circulating cor-
tisol is bound to CBG and a little more is bound to other 
proteins. These steroid-binding proteins are not transport 
proteins, as the biologically important steroids are water 
soluble in physiologically effective concentrations, and 
absence of CBG does not cause a detectable physiologic 
disorder. Instead, these plasma proteins act as a reservoir 
for steroids. This ensures that all peripheral tissues will be 
bathed in approximately equal concentrations of cortisol, 
and this greatly diminishes the physiologic effect of the 
great diurnal variation in cortisol secretion. Most synthetic 
glucocorticoids used in therapy do not bind significantly to 
CBG and bind poorly to albumin, partially accounting for 
their increased potencies, which are also associated with 
increased receptor-binding affinities. Aldosterone is not 
bound well by any plasma protein; hence, changes in 
plasma protein concentration do not affect plasma aldoste-
rone concentrations but greatly influence plasma cortisol 

FIGURE 13-10 n  Structure of pregnenolone. The carbon atoms are 
indicated by numbers and the rings are designated by letters 
according to standard convention. Pregnenolone is derived from 
cholesterol, which has a 6-carbon side chain attached to carbon 
#21. Pregnenolone is a D5 compound, having a double bond 
between carbons #5 and 6; the action of 3b-hydroxysteroid 
dehydrogenase/isomerase moves this double bond from the  
B ring to carbons #4 and 5 in the A ring, forming D4 compounds. 
All of the major biologically active steroid hormones are D4 
compounds.
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concentrations. Estradiol and testosterone bind strongly 
to a different plasma protein termed sex steroid-binding 
globulin and also bind weakly to albumin.

Because steroids are hormones it is often thought that 
the concentration of “free” (i.e., unbound) circulating 
steroids determines biologic activity. However, the target 
tissues for many steroid hormones contain enzymes that 
modify those steroids. Thus, many actions of testosterone 
are actually due to dihydrotestosterone produced by 
local 5a-reductase; cortisol will have differential ac-
tions on various tissues due to the presence or absence 
of the two isozymes of 11bHSD, which can inactivate 
cortisol to cortisone or reactivate cortisone back to 
cortisol. Similar peripheral metabolism occurs via “ex-
traglandular” 21-hydroxylase, P450aro, 3bHSD, and 
17bHSD. Thus, circulating steroids are both classic 
hormones and precursors to locally acting autocrine or 
paracrine factors.

Steroid Catabolism
Only about 1% of circulating plasma cortisol and aldo-
sterone are excreted unchanged in the urine; the liver 
metabolizes the remainder. A large number of hepatic 
metabolites of each steroid is produced; most contain  
additional hydroxyl groups and are linked to a sulfate or 
glucuronide moiety, rendering them more soluble and 
readily excretable by the kidney. A great deal is known 
about the various urinary metabolites of the circulating 
steroids because their measurement in pooled 24-hour 
urine samples has been an important means of studying 
adrenal steroids. The measurement of urinary steroid 
metabolites by modern mass spectrometric techniques has 
been a research tool but is beginning to be used by clinical 
reference laboratories, which will permit increased diag-
nostic capacities.

CLINICAL AND LABORATORY EVALUATION 
OF ADRENAL FUNCTION
Clinical Evaluation
Astute clinical evaluation can generally reveal the pre-
sence of primary adrenal deficiency or hypersecretion 
before performing laboratory tests. Thomas Addison  
described adrenal insufficiency in 1849, long before im-
munoassays became available. Virtually all patients with 
chronic adrenal insufficiency will have weakness, fatigue, 
anorexia, weight loss, hypotension, and hyperpigmenta-
tion. Patients with acute adrenal insufficiency may have 
hypotension, shock, weakness, apathy, confusion, an-
orexia, nausea, vomiting, dehydration, abdominal or flank 
pain, hyperthermia, or hypoglycemia. Deficient adrenal 
androgen secretion will compromise the acquisition of 
virilizing secondary sexual characteristics (pubic and axil-
lary hair, acne, axillary odor) in female adolescents. Early 
signs of glucocorticoid excess include increased appetite, 
weight gain, and growth arrest without a concomitant 
delay in bone age. Chronic glucocorticoid excess in chil-
dren results in typical cushingoid facies, but the “buffalo 
hump” and centripetal distribution of body fat that are 
characteristic of adult Cushing disease are seen only in 

long-standing undiagnosed disease. Mineralocorticoid  
excess is mainly characterized by hypertension, but pa-
tients receiving very low sodium diets (e.g., the newborn) 
will not be hypertensive, as mineralocorticoids increase 
blood pressure primarily by retaining sodium and thus 
increasing intravascular volume. Moderate hypersecre-
tion of adrenal androgens is characterized by mild signs of 
virilization, whereas substantial hypersecretion of adrenal 
androgens is characterized by accelerated growth with a 
disproportionate increase in bone age, increased muscle 
mass, acne, hirsutism, deepening of the voice, and more 
profound degrees of virilism. A key feature of any physical 
examination of a virilized male is careful examination and 
measurement of the testes. Bilaterally enlarged testes sug-
gest true (central) precocious puberty; unilateral testicular 
enlargement suggests testicular tumor; prepubertal testes 
in a virilized male indicate an extratesticular source of 
androgen, such as the adrenal.

Imaging studies are of limited utility in adrenal corti-
cal disease. Computed tomography (CT) will only rarely 
detect pituitary tumors hypersecreting ACTH, and mag-
netic resonance imaging (MRI) will detect fewer than 
half of these, even with gadolinium enhancement. The 
small size, odd shape, and location near other structures 
also compromise the use of imaging techniques for the 
adrenals. Patients with Cushing disease or congenital 
adrenal hyperplasia will have modestly enlarged adrenals, 
but such enlargement is not detectable by imaging tech-
niques with any useful degree of certainty. The gross 
enlargement of the adrenals in congenital lipoid adrenal 
hyperplasia, their hypoplasia in adrenal hypoplasia con-
genita or in the hereditary ACTH unresponsiveness 
syndrome, and many malignant tumors can be usefully 
diagnosed by imaging studies; however, many adrenal 
adenomas are too small to be detected. Thus, imaging 
studies may establish the presence of pituitary or adrenal 
tumors, but they can never establish their absence.

Laboratory Evaluation
The diagnostic evaluation of adrenal function is essen-
tially chemical. The nonspecificity of many of the clinical 
signs described previously and the disappointing results 
with imaging studies remind us that any proper evaluation 
of hypothalamic-pituitary-adrenal function must rely on  
a series of carefully performed physiologic maneuvers  
associated with hormonal assays. The development of 
highly specific, exquisitely sensitive assays that can be 
done on small volumes of plasma now permit the direct 
examination of virtually every hormone involved in adre-
nal metabolism.

Plasma Concentrations of Cortisol and Other 
Steroids

Plasma cortisol is measured routinely by a variety of tech-
niques including radioimmunoassay, immunoradiometric 
assay, and high-pressure liquid chromatography (HPLC). 
Other procedures, such as fluorimetric assays and competi-
tive protein binding assays, are useful research tools but are 
not in general clinical use. It is of considerable importance 
to know what procedure one’s laboratory is employing and 
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precisely what it is measuring. All immunoassays have some 
degree of cross-reactivity with other steroids. Most cortisol 
immunoassays will detect both cortisol and cortisone; by 
contrast, these are readily distinguished by HPLC. As the 
newborn’s plasma contains mainly cortisone rather than 
cortisol during the first few days of life, a comparison of 
newborn data obtained by HPLC to published standards 
obtained by immunoassays may incorrectly suggests adre-

nal insufficiency. Tables 13-2 and 13-3 summarize the 
normal plasma concentrations for a variety of steroids. 
With the notable exception of dehydroepiandrosterone 
sulfate, most adrenal steroids exhibit a diurnal variation 
based on the diurnal rhythm of ACTH. Because the stress 
of illness or hospitalization can increase adrenal steroid 
secretion and because diurnal rhythms may not be well 
established in children younger than 3 years of age, it is best 

Cortisol DOC Corticosterone 18OH Corticosterone Aldosterone Plasma Renin Activity

Cord blood 360 5.5 19 2.4 50
Prematures 180 5.5 2.8 222
Newborns 140 6.6 9.7 2.6 58
Infants 250 0.6 16 2.2 0.8 33
Children (8 a.m.)
1-2 years 110-550 1.8 0.8 15
2-10 years As adults 0.3 1.2 0.3n0.8* 8.3
10-15 years As adults 0.7 0.1n0.6* 3.3
Adults (8 a.m.) 280-550 0.2 12 0.6 0.2n0.4* 2.8n4*

(4 p.m.) 140-280 3.8

TABLE 13-3 Mean Glucocorticoid and Mineralocorticoid Concentrations

*Two values separated by an arrow indicate those in supine and upright posture.
All values in nmol/L except plasma renin activity (mg/L/s). To convert cortisol to mg/dL, multiply by 0.0363; to convert other values to ng/dL, 

multiply nmol/L by the following values: corticosterone, 34.7; 18OH corticosterone, 36.2; aldosterone, 36; DOC, 33.1.
DOC, deoxycorticosterone.

T DHT___

prog 17ohp dhea dhea-s D4-a e1 e2 m f m f

Cord blood 1100 62 21 6400 3.0 52 30 1.0 0.9 0.2 0.2
Prematures 11 8.1 28 11000 7.0 4.2 0.4 1.0 0.1
Term newborns 1.1 20 4400 5.2 6.9 1.4 0.9 0.3
Infants 1.0 1.0 3.8 820 0.7 ,0.1 ,0.1 6.6 ,0.4 1.4 ,0.1
Children 1-6 years 1.0 270 0.9 ,0.1 ,0.1 0.2 0.1
6-8 years 3.1 540 0.9 ,0.1 ,0.1 0.2 0.1
8-10 years 5.6 1400 0.9 ,0.1 ,0.1 0.2 0.1
Males Pubertal 0.6 1.3 5.6 950 0.9 0.0 0.0 0.2 ,0.1

stage I
II 0.6 1.6 10 2600 1.6 0.1 0.0 1.4 0.3

III 0.8 2.0 14 3300 2.4 0.1 0.1 6.6 0.7
IV 1.1 2.6 14 5400 2.8 0.1 0.1 13 1.2
V 1.3 3.3 17 6300 3.5 0.1 0.1 19 1.6

Adult 1.1 3.3 16 7300 4.0 0.1 0.1 22 1.7
Females Pubertal 0.6 1.0 5.6 1100 0.9 0.1 0.0 0.2 0.1

stage I
II 1.0 1.6 11 1900 2.3 0.1 0.1 0.7 0.3
III 1.3 2.3 14 2500 4.2 0.1 0.1 0.9 0.3
IV 9.2 2.9 15 3300 4.5 0.1 0.2 0.9 0.3
V 5.1 3.6 19 4100 6.0 0.2 0.4 1.0 0.3

Adult
Follicular 1.0 1.5 16 4100 5.8 0.2 0.2 1.0 0.3
Luteal 24 5.4 16 4100 5.8 0.4 0.5 1.0 0.3

TABLE 13-2 Mean Sex Steroid Concentration in Infants and Children

PROG, progesterone; 17OHP, 17-hydroxyprogesterone; DHEA, dehydroepiandrosterone; DHEA-S, DHEA sulfate; D4-A, androstenedione; E1, 
estrone; E2, estradiol; T, testosterone; DHT, dihydrotestosterone; M, male; F, female.

All values are in nmol/L; to convert these values to ng/dL, multiply nmol/L by the following values: androstenedione, 28.6; DHEA, 28.8; 
DHT, 29; E1, 27; E2, 27.2; Prog, 31.5; 17OHP, 33.1. To convert DHEA-S to mg/dL, multiply by 0.0368.

Data adapted from Endocrine Sciences, Tarzana, California.
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to obtain two or more samples for the measurement of any 
steroid.

As shown in Tables 13-2 and 13-3, data exist for the 
concentrations of a large number of steroid hormones 
throughout normal infancy, childhood, and adolescence. 
Not all endocrine laboratories perform all of these assays, 
and, depending on the assay procedures employed, various 
laboratories may have different “normal” values. Most 
central hospital and commercial laboratories are designed 
primarily to serve adult, rather than pediatric, patients. 
Thus, it is important to know whether the available assays 
will be sufficiently sensitive with small volumes of blood to 
be useful in measuring pediatric values. This is especially 
true for the measurement of sex steroids (and gonadotro-
pins), which can exhibit pathologic elevations in children 
and still remain below the limit of detection of most 
“adult” assays.

Plasma Renin

Renin (which must not be confused with the digestive 
enzyme, rennin) is usually assayed by its enzymatic ac-
tivity, although direct measurements of its concentra-
tion are becoming available. Plasma renin activity 
(PRA) is simply an immunoassay of the amount of an-
giotensin I generated per milliliter of serum per hour at 
37° C. In normal serum, the concentration of both re-
nin and angiotensinogen (the renin substrate) are limit-
ing. Therefore, another test, plasma renin content 
(PRC), measures the amount of angiotensin I gener-
ated in 1 hour at 37° C in the presence of excess con-
centrations of angiotensinogen.

Plasma renin activity is sensitive to dietary sodium 
intake, posture, diuretic therapy, activity, and sex ste-
roids. Because PRA values can vary widely with these 
variables, it is best to measure PRA twice, once in the 
morning after overnight supine posture and then again 
after maintenance of upright posture for 4 hours. A  
simultaneous 24-hour urine for total sodium excretion is 
generally needed to interpret PRA results. Decreased 
dietary and urinary sodium, decreased intravascular vol-
ume, diuretics, and estrogens will increase PRA. Sodium 
loading, hyperaldosteronemia, and increased intravascu-
lar volume decrease PRA.

The greatest use of renin measurements is in the 
evaluation of hypertension and in the management  
of CAH. However, several additional situations require 
assessment of the renin-angiotensin system. Children 
with simple virilizing adrenal hyperplasia who do not 
have clinical evidence of urinary salt wasting (hyponatre-
mia, hyperkalemia, acidosis, hypotension, shock) may 
nevertheless have increased PRA, especially when dietary 
sodium is restricted. This was an early clinical sign that 
this form of 21-hydroxylase deficiency was simply a 
milder form of the more common, severe, salt-wasting 
form. Treatment of simple virilizing 21-hydroxylase defi-
ciency with sufficient mineralocorticoid to suppress PRA 
into the normal range will reduce the child’s requirement 
for glucocorticoids, thus maximizing final adult height. 
Children with CAH need to have their mineralocorticoid 
replacement therapy monitored routinely by measuring 
PRA.22 Measurement of angiotensin II is also possible in 
some research laboratories, but most antibodies to angio-

tensin II strongly cross-react with angiotensin I. Thus, 
PRA remains the usual way of evaluating the renin- 
angiotensin-aldosterone system.

Urinary Steroid Excretion

The measurement of 24-hour urinary excretion of steroid 
metabolites is one of the oldest procedures for assessing 
adrenal function and still useful. Examination of the total 
24-hour excretion of steroids eliminates the fluctuations 
seen in serum samples as a function of time of day, epi-
sodic bursts of ACTH and steroid secretion, and transient 
stress (such as a visit to the clinic or difficult venipunc-
ture). Collection of a complete 24-hour urinary sample 
can be quite difficult in the infant or small child. Two 
consecutive 24-hour collections should be obtained, and 
each should be assayed for creatinine to monitor the com-
pleteness of the collection. Because of the diurnal and 
episodic nature of steroid secretion, one should never 
obtain 8- or 12-hour collections and attempt to infer the 
24-hour excretory rate from such partial collections.

The analytic procedures for urinary steroid analysis 
typically rely on a chromatographic procedure for separat-
ing steroids followed by a colorimetric, immunologic, or 
other assay. Failure to employ a chromatographic separa-
tion step is the most common source of error. Such classic 
analyses of urinary steroids are now being replaced by gas 
chromatography followed by mass spectrometry (GC/
MS). Advances in these techniques permit sensitive and 
specific assays of urinary steroids. However, each secreted 
steroid is metabolized to multiple forms before being  
excreted in urine, and this metabolism can vary with age 
and sex in pediatric populations, so that the analyses are 
complex and require specialized expertise that is not yet 
widely available.

Urinary 17-hydroxycorticosteroids (17OHCS), assayed 
by the colorimetric Porter-Silber reaction, measure 
17,21-dihydroxy-20-ketosteroids by the generation of  
a colored compound after treatment with phenylhydra-
zine. The reaction is highly specific for the major urinary 
metabolites of cortisol and cortisone. It will also measure 
metabolites of 11-deoxycortisol, which will be increased  
in 11-hydroxylase deficiency or after treatment with me-
tyrapone, a commonly used diagnostic agent (discussed 
later). Urinary 17OHCS secretion is increased in obesity, 
hyperthyroidism, and anorexia nervosa; it is decreased in 
starvation, hypothyroidism, renal failure, liver disease, and 
pregnancy. Drugs that induce hepatic enzymes, such as 
phenobarbital, can give low urinary 17OHCS values by 
stimulating hepatic metabolism of circulating steroids to 
excreted compounds not detected by the Porter-Silber 
reaction. Other drugs, including phenothiazines, spirono-
lactone, hydroxyzine, and some antibiotics, can interfere 
with the colorimetric assay directly, giving falsely elevated 
values.

Measurement of 17OHCS should be replaced by  
measurement of urinary free cortisol, thus avoiding the 
nonspecificity and drug interference problems inherent 
in 17OHCS. In adults, this test is highly reliable in the 
diagnosis of Cushing syndrome. Free cortisol is extracted 
from the urine and measured by immunoassay or HPLC, 
providing the advantage of specificity. Excretion of uri-
nary free cortisol and of total cortisol metabolites is 
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closely correlated with age, body surface area, and adi-
posity, but it is typically 11 6 5 mg/m2/day.70,71 Values 
vary substantially among different reference laboratories,  
reflecting variations in assay technologies, thus it is es-
sential to utilize a laboratory with good data for normal 
children. It remains important to measure urinary creati-
nine to monitor the completeness of the collection.

Urinary 17-ketosteroids (17KS), assayed by the  
Zimmerman reaction, measure 17-ketosteroids by the 
generation of a colored compound after treatment with 
meta-dinitrobenzene and acid. The reaction principally 
measures metabolites of DHEA and DHEA sulfate  
and thus correlates with adrenal androgen production. 
Androstenedione will contribute significant 17KS and,  
if an alkali extraction is not used, estrone will also con-
tribute. The principal androgens, testosterone and dihy-
drotestosterone, have hydroxyl rather than keto groups 
on carbon 17; hence, their metabolic products are not 
measured as 17KS. A wide variety of drugs, including 
penicillin, nalidixic acid, spironolactone, and phenothi-
azines, as well as nonspecific urinary chromogens, can 
spuriously increase values of 17KS. Measurement of  
urinary 17KS remains a useful, inexpensive screening 
test, and some clinicians prefer to follow 17KS to moni-
tor therapy of CAH, but measurements of plasma ste-
roids have now replaced the use of urinary 17KS in most 
centers.

Urinary 17-ketogenic steroids (17KGS) are occasion-
ally confused with urinary 17-ketosteroids because of the 
similarity of the names; however, 17KGS are used to 
measure urinary metabolites of glucocorticoids, not sex 
steroids. Urinary 17KGS are assayed by oxidation of a 
variety of C-21 steroids to C-19 17-ketosteroids, which 
are then measured by the Zimmerman reaction as 17KS. 
All 17OHCS plus a number of other urinary steroids, 
including the 17KS, are measured, but the basal 17KS 
values are subtracted out. In addition to all the various 
problems of specificity and drug interference described 
earlier for 17OHCS and 17KS, a major disadvantage of 
17KGS is that they will also detect pregnanetriol, the 
principal urinary metabolite of 17-hydroxyprogesterone. 
This is the steroid that shows the greatest elevations in 
congenital adrenal hyperplasia. Although some laborato-
ries continue to perform measurements of 17KGS, this 
obsolete assay no longer has a place in modern pediatric 
practice.

Plasma ACTH and Other POMC Peptides

Accurate routine immunoassay of plasma ACTH is now 
available in most centers, but its measurement remains 
more difficult and variable than the assays for most other 
pituitary hormones. Handling of the samples must be 
done with care; samples must be drawn into a plastic sy-
ringe containing heparin or ethylenediamine tetraacetic 
acid (EDTA) and quickly transported in plastic tubes on 
ice, as ACTH adheres to glass and is quickly inactivated. 
Thus, elevated plasma ACTH concentrations can be 
highly informative, but most assays cannot detect low or 
low-normal values, and such values can be spurious if the 
samples are handled badly. In adults and older children 
who have well-established diurnal rhythms of ACTH, 

normal 8 a.m. values can rarely exceed 50 pg/mL, 
whereas 8 p.m. values are usually undetectable. Patients 
with Cushing disease often have normal morning values, 
but the diagnosis can be suggested by consistently ele-
vated afternoon and evening values; patients with the 
ectopic ACTH syndrome can have values anywhere from 
100 to 1000 pg/mL.

Secretory Rates

The secretory rates of cortisol and aldosterone (or other 
steroids) can be measured by administering a small dose 
of tritiated cortisol or aldosterone and measuring the 
specific activity of one or more known metabolites in  
a 24-hour urine collection. This procedure permitted 
measurement of certain steroids, such as aldosterone, 
before specific immunoassays became available. These 
procedures have also provided much information about 
the normal rate of production of various steroids. Based 
on this procedure most authorities have agreed that chil-
dren and adults secrete about 6 to 8 mg of cortisol per 
square meter of body surface area per day.72,73

Dexamethasone Suppression Test

Administration of dexamethasone, a potent synthetic 
glucocorticoid, will suppress secretion of pituitary ACTH 
and of adrenal cortisol; the dexamethasone suppression 
test is a very useful procedure for distinguishing whether 
glucocorticoid excess is due primarily to pituitary disease 
or adrenal disease. As dexamethasone also suppresses 
adrenal androgen secretion, this test is useful for distin-
guishing between adrenal and gonadal sources of sex 
steroids. A complete, formal dexamethasone suppression 
test requires the measurement of basal values and those 
obtained in response to both low- and high-dose dexa-
methasone. This is described in the section on the evalu-
ation of Cushing syndrome. Variations of this test are 
commonly used, notably the single 1 mg dose in adults or 
0.3 mg/m2 in children. This is a useful outpatient screen-
ing procedure for distinguishing Cushing syndrome from 
exogenous obesity. It can be useful for the same purpose 
in adolescents and older children, but it is otherwise of 
limited utility in pediatrics. An overnight high-dose 
dexamethasone suppression test is probably more reliable 
than the standard 2-day, high-dose test in differentiating 
adults with Cushing disease from those with the ectopic 
ACTH syndrome. However, the utility of this test in 
pediatric patients has not been established.

Stimulation Tests

Direct stimulation of the adrenal with ACTH is a rapid, 
safe, and easy way to evaluate adrenocortical function. The 
original ACTH test consisted of a 4- to 6-hour infusion  
of 0.5 units/kg of ACTH(1-39). This will maximally 
stimulate adrenal cortisol secretion, and thus effectively 
distinguishes primary adrenal insufficiency (Addison dis-
ease), in which the adrenal is incapable of responding, from 
secondary adrenal insufficiency due to hypopituitarism.  
In secondary adrenal insufficiency, some steroidogenic 
capacity is present, therefore some cortisol is produced in 
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response to the ACTH; thus, cortisol secretion is less than 
normal but greater than the negligible values seen in pri-
mary adrenal insufficiency.

The 4- to 6-hour intravenous ACTH test has been 
replaced in clinical practice by the 60-minute test, 
wherein a single bolus of ACTH(1-24) is administered 
intravenously and cortisol and possibly other steroids are 
measured at 0 and 60 minutes. Normal responses to a 
60-minute test are shown in Table 13-4.74 Synthetic 
ACTH(1-24) (cosyntropin) is preferred, as it has a more 
rapid action and shorter half-life than ACTH(1-39). 
The usual dose is 15 mg/kg in children up to 2 years 
of age, and 0.25 mg for children older than 2 years  
and adults. All of these doses are pharmacologic. A very-
low-dose (1 mg) test may be useful in assessing adrenal 
recovery from glucocorticoid suppression. Newer data 
show that maximal steroidal responses can be achieved 
after only 30 minutes, but the best available standards 
are for a 60-minute test. One of the widest uses of  
intravenous ACTH tests in pediatrics is in diagnosing 
congenital adrenal hyperplasia (CAH). Stimulating the 
adrenal with ACTH increases steroidogenesis, resulting 
in an accumulation of steroids proximal to the disordered 
enzyme. For example, Figure 13-3 shows that impaired 
activity of P450c21 (21-hydroxylase) should lead to the ac-
cumulation of progesterone and 17-hydroxyprogesterone 
(17OHP). However, progesterone does not accumulate 
in appreciable quantities, because it, too, is converted to 
17OHP. In routine practice, measuring the response of 
17OHP to a 60-minute challenge with intravenous 
ACTH is the single most powerful and reliable means of 
diagnosing 21-hydroxylase deficiency; genetic testing 
can provide a useful confirmation.22 Comparing the pa-
tient’s basal to ACTH-stimulated values of 17OHP 
against those from large numbers of well-studied pa-
tients usually permits the discrimination of normal  
persons, heterozygotes, patients with nonclassic CAH, 
and patients with classic CAH, although there inevitably 
is some overlap between groups (Figure 13-11).22 Mea-
surement of testosterone or D4 androstenedione in 
response to ACTH can distinguish normal persons from 
patients with classic CAH, but heterozygotes and  
patients with cryptic CAH have values overlapping both 
normals and classic CAH.

Longer ACTH tests of up to 3 days have also been 
employed to evaluate adrenal function. It is important  
to remember that ACTH has both acute and chronic  
effects. Thus, short tests measure only the acute effects of 
ACTH—that is, the maximal stimulation of preexisting 
steroidogenic machinery. By contrast, a 3-day test will 
examine the more chronic effects of ACTH to stimulate 
increased capacity for steroidogenesis by increasing the 
synthesis of steroidogenic machinery. Few situations exist 
where a 3-day intramuscular ACTH test is indicated,  
although it is occasionally useful in diagnosing the rare 
syndromes of hereditary unresponsiveness to ACTH.75

Insulin-induced hypoglycemia is an effective but  
potentially risky test and hence is now rarely used. Insu-
lin (0.1 U/kg/IV) is administered and blood is obtained at 
0, 30, 45, and 60 minutes. The insulin-induced hypogly-
cemia will stimulate the release of “counter-regulatory” 
hormones that have actions to increase plasma glucose 
concentrations: ACTH and cortisol, growth hormone, 
epinephrine, and glucagon. Because of the inherent risk 
of convulsions as a result of hypoglycemia, an experi-
enced physician must be in attendance (not merely 

Infants Prepubertal Pubertal

basal stimulated basal stimulated basal stimulated

17OH-Pregnenolone 6.8 1.7 9.6 3.6 24
17OHP 0.8 5.8 1.5 5.8 1.8 4.8
DHEA 1.4 2.4 4.3 9.0 19
11-Deoxycortisol 2.3 1.8 5.8 1.7 4.9
Cortisol 280 830 360 830 280 690
DOC 0.6 2.4 0.2 1.7 0.2 1.7
Progesterone 1.1 3.2 1.1 4.0 1.9 4.8

TABLE 13-4 Responses of Adrenal Steroids to a 60-Minute ACTH Test

All values are mean values in nmol/L; to convert these values to ng/dL, multiply nmol/L by the following values: 17OH-Pregnenolone, 33.3; 
11-deoxycortisol, 34.6; DOC, 33.1 androstenedione, 28.6; DHEA, 28.8; DHT, 29; E1, 27; E2, 27.2; Prog, 31.5; 17OHP, 33.1. To convert cortisol 
to mg/dL, multiply by 0.363.

Data adapted from Endocrine Sciences, Tarzana, California.

FIGURE 13-11 n  17OHP values (in ng/100 mL) before and after 
stimulation with ACTH in normals, patients with CAH, and het-
erozygotes.
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“available”) throughout the course of the test. Blood glu-
cose must fall to half of the initial value or to 45 mg/dL 
to achieve an adequate test, and it is wise to terminate the 
test after this level is reached. Most patients will experi-
ence hunger, irritability, diaphoresis, and tachycardia; 
when these are followed by drowsiness or sleep, blood 
sugar levels are likely below acceptable limits. If this  
occurs, a blood sample should be obtained and 2 mL/kg 
of 20% to 25% glucose given intravenously, to a maxi-
mum of 100 mL.

Metyrapone Test

Metyrapone blocks the action of P450c11b and, to a 
much lesser extent, P450scc. It is thus a chemical means 
of inducing a transient deficiency of 11-hydroxylase ac-
tivity, which results in decreased cortisol secretion and 
subsequent increase in ACTH secretion. Metyrapone 
testing is done to assess the capacity of the pituitary to 
produce ACTH in response to a physiologic stimulus. 
This test is useful in evaluating the hypothalamic- 
pituitary axis in the presence of central nervous system 
lesions after neurosurgery or long-term suppression by 
glucocorticoid therapy.76 Patients with a previous history 
of hypothalamic, pituitary, or adrenal disease or those 
who have been withdrawn from glucocorticoid therapy 
may be reevaluated with a metyrapone test. A normal 
response indicates recovery of the HPA axis and predicts 
that the patient will respond normally to the stress of  
surgery.

Metyrapone is generally given orally as 300 mg/m2 
every 4 hours for a total of six doses (24 hours). Unlike 
many other drugs, it is appropriate to continue to increase 
the dose in older or overweight patients, but the total 
dose should not exceed 3 g. Blood should be obtained for 
cortisol, 11-deoxycortisol and ACTH before and after the 
test, and a 24-hour urine collection should be obtained  
for 17OHCS before and during the test. In a normal  
response to metyrapone, cortisol decreases, ACTH in-
creases, and 11-deoxycortisol (the substrate for P450c11b) 
increases greatly, to about 5 mg/dL. Metabolites of 11-
deoxycortisol result in a doubling in urinary 17OHCS 
excretion. Adults and older children can be tested with  
the administration of a single oral dose of 30 mg/kg at 
midnight, given with food to reduce the gastrointestinal 
irritation. Blood samples are drawn at 8 a.m. the morn-
ings before and after administering the drug.

GENETIC LESIONS IN STEROIDOGENESIS

Autosomal recessive genetic disorders disrupt each of the 
steps in the pathway shown in Figure 13-3. Most of these 
result in diminished synthesis of cortisol. In response to 
adrenal insufficiency, the pituitary synthesizes increased 
amounts of POMC and ACTH, which promotes increased 
steroidogenesis; ACTH and possibly other peptides de-
rived from the amino terminal end of POMC also stimu-
late adrenal hypertrophy and hyperplasia. Thus, the term 
congenital adrenal hyperplasia refers to a group of diseases 
traditionally grouped together on the basis of the most 
prominent finding at autopsy.

In theory, the congenital adrenal hyperplasias are 
easy to understand. A genetic lesion in one of the ste-
roidogenic enzymes interferes with normal steroido-
genesis. The signs and symptoms of the disease derive 
from deficiency of the steroidal end product and the  
effects of accumulated steroidal precursors proximal to 
the blocked step. Thus, reference to the pathways 
shown in Figure 13-3 and knowledge of the biologic 
effects of each steroid should permit one to deduce the 
manifestations of the disease.

In practice, the congenital adrenal hyperplasias can be 
confusing, both clinically and scientifically. The key 
clinical, laboratory, and therapeutic features of each form 
of CAH are summarized in Table 13-5. Because each 
steroidogenic enzyme has multiple activities and many 
extra-adrenal tissues contain enzymes that have similar 
activities, the complete elimination of a specific adrenal 
enzyme may not result in the complete elimination of its 
steroidal products from the circulation. Furthermore, 
“partial deficiencies” in which some enzymatic activity 
remains are now recognized frequently, typically causing 
disease with later onset and milder clinical manifesta-
tions. The cloning of the genes for the steroidogenic 
enzymes has now permitted the direct study of these 
diseases, permitting an accurate understanding of their 
disordered physiology.

Congenital Lipoid Adrenal Hyperplasia
Lipoid CAH is the most severe genetic disorder of steroid 
hormone synthesis. This disorder is characterized by the 
absence of significant concentrations of all steroids, high 
basal ACTH and plasma renin activity, an absent steroi-
dal response to long-term treatment with high doses  
of ACTH or hCG, and grossly enlarged adrenals laden 
with cholesterol and cholesterol esters.77 These findings 
indicate a lesion in the first step in steroidogenesis—the 
conversion of cholesterol to pregnenolone. It was ini-
tially thought that the lesion was in an enzyme involved 
in this conversion, and, before the role of P450scc was 
understood, lipoid CAH was misnamed 20,22-desmolase 
deficiency. However, the gene for P450scc is normal  
in these patients, as are the mRNAs for adrenodoxin  
reductase and adrenodoxin.77 Furthermore, placental ste-
roidogenesis persists in lipoid CAH, permitting normal 
term gestation. The normal P450scc system plus the  
accumulation of cholesterol esters in the affected adrenal 
suggested that the lesion lay in an upstream factor  
involved in cholesterol transport into mitochondria. This 
factor was identified by cell biologic studies, cloned and 
named the steroidogenic regulatory protein (StAR)13 and 
quickly found to be expressed in the adrenal and gonad, 
but not in the placenta, and then identified as the disor-
dered step in lipoid CAH.15,16

Lipoid CAH is a StAR gene knockout experiment of 
nature, revealing the complex physiology of the StAR 
protein.77 StAR promotes steroidogenesis by increasing 
the movement of cholesterol into mitochondria, but in 
the absence of StAR steroidogenic cells make steroids  
at about 14% of the StAR-induced level.9,10,17 This 
observation led to the two-hit model of lipoid CAH16 
(Figure 13-12). The first hit is the loss of StAR itself, 
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leading to a loss of most, but not all, steroidogenesis, 
leading to a compensatory rise in ACTH and LH. These 
hormones increase cellular cAMP, which increases bio-
synthesis of LDL receptors, their consequent uptake of 
LDL cholesterol, and de novo synthesis of cholesterol. In 
the absence of StAR, this increased intracellular choles-
terol accumulates as in a storage disease, causing the 
second hit, which is the mitochondrial and cellular dam-
age caused by the accumulated cholesterol, cholesterol 
esters, and their auto-oxidation products.9,10,16

The two-hit model explains the unusual clinical find-
ings in lipoid CAH. In the fetal testis, which normally 

makes large amounts of testosterone in fetal life, the  
Leydig cells are destroyed early in gestation, eliminating 
testosterone biosynthesis; hence, an affected 46,XY fetus 
does not undergo normal virilization and is born with 
female external genitalia and a blind vaginal pouch. 
However, Wolffian duct derivatives are well developed, 
indicating the presence of some testosterone synthesis 
early in fetal life, as predicted by the two-hit model.  
The undamaged Sertoli cells produce Mullerian inhibi-
tory hormone, so that the phenotypically female 46,XY 
fetus has no cervix, uterus, or fallopian tubes. The ste-
roidogenically active fetal zone of the adrenal is similarly 

Enzyme  
Deficiency Presentation Laboratory Findings Therapeutic Measures

Lipoid CAH 
(StAR or 
P450scc)

Salt-wasting crisis
Male pseudohermaphroditism

Low/absent levels of all steroid  
hormones

Decreased/absent response to ACTH
Decreased/absent response to hCG in 

male pseudohermaphroditism
h ACTH and PRA

Glucocorticoid and mineralo-
corticoid replacement, salt 
supplementation

Estrogen replacement at age  
. 12 years

Gonadectomy of male  
pseudohermaphrodite  
and salt supplementation

3b-HSD Salt-wasting crisis
Male and female pseudoher-

maphroditism

h D5 steroids before and after ACTH
h D5/D4 serum steroids
Suppression of elevated adrenal steroids 

after glucocorticoid administration
h ACTH and PRA

Glucocorticoid and mineralo-
corticoid replacement

Salt supplementation
Surgical correction of genitalia
Sex hormone replacement as 

necessary
P450c21 Classic form:

Salt-wasting crisis
Female pseudohermaphroditism
Pre- and postnatal virilization
Nonclassic form:
Premature adrenarche, men-

strual irregularity, hirsutism, 
acne, infertility

h 17OHP before and after ACTH
h Serum androgens and urine 17KS
Suppression of elevated adrenal steroids 

after glucocorticoid Rx
h ACTH and PRA

Glucocorticoid and mineralo-
corticoid replacement

Salt supplementation
Surgical repair of female  

pseudohermaphroditism

P450c11b Female pseudo-hermaphroditism
Postnatal virilization in males 

and females

h 11-Deoxycortisol and DOC before and 
after ACTH

h Serum androgens and urine 17KS
Suppression of elevated steroids after 

glucocorticoid administration
h ACTH and g PRA
Hypokalemia

Glucocorticoid administration
Surgical repair of female  

pseudohermaphroditism

P450c11AS Failure to thrive
Weakness
Salt loss

Hyponatremia, hyperkalemia
h Corticosterone
g Aldosterone h PRA

Mineralocorticoid replacement
Salt supplementation

P450c17 Male pseudohermaphroditism
Sexual infantilism
Hypertension

h DOC, 18-OHDOC, corticosterone, 
18-hydroxycorticosterone

Low 17a-hydroxylated steroids and poor 
response to ACTH

Poor response to hCG in male pseudo-
hermaphroditism

Suppression of elevated adrenal steroids 
after glucocorticoid administration

h ACTH and g PRA
Hypokalemia

Glucocorticoid administration
Surgical correction of genitalia 

and sex steroid replacement 
in male pseudohermaphro-
ditism consistent with sex of 
rearing

Estrogen replacement in female 
at .12 years

Testosterone replacement if 
reared as male (rare)

POR Male and female  
pseudohermaphroditism

Antley-Bixler syndrome
Infertility in adults

h ACTH, Prog, 17OHP
g DHEA, Andro, T
Normal electrolytes

Glucocorticoid and sex steroid 
replacement

Surgical correction of skeletal 
anomalies

TABLE 13-5 Clinical and Laboratory Findings in the Congenital Adrenal Hyperplasias

ACTH, adrenocorticotropic hormone (corticotropin); DOC, deoxycorticosterone; hCG, human chorionic gonadotropin; PRA, plasma renin  
activity; 17OHP, 17-hydroxyprogesterone; 17KS, 17-ketosteroids; 18-OHDOC, 18-hydroxy deoxycorticosterone.
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affected, eliminating most DHEA biosynthesis, and 
hence eliminating the fetoplacental production of estriol, 
so that midgestation maternal and fetal estriol levels are 
very low. The definitive zone of the fetal adrenal, which 
differentiates into the zonae glomerulosa and fasciculata, 
normally produces very little aldosterone, and as fetal salt 
and water metabolism are maintained by the placenta, 
stimulation of the glomerulosa by angiotensin II gener-
ally does not begin until birth. Consistent with this, 
many newborns with lipoid CAH do not have a salt-
wasting crisis until after several weeks of life, when 
chronic stimulation then leads to cellular damage.16,78

The two-hit model also explains the spontaneous 
feminization of affected 46,XX females who are treated in 
infancy and reach adolescence.9,10,16,79,80 The fetal ovary 
makes little or no steroids and contains no steroidogenic 
enzymes after the first trimester; consequently the ovary 
remains largely undamaged until it is stimulated by  
gonadotropins at the time of puberty, when it then  
produces some estrogen by StAR-independent steroido-
genesis. Continued stimulation results in cholesterol  
accumulation and cellular damage, so that biosynthesis of 
progesterone in the latter part of the cycle is impaired. 
Because gonadotropin stimulation only recruits individual 
follicles and does not promote steroidogenesis in the 
whole ovary, most follicles remain undamaged and avail-
able for future cycles. Cyclicity is determined by the  
hypothalamic-pituitary axis and remains normal. With 
each new cycle, a new follicle is recruited and more estra-
diol is produced by StAR-independent steroidogenesis. 
Although net ovarian steroidogenesis is impaired, enough 
estrogen is produced (especially in the absence of andro-
gens) to induce breast development, general feminization, 

monthly estrogen withdrawal, and cyclic vaginal bleed-
ing.16,79 However, progesterone synthesis in the latter half 
of the cycle is disturbed by the accumulating cholesterol 
esters so that the cycles are anovulatory. Measurements of 
estradiol, progesterone, and gonadotropins throughout 
the cycle in affected adult females with lipoid CAH confirm 
this model.80 Similarly, examination of StAR-knockout 
mice confirms the two-hit model. Thus, examination of 
patients with lipoid CAH has elucidated the physiology of 
the StAR protein in each steroidogenic tissue.

Genetic analysis of patients with lipoid CAH has  
revealed numerous mutations in the StAR gene.9,10 Lipoid 
CAH is common in Japan, and about 65% to 70% of  
affected Japanese alleles and virtually all affected Korean 
alleles carry the mutation Q258X. The carrier frequency 
for this mutation appears to be about 1 in 300 so that  
1 in every 250,000 to 300,000 newborns in these coun-
tries is affected, for a total of about 500 patients in Japan 
and Korea. Other genetic clusters are found among  
Palestinian Arabs, most of whom carry the mutation 
R182L; in eastern Saudi Arabia, carrying R188C; and in 
Switzerland, carrying the mutation L260P. Deletion of 
only 10 carboxyterminal residues reduces StAR activity 
by half, and deletion of 28 carboxyterminal residues by 
the common Q258X mutation eliminates all activity. By 
contrast, deletion of the first 62 aminoterminal residues 
has no effect on StAR activity, even though this deletes 
the entire mitochondrial leader sequence and forces 
StAR to remain in the cytoplasm. Physical studies and 
partial proteolysis indicate that residues 63-193 of StAR 
(i.e., the domain that lacks most of the crucial residues 
identified by missense mutations) are protease-resistant 
and constitute a “pause-transfer” sequence, which permits 

A CB
FIGURE 13-12 n  Two-hit model of lipoid CAH. A, In a normal adrenal cell, cholesterol is primarily derived from LDL by receptor-mediated 
endocytosis and is processed in lysosomes before entering the cellular pool, but cholesterol can also be synthesized de novo from ace-
tyl CoA. Cholesterol from both sources is stored as cholesterol esters in lipid droplets. Cholesterol reaches the mitochondria by poorly 
defined processes, then travels from the outer to inner mitochondrial membrane by both StAR-dependent and StAR-independent 
mechanisms. B, In early lipoid CAH, the absence of StAR reduces cholesterol flow and steroidogenesis, but some steroidogenesis 
persists via the StAR-independent pathway. The decreased secretion of cortisol leads to increased ACTH, which stimulates further  
cholesterol uptake and synthesis; this cholesterol accumulates in lipid droplets. C, Accumulating lipid droplets damage the cell, 
both through physical disruption of cytoarchitecture and by the chemical action of auto-oxidation products, eventually destroying  
all steroidogenic capacity. In the ovary, follicular cells remain unstimulated and undamaged until they are recruited at the beginning of 
each cycle. They can then produce small amounts of estradiol, as in panel B, leading to feminization and anovulatory cycles in affected 
females.
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the bioactive loosely folded carboxyterminal molten 
globule domain to have increased interaction with the 
outer mitochondrial membrane.

The clinical findings in most patients with lipoid CAH 
are quite similar: an infant with normal-appearing female 
genitalia experiences failure to thrive and salt loss in the 
first weeks of life.9,10,16,77 However, studies have revealed 
other clinical presentations, including apparent sudden 
infant death syndrome (SIDS) and late initial presenta-
tion of salt loss at about 1 year of age. An attenuated 
disease caused by mutations that retain about 20% to 
25% of normal StAR activity has been described and is 
called “nonclassic lipoid CAH.”81 Those affected are usu-
ally children who first experience symptoms of adrenal 
insufficiency after several years, and the 46,XY patients 
have normal-appearing male external genitalia. Some 
patients have been diagnosed in adulthood and have been 
mistaken for having “familial glucocorticoid deficiency,” 
a blanket term referring to disorders of ACTH action; 
most of these patients carry the R188C mutation in 
StAR.82,83 Thus, the spectrum of clinical presentation of 
congenital lipoid adrenal hyperplasia is substantially 
broader than initially appreciated.

Treatment of lipoid CAH is straightforward if the  
diagnosis is made. Physiologic replacement with gluco-
corticoids, mineralocorticoids, and salt will permit sur-
vival to adulthood. The glucocorticoid requirement is 
less than in the virilizing adrenal hyperplasias because it 
is not necessary to oversuppress excess adrenal androgen 
production, so that growth in these patients should be 
normal. Severely affected 46,XY newborns have normal 
female external genitalia and may be advised to undergo 
orchiectomy later in life and be raised as females with sex 
hormone replacement therapy started at age of puberty. 
Affected 46,XX females typically have spontaneous  
pubertal feminization but anovulatory cycles and early 
secondary amenorrhea; they therefore also require sex 
hormone replacement therapy.

Disorders Resembling Lipoid CAH: 
P450scc Deficiency and SF1 Deficiency
Mutations in other genes can produce a clinical pheno-
type that is essentially indistinguishable from that caused 
by StAR mutations, but these disorders should not be 
called congenital lipoid adrenal hyperplasia. Beginning in 
2001, several patients have been described with mutations 
in P450scc.84 Their clinical and hormonal findings are 
indistinguishable from those with StAR mutations; how-
ever, to date no patient with a P450scc mutation has had 
the adrenal hyperplasia typically seen in lipoid CAH.84,85 
It would seem logical that elimination of all P450scc ac-
tivity would be incompatible with term gestation, as the 
placenta, a fetal tissue, must produce progesterone in the 
second half of pregnancy to suppress maternal uterine 
contractions, thus preventing miscarriage. It is most likely 
that these few fetuses with P450scc mutations reached 
term gestation because of unusually protracted mainte-
nance of the maternal corpus luteum of pregnancy, which 
normally involutes in the second trimester, but this has 
not been investigated directly. Nonclassic P450scc defi-
ciency that is clinically and hormonally indistinguishable 

from nonclassic lipoid CAH has been reported in patients 
with P450scc mutations that retain 10% to 20% of wild-
type activity.86,87

More than 50 patients have also been described carry-
ing mutations in the gene for steroidogenic factor 1 
(SF1), a transcription factor required for adrenal and 
gonadal, but not for placental, expression of genes for the 
steroidogenic enzymes.88,89 There is broad phenotypic 
variability in SF1-deficient patients; some are 46,XY with 
a female phenotype and adrenal failure, thus resembling 
lipoid CAH, but in most cases the gonadal phenotype 
predominates and there is little if any impairment of ad-
renal steroidogenesis. SF1 mutations may be found in 
about 10% of 46,XY patients who have disordered sexual 
development. The Leydig cells may have lipid accumula-
tion and progressive degeneration, similar to the findings 
in lipoid CAH.89

3b-Hydroxysteroid Dehydrogenase 
Deficiency
3bHSD deficiency is a rare cause of glucocorticoid and 
mineralocorticoid deficiency that is fatal if not diag-
nosed early in infancy. In its classic form, genetic fe-
males have clitoromegaly and mild virilization because 
the fetal adrenal overproduces large amounts of DHEA, 
a small portion of which is converted to testosterone by 
extra-adrenal 3bHSD1 and other enzymes. Genetic males 
also synthesize some androgens by peripheral conversion 
of adrenal and testicular DHEA, but the concentra-
tions are insufficient for complete male genital develop-
ment, so that these males have a small phallus and severe 
hypospadias.

There are two functional human genes for 3bHSD: 
the type 1 gene (HSD3B1) is expressed in the placenta 
and peripheral tissues, and the type 2 gene (HSD3B2) is 
expressed in the adrenals and gonads.9 Genetic and endo-
crine studies of 3bHSD deficiency show that both the 
gonads and the adrenals are affected as a result of a single 
mutated 3bHSD2 gene that is expressed in both tissues. 
However, hepatic 3bHSD1 activity persists in the face of 
complete absence of adrenal and gonadal 3bHSD2 activ-
ity, thus complicating the diagnosis. Genetic studies have 
identified numerous mutations causing 3bHSD defi-
ciency, all found in the type 2 gene.90 Mutations have 
never been found in 3bHSD1, presumably because this 
would prevent placental biosynthesis of progesterone, 
resulting in a spontaneous first-trimester abortion.

The presence of peripheral 3bHSD activity complicates 
the hormonal diagnosis of this disease. One would expect 
that affected infants should have low concentrations of 
17OHP, yet some newborns with 3bHSD deficiency have 
very high concentrations of serum 17OHP, approaching 
those seen in patients with classic 21-hydroxylase defi-
ciency.91 The high 17OHP concentrations are due to extra-
adrenal 3bHSD1. The adrenal of a patient with 3bHSD2 
deficiency will secrete very large amounts of three principal 
D5 steroids, pregnenolone, 17-hydroxypregnenolone, and 
DHEA. Some of the secreted 17-hydroxypregnenolone is 
then converted to 17OHP by 3bHSD1. This 17OHP is not 
effectively picked up by the adrenal for subsequent conver-
sion to cortisol because the circulating concentrations are 
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below the Michaelis constant (Km) of P450c21 (1 mM 
17OHP, or about 40,000 ng/dL). The ratio of the D5 to the 
D4 compounds remains high, consistent with the adrenal 
and gonadal deficiency of 3bHSD.91 Thus, the principal 
diagnostic test in 3bHSD deficiency is intravenous adminis-
tration of ACTH with measurement of the three D5 com-
pounds and the corresponding D4 compounds. Unlike the 
case of 21-hydroxylase deficiency, where heterozygotes can 
be diagnosed by the response of 17OHP to ACTH, steroidal 
responses to ACTH cannot be used to identify carriers of 
3bHSD deficiency.92

Mild or “partial” defects of adrenal 3bHSD activity 
have been reported on the basis of ratios of D5 steroids 
to D4 steroids following an ACTH test that exceed 2 or 
3 standard deviations above the mean; these patients  
are typically young girls with premature adrenarche or 
young women with a history of premature adrenarche and 
complaints of hirsutism, virilism, and oligomenorrhea. 
However, these patients do not have 3bHSD deficiency as 
their 3bHSD2 genes are normal.93 Patients with mild 
3bHSD2 mutations have ratios of D5 to D4 steroids that 
exceed 8 standard deviations above the mean.94 Thus 
ratios of D5 to D4 steroids are not reliable and cannot 
be used to diagnose 3bHSD deficiency; the diagnosis 
requires an ACTH test with a rise in D5 steroids (typically 
a rise in 17OH-pregnenolone to . 3000 ng/dL).94 The 
basis of the mildly elevated ratios of D5 to D4 steroids in 
these hirsute individuals with normal 3bHSD genes is 
unknown. In adult women the hirsutism can be amelio-
rated and regular menses can be restored by suppressing 
ACTH with 0.25 mg of dexamethasone given orally each 
day, but such treatment is contraindicated in girls who 
have not yet reached their final adult height.

17a-Hydroxylase/17,20-Lyase Deficiency
P450c17 is the single enzyme that catalyzes both 17a-
hydroxylase and 17,20-lyase activities.9 17-hydroxylase 
deficiency has been studied in detail at both clinical and 
genetic levels95 and appears to be especially common in 
Brazil.96 Deficient 17a-hydroxylase activity and deficient 
17,20-lyase activity have been described as separate ge-
netic diseases, but it is now clear that they represent dif-
ferent clinical manifestations of different lesions in the 
same gene.21 Deficient 17a-hydroxylase activity results in 
decreased cortisol synthesis, overproduction of ACTH, 
and stimulation of the steps proximal to P450c17. These 
patients may have mild symptoms of glucocorticoid defi-
ciency, but this is not life threatening, as the lack of 
P450c17 results in the overproduction of corticosterone, 
which also has glucocorticoid activity.95 This is similar to 
the situation in rodents, whose adrenals lack P450c17 
and consequently produce corticosterone as their gluco-
corticoid. Affected patients also typically overproduce 
DOC in the zona fasciculata, which causes sodium reten-
tion, hypertension, and hypokalemia and also suppresses 
plasma renin activity and aldosterone secretion from the 
zona glomerulosa, although the suppression of aldoste-
rone is rather variable. When P450c17 deficiency is 
treated with glucocorticoids, DOC secretion is suppressed 
and plasma renin activity and aldosterone concentrations 
rise to normal.

The absence of 17a-hydroxylase and 17,20-lyase activi-
ties in complete P450c17 deficiency prevents the synthesis 
of adrenal and gonadal sex steroids. As a result, affected 
females are phenotypically normal but fail to undergo  
adrenarche and puberty and genetic males have absent  
or incomplete development of the external genitalia  
(male pseudohermaphroditism; 46,XY disorder of sexual 
development [DSD]). The classic presentation is that of  
a teenage female with sexual infantilism and hyperten-
sion. The diagnosis is made by finding low or absent 
17-hydroxylated C-21 and C-19 plasma steroids, which 
respond poorly to stimulation with ACTH. Serum levels 
of DOC, corticosterone, and 18-OH-corticosterone are 
elevated, hyperresponsive to ACTH, and suppressible 
with glucocorticoids.

The CYP17A1 gene encoding P450c17 is located 
on chromosome 10q24.3.9 The molecular basis of 
17a-hydroxylase deficiency has been determined in 
numerous patients by cloning and sequencing of the 
mutated gene identifying more than 50 distinct muta-
tions. Four mutations appear recurrently: a duplication 
of four nucleotides causing a frameshift is found among 
descendants of Dutch Frieslanders, in-frame deletion 
of residues 487-489 is common in Asia, a deletion of 
phenylalanine at position 53 or 54, and the common 
W406R and R362C mutations, found among Brazilians 
of Spanish and Portuguese ancestry, respectively.9,96 
The genetic lesions identified include twelve mutations 
that cause frameshifts or premature translational termi-
nation; as expected, none of these mutants has any de-
tectable 17a-hydroxylase or 17,20-lyase activity. Eleven 
missense and in-frame mutations have been found, 
most of which also eliminate all activity, whereas  
some others, such as P342T, reduce both activities  
by 80%.

Selective deficiency of the 17,20-lyase activity of 
P450c17 has been reported in some cases, which initially 
led to the incorrect conclusion that 17a-hydroxylase 
and 17,20-lyase are separate enzymes. One of the origi-
nal patients was studied at the genetic level, showing  
two wholly inactivating mutations, which led to a  
corrected diagnosis of the patient as having complete 
17a-hydroxylase deficiency.21 Because both the 17a-
hydroxylase and 17,20 lyase activities of P450c17 are 
catalyzed on the same active site, it was not clear that  
a syndrome of isolated 17,20 lyase deficiency could  
exist, until two patients with genital ambiguity, normal 
excretion of 17OHCS, and markedly reduced produc-
tion of C19 steroids were studied at the molecular genetic 
level.97 One patient was homozygous for the P450c17 
mutation R347H, and the other was homozygous for 
R358Q; both mutations changed the distribution of  
surface charges in the redox-partner binding site of 
P450c17. When assayed in vitro, both mutants retained 
nearly normal 17a-hydroxylase activity but had no de-
tectable 17,20 lyase activity, and enzymatic competition 
experiments showed that the substrate binding site  
remained normal. When an excess of P450 oxidoreduc-
tase and cytochrome b5 was provided, some 17,20 lyase 
activity was restored, demonstrating that the loss in lyase 
activity was caused by impaired electron transfer. Several 
additional patients have been described with similar  
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mutations, and an active site mutation causing isolated 
17,20 lyase deficiency has also been described.21

Computational modeling of P450c17 predicts the  
effects of all known mutations, including those with par-
tial retention of both activities and those causing selective 
17,20 lyase deficiency.98 R347, R358, and several other 
arginine and lysine residues lie in the redox partner bind-
ing site; mutation of these residues cause varying degrees 
of selective loss of 17,20 lyase activity.21,97,98

P450 Oxidoreductase Deficiency
P450 oxidoreductase (POR) deficiency is a newly recog-
nized form of CAH.99,100 POR is the 2-flavin protein that 
transfers electrons from NADPH to all 50 microsomal 
forms of cytochrome P450, including P450c17, P450c21, 
and P450aro, as well as the drug-metabolizing P450  
enzymes of the liver (see Fig 13-5).12 Because POR par-
ticipates in so many functions, its mutation might be  
expected to yield a severe phenotype, and POR-deficient 
mice die during fetal development. However, beginning 
in 1985, several patients were described with apparent 
combined deficiencies of P450c17 and P450c21, and it 
was suggested that a mutation in POR was responsible, 
but this was not proven until 2004.99 A wide array 
of POR mutations has now been described, affecting 
various P450 enzymes to differing degrees, apparently 
explaining the great variability in the clinical and hor-
monal findings in POR deficiency.99-103 The serum and 
urinary steroids indicate defects in both P450c17 and 
P450c21, and clinical findings vary from severely affected 
infants with ambiguous genitalia, cortisol deficiency, and 
the Antley-Bixler skeletal malformation syndrome (ABS) 
to mildly affected women who appear to have a form  
of polycystic ovary syndrome or mildly affected men  
with gonadal insufficiency. ABS is characterized by  
craniosynostosis, brachycephaly, radio-ulnar or radio- 
humeral synostosis, bowed femora, arachnodactyly, mid-
face hypoplasia, proptosis, and choanal stenosis. When 
ABS is seen in association with abnormal steroids and 
ambiguous genitalia in either sex, the cause is an auto-
somal recessive mutation in POR99,100,102; by contrast, 
when ABS is seen without a lesion in steroidogenesis  
or genital development, the cause is an autosomal domi-
nant, gain-of-function mutation in fibroblast growth fac-
tor receptor 2.100 Thus, the term Antley-Bixler syndrome 
should be reserved for the phenotypic description of the 
skeletal malformations and should not be equated with 
POR deficiency, which may or may not be associated 
with ABS.99,100

Patients with POR deficiency will typically have nor-
mal electrolytes and mineralocorticoid function, nearly 
normal levels of cortisol that respond poorly to stimula-
tion with ACTH, high concentrations of 17OHP that 
respond variably to ACTH, and low levels of C19 pre-
cursors to sex steroids. A remarkable feature of POR 
deficiency is that there is genital ambiguity in both sexes; 
females may be virilized and males may be underdevel-
oped, although there is considerable variation among 
individuals. As the 17,20 lyase activity of P450c17 is espe-
cially sensitive to perturbations in electron transport,12,21,97 
defects in fetal testicular steroidogenesis leading to  

incompletely developed external genitalia in 46,XY males 
is the predicted outcome. By contrast, the partial viriliza-
tion seen in 46,XX genetic females appears to be due to 
two causes. First, placental aromatase (P450aro) requires 
POR. Pregnant women carrying a fetus with the POR 
mutation R457H (but not POR A287P) may experience 
virilization during pregnancy,99-101 similar to that experi-
enced by women carrying a fetus with P450aro defi-
ciency.39 The fetus normally disposes of large amounts 
of adrenal C19 steroids by excreting them through the 
placenta, which aromatizes them to the maternal estro-
gens of pregnancy (see Figure 13-7). A defect in this 
placental aromatase activity, either from mutation of 
POR or P450aro itself, will permit large amounts of fetal 
C19 steroids to enter and virilize the mother. This is 
evidenced by the low estriol values seen in women carry-
ing a fetus with some POR mutations. Second, analysis  
of urinary steroids from patients with POR deficiency 
indicates that the alternative “backdoor pathway” of an-
drogen production (see Figure 13-6) also contributes to 
the prenatal virilization of affected females.101,104 The 
relative importance of these two distinct mechanisms for 
virilizing the fetus with POR deficiency remain unre-
solved. The mechanism linking defective POR activity to 
the ABS skeletal phenotype probably entails diminished 
activity of CYP26B1, the POR-dependent microsomal 
enzyme that degrades retinoic acid.105 Studies of two 
families with CYP26B1 mutations and recreating such 
mutations in transgenic mice and zebrafish provides 
powerful evidence that retinoic acid must be degraded 
locally at embryonic sites that normally form skeletal 
joints and sutures; interference with this activity in POR 
deficiency appears to be the principal mechanism account-
ing for the skeletal phenotype.105 Other mechanisms, 
including defective signaling by hedgehog proteins second-
ary to a POR-associated defect in cholesterol synthesis, 
may also play a role.102

Because the principal hepatic drug-metabolizing en-
zymes require POR, it is logical to expect impaired drug 
metabolism in POR-deficient patients. Although trans-
genic mice with liver-specific POR defects metabolize 
drugs poorly and accumulate hepatic lipids, similar prob-
lems have not yet been described in patients with POR 
deficiency. Although numerous studies of drug-metabo-
lizing enzymes in vitro show major impairment by POR 
mutations,106only one study has found such an effect in a 
POR-deficient patient.107 Much remains to be learned 
about POR deficiency.

The incidence of POR deficiency is unknown.  
Because the disorder is newly described, it may seem 
rare, but the rapid description of large numbers of  
patients and the potentially subtle clinical manifestations 
in individuals carrying mutations with partial activity 
suggest that POR deficiency may be fairly common. Two 
mutations are especially common: A287P, the predomi-
nant mutation in patients of European ancestry; and 
R457H, the predominant mutation in patients of  
Japanese ancestry. Because few patients have been stud-
ied in the newborn period, it has not been established 
whether newborn screening of 17OHP designed to  
detect 21-hydroxylase deficiency will also detect POR 
deficiency, although some reported POR patients were 
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initially misdiagnosed with 21-hydroxylase deficiency. 
Treatment of POR deficiency requires multidisciplinary 
management of craniosynostosis and other orthopedic 
problems, and DSD management including sex hormone 
replacement therapy starting at pubertal age in both 
sexes. Some patients may benefit from low-dose gluco-
corticoid replacement therapy, especially during severe 
illness; this should be determined individually by assess-
ing the response of cortisol to ACTH.

Cytochrome b5 Deficiency
Cytochrome b5 is a small hemoprotein that acts as an 
allosteric factor to facilitate the interaction of P450c17 
with POR, thus fostering 17,20 lyase activity.20 Adrenal 
expression of b5 is specific to the zona reticularis and 
coincides with the onset of adrenarche.64 Cytochrome 
b5 deficiency is a newly described form of androgen 
deficiency, apparently affecting both adrenal and  
testicular androgen synthesis. The first report of b5 
deficiency was a male pseudohermaphrodite with met-
hemoglobinemia who was not evaluated hormonally.108 
Methemoglobinemia is an expected consequence of b5 
deficiency because the reduction of methemoglobin is 
the principal physiologic role of b5, and the usual cause 
of methemoglobinemia is deficiency of cytochrome b5 
reductase. Two cases report male pseudohermaphroditism 
with elevated concentrations of methemoglobin, but 
not with clinical methemoglobinemia109,110; as the lesion 
only affects androgen synthesis, adrenal insufficiency is 
not part of this disorder, which is part of the syndrome 
of 17,20 lyase deficiency.21

21-Hydroxylase Deficiency
21-Hydroxylase deficiency, which is due to mutations in 
the CYP21A2 gene encoding adrenal P450c21, is one 
of the most common inborn errors of metabolism and 
accounts for over 90% of all patients with CAH. Because 
of improved diagnosis and treatment in infancy, patients 
with severe 21-hydroxylase deficiency now routinely 
reach adulthood, so that the management of CAH con-
cerns physicians dealing with all age groups.22-24

Pathophysiology

In severe 21-hydroxylase deficiency, there is an inability 
to convert progesterone to DOC, resulting in aldoste-
rone deficiency that causes severe hyponatremia (Na1 
often below 110 mEq/L), hyperkalemia (K1 often above 
10 mEq/L), and acidosis (pH often below 7.1). The  
associated hypotension, shock and cardiovascular  
collapse may result in death in an untreated newborn.  
As the placenta and the mother’s kidneys maintain the 
control of fluids and electrolytes in the fetus, this salt-
losing crisis develops only after birth, usually during the 
second week of life. The inability to convert 17OHP to 
11-deoxycortisol results in cortisol deficiency, which  
impairs postnatal carbohydrate metabolism and exacerbates 
cardiovascular collapse, because a permissive action of cor-
tisol is required for full pressor action of catecholamines. 
High concentrations of cortisol in the adrenocortical 

capillary effluent that bathes the medulla are needed for 
the conversion of norepinephrine to epinephrine; hence, 
children with CAH have low epinephrine concentra-
tions, which may exacerbate the hypoglycemia associated 
with cortisol deficiency.

Although the role of cortisol in fetal physiology is not 
well established,51-53 cortisol deficiency is manifested 
prenatally. Low fetal cortisol stimulates ACTH secretion, 
which stimulates adrenal hyperplasia and transcription of 
the genes for all the steroidogenic enzymes, especially for 
P450scc, the rate-limiting enzyme in steroidogenesis. 
This increased transcription increases enzyme produc-
tion and activity, with consequent accumulation of  
non-21-hydroxylated steroids. There are three pathways 
by which these steroids are diverted to androgens (see 
Figure 13-6). First, 17OH-pregnenolone may be con-
verted to DHEA by the 17,20 lyase activity of P450c17; 
if not inactivated by sulfation to DHEAS, DHEA may be 
converted to androstenedione by 3bHSD2. Androstenedi-
one may then be converted to testosterone in the fetal 
adrenal or in target tissues by 17bHSD5 (see Figure 13-3). 
Second, although 17OHP is not normally an effective 
substrate for the 17,20 lyase activity of P450c17, the very 
high levels of 17OHP characteristic of CAH will “force” 
some conversion to androstenedione by mass action. 
Third, there is an alternative or “backdoor pathway” to 
androgen, in which 17OHP is 5a and 3a reduced to 
17OH-allopregnenolone, which is readily converted by 
P450c17 to androsterone and thence by 17bHSD and 
the oxidative action of 3aHSD to dihydrotestosterone, 
so that this most potent androgen is produced without 
DHEA, androstenedione, or testosterone as intermedi-
ates.47 This pathway exists in the human fetus49 and con-
tributes substantially to the production of androgens in 
children with CAH.50 The role of this pathway in viril-
izing the CAH fetus has not yet been established but is 
likely. Furthermore, as described previously (see “Fetal 
Adrenal Steroidogenesis”), fetal adrenal androgen  
synthesis is normally prevented during the time when 
the external genitalia may become virilized. The fetal 
adrenal transiently expresses 3bHSD2 at about 7 to 
12 weeks, permitting cortisol synthesis, which in turn 
suppresses ACTH and hence suppresses fetal adrenal 
production of DHEA and other C-19 steroids.51 In 
CAH, this transient production of cortisol is not pos-
sible, further driving the androgenization of female 
fetuses.

The fetal testes produce large amounts of testoster-
one in early to midgestation, which differentiates the 
pluripotent embryonic precursor structures into male 
external genitalia. In the male fetus with 21-hydroxylase 
deficiency, the additional testosterone produced in the 
adrenals has no phenotypic effect. By contrast, the fetal 
ovaries normally produce no sex steroids or other factors 
needed for differentiation of the female external genita-
lia. The testosterone inappropriately produced by the 
adrenals of the CAH female fetus causes varying degrees 
of external genital virilization, which can range from 
mild clitoromegaly with or without posterior fusion  
of the labioscrotal folds to complete labioscrotal fusion 
that includes a urethra traversing the enlarged clitoris 
(Figure 13-13). These infants have normal ovaries, 
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fallopian tubes, and a uterus, but they have “ambiguous” 
external genitalia or may be sufficiently virilized so that 
they appear to be male, resulting in errors of sex assign-
ment at birth.

The diagnosis of 21-hydroxylase deficiency is sug-
gested by genital ambiguity in females, a salt-losing epi-
sode in either sex, or rapid growth and virilization in 
males or females in infancy. Plasma 17OHP is markedly 
elevated (. 2000 ng/dL or 60 nmol/L and often exceed-
ing 40,000 ng/dL or 1200 nmol/L) after 24 hours of age 
in an otherwise healthy full-term infant) and hyperre-
sponsive to stimulation with ACTH (see Figure 13-11). 
It is important also to measure 11-deoxycortisol, DHEA, 
and androstenedione, both to distinguish among the 
forms of CAH and because adrenal or testicular tumors 
can also produce 17OHP. ACTH will also induce a sub-
stantial rise in serum 21-deoxycortisol in all forms  
of 21-hydroxylase deficiency, but not in normals, provid-
ing a useful adjunctive test when this steroid can be  
measured. High newborn 17OHP values that rise further 
after ACTH can also be seen in 3bHSD2 deficiency 
(because of the activity of hepatic 3bHSD1) and in 
P450c11 deficiency (because of end-product inhibition  
of P450c21).91 17OHP is normally high in cord blood 
but falls to normal newborn levels after 12 to 24 hours 
(Figure 13-14) so that assessment of 17OHP levels 
should not be made in the first 24 hours of life. Premature 
infants and term infants under severe stress (e.g., with 
cardiac or pulmonary disease) may have persistently ele-
vated 17OHP concentrations with normal 21-hydroxylase. 
Newborn screening programs for CAH are now in place 
throughout the industrialized world, based on 17OHP 
measurements. The technologies employed and “cutoff” 
values used vary in different health care systems. When 
testing is done on full-term infants more than 24 hours 
after birth, the screening is reliable.22 Endocrinologists 
and neonatologists must become familiar with local as-
says and the values found in the extremely premature, 

which may be read as false positives for CAH requiring 
repeat testing. Also, negative neonatal screening does not 
exclude milder 21-hydroxylase deficiency causing non-
classic CAH beyond the newborn period.

Clinical Forms of 21-Hydroxylase Deficiency

There is a broad spectrum of clinical manifestations of 
21-hydroxylase deficiency, depending on the particular 
gene mutation. These different forms of 21-hydroxylase 
deficiency are not different diseases, as there is a continu-
ous spectrum of manifestations, ranging from the severe 

FIGURE 13-13 n  Virilization of the external genitalia. A continuous spectrum is shown from normal female to normal male in both 
sagittal section (above) and perineal views (below), using the staging system of Prader. Disorders of external genitalia can occur 
either by the virilization of a normal female, as in congenital adrenal hyperplasia, or due to an error in testosterone synthesis in the 
male. In females with congenital adrenal hyperplasia due to 21-hydroxylase deficiency, the degree of virilization correlates poorly 
with the presence or absence of clinical signs of salt loss.
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FIGURE 13-14 n  Means and ranges of 17OHP in normal newborns 
(data are in ng/100 mL). Note that values can be very high and 
quite variable for the first 24 hours of life.
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“salt-wasting” form to clinically inapparent forms that 
may be normal variants. Thus, the typical disease forms 
discussed in the following sections are mainly a clinical 
convenience.22

Salt-Wasting  CAH.   Salt-wasting CAH is caused by a 
nearly complete lack of P450c21 activity, effectively 
eliminating both glucocorticoid and mineralocorticoid 
synthesis. Females with this disorder are frequently diag-
nosed at birth because of virilization of the external 
genitalia; 21-hydroxylase deficiency is the most common 
form of 46,XX DSD. After appropriate resuscitation of 
the cardiovascular collapse, acidosis, and electrolyte dis-
orders, if diagnosed late, the mineralocorticoids and 
glucocorticoids can be replaced orally and the ambiguous 
genitalia may be corrected with plastic surgical proce-
dures. The steroidal replacement management is difficult 
because of the rapidly changing needs of a growing infant 
or child (see section on “Treatment,” presented later in 
the chapter). Drug doses must be adjusted frequently, 
and there is also considerable individual variability in 
what constitutes “physiologic” replacement. As an under-
dosage of glucocorticoids can be life-threatening, espe-
cially during illness, most pediatricians have tended to err 
on the “safe side” and so these children usually receive 
inappropriately large doses of glucocorticoids. It is not 
possible to compensate for the growth lost during the 
first 2 years of life, when growth is fastest, so these chil-
dren almost always end up shorter than predicted from 
their genetic potential. Adult females may have sexual 
dysfunction, marry with a low frequency, are more reluc-
tant to form intimate relationships, and have decreased 
fertility. Prenatal androgens appear to affect behavior, 
but not sexual identity.22 Males with this disorder are 
generally undiagnosed at birth and come to medical at-
tention through the neonatal screening, during the salt-
losing crisis that follows at day 5 to 15 of life, or die,  
invariably with an incorrect diagnosis. Adult males  
appear to have less steady heterosexual relationships and 
decreased fertility, especially with insufficient treatment, 
which promotes the occurrence of testicular adrenal rest 
tumors.22

Simple  Virilizing  CAH.   Virilized females who have 
elevated concentrations of 17OHP but who do not suffer 
a salt-losing crisis have long been recognized as having 
the “simple virilizing” form of CAH. Unless detected by 
newborn screening, males with this disorder may escape 
diagnosis until age 3 to 7 years, when they come to 
medical attention because of early development of pubic, 
axillary, and facial hair; acne; and phallic growth. These 
signs may be mistaken for premature puberty, but the 
astute physician can readily differentiate such boys with 
sexual precocity from boys with true central precocious 
puberty, as the testes remain of prepubertal size in CAH, 
whereas gonadotropic stimulation in true precocious 
puberty results in pubertal-sized testes ($ 4 mL). These 
children grow rapidly and are tall for age when diag-
nosed, but their epiphyseal maturation (bone age) ad-
vances disproportionately rapidly so that ultimate adult 
height is compromised. Untreated or poorly treated chil-
dren with CAH may fail to undergo normal puberty, and 

boys may have small testes and azoospermia because of 
the feedback of the adrenally produced testosterone on 
pituitary gonadotropins. When treatment is begun at 
several years of age, suppression of adrenal testosterone 
secretion may remove tonic inhibition of the hypothala-
mus, occasionally resulting in true central precocious 
puberty, requiring treatment with a GnRH agonist. High 
concentrations of ACTH in poorly treated males may 
stimulate the enlargement of adrenal rests in the testes. 
These enlarged testes usually appear nodular by ultra-
sound, unlike the homogeneously enlarged testes in 
central precocious puberty. Because the adrenal normally 
produces 100 to 1000 times as much cortisol as aldoste-
rone, mild defects (amino acid replacement mutations)  
in P450c21 are less likely to affect mineralocorticoid  
secretion than cortisol secretion. This is reflected physi-
ologically by the increased plasma renin activity seen in 
these patients after moderate salt restriction.

Nonclassic  CAH.   Many people have very mild forms 
of 21-hydroxylase deficiency. These forms may be evi-
denced by mild to moderate hirsutism, virilism, acne, 
menstrual irregularities, and decreased fertility in adult 
women (so-called late-onset CAH), or there may be no 
phenotypic manifestations at all other than an increased 
response of plasma 17OHP to an intravenous ACTH  
test (so-called cryptic CAH).22 Despite the minimal 
manifestations of this disorder, these individuals also 
have hormonal evidence of a mild impairment in miner-
alocorticoid secretion, evidenced by an unusually greater 
rise in PRA when dietary sodium is restricted.

There is some inconsistency in classifying patients 
into these three forms of CAH because each diagnostic 
category is not a separate disease but represents a typical 
picture in a continuous spectrum of disease, caused by a 
broad spectrum of genetic lesions. Furthermore, because 
some mutant P450c21 alleles are common in the general 
population, most patients are compound heterozygotes, 
carrying a different mutation on the allele inherited 
from each parent. Finally, factors other than the specific 
mutations found in P450c21 will influence the clinical 
phenotype, including the presence of extra-adrenal 
21-hydroxylases, undiagnosed P450c21 promoter mu-
tations, and variations in androgen metabolism and 
sensitivity. Thus, discordances between genotype and 
phenotype are to be expected.

Incidence of 21-Hydroxylase Deficiency

Perinatal screening for elevated concentrations of serum 
17OHP in several countries has shown that the incidence 
of “classic” CAH (i.e., salt-wasting and simple virilizing 
CAH) is about 1 in 14,000, yielding a heterozygous  
carrier rate of 1 in 60. The screening of 1.9 million  
newborns in Texas yielded an overall incidence of 1 in 
16,000, including incidences of 1 in 15,600 Caucasians,  
1 in 14,500 Hispanics (primarily Mexican Americans of 
indigenous American ancestry), and 1 in 42,300 African 
Americans.111 Because about 20% of the African-American 
gene pool is of European descent, the calculated incidence 
in individuals of wholly sub-Saharan African ancestry is 
about 1 in 250,000. Nonclassic CAH is clearly much 
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more common; its incidence varies substantially among 
ethnic groups, with the highest incidence among Ashkenazi 
Jews and Mediterranean peoples.9,22,112 The high inci-
dence, lack of mortality, and lack of decreased fertility in 
most individuals with nonclassic CAH suggest that this is 
a polymorphic variant and not a disease in the classic 
sense. Nevertheless, patients with nonclassic CAH may 
seek help for complaints of virilism, menstrual disorders, 
and fertility.112

Genetics of the 21-Hydroxylase Locus

21-Hydroxylase Genes.  The functional 21-hydroxylase 
gene is formally termed CYP21A2 and a nearby nonfunc-
tional pseudogene is formally termed CYP21A1P. These 
genes, also termed P450c21B (functional gene) and 
P450c21A (pseudogene), are duplicated in tandem with 
the C4A and C4B genes encoding the fourth component 
of serum complement9,23,24 (Figure 13-15). Although the 
P450c21A locus is transcribed, the resultant RNAs do 
not encode protein; only the P450c21B gene encodes 
21-hydroxylase.9 The P450c21 genes consist of 10 exons, 
are about 3.4 kb long, and differ in only 87 or 88 of these 
bases. This high degree of sequence similarity indicates 
that these two genes are evolving in tandem through  

intergenic exchange of DNA. The P450c21 genes of 
mice and cattle are also duplicated and linked to leuko-
cyte antigen loci. However, whereas only the P450c21B 
gene functions in human beings, only the P450c21A gene 
functions in mice and both genes function in cattle.9,23 
Sequencing of the gene duplication boundaries show that 
the human locus duplicated after mammalian speciation, 
consistent with data that indicate that other mammals 
have single CYP21 gene copies.9,23

HLA Linkage.   The CYP21 genes lie within the class III 
region of the human major histocompatibility complex 
(MHC) (see Figure 13-15). HLA typing has been used 
for prenatal diagnosis and to identify heterozygous fam-
ily members but has been replaced by direct genetic 
analysis. Statistical associations (linkage disequilibrium) 
are well established between CAH and certain specific 
HLA types.9,23,24 Salt-losing CAH is associated with 
HLA-B60 and HLA-40 in some populations, and HLA- 
Bw47 is strongly associated with salt-losing CAH. HLA-
Bw51 is associated with simple virilizing CAH in some 
populations, and about 40% of haplotypes for nonclassic 
CAH carry HLA-B14. HLA-B14 is often associated with 
a duplication of the C4B gene, but all HLA-B alleles  
can be found linked to CAH. HLA-identical individuals 

FIGURE 13-15 n  Genetic map of the HLA locus containing the genes for P450c21. The top line shows the p21.1 region of chromosome 
6, with the telomere to the left and the centromere to the right. Most HLA genes are found in the class I and class II regions; the class 
III region containing the P450c21 genes lies between these two. The second line shows the scale (in kilobases) for the diagram  
immediately below, showing (from left to right) the genes for complement factor C2, properdin factor Bf, and the RD and G11/RP 
genes of unknown function; arrows indicate transcriptional orientation. The bottom line shows the 21-hydroxylase locus on an  
expanded scale, including the C4A and C4B genes for the fourth component of complement, the inactive CYP21A gene (21A) and the 
active CYP21B gene (21B) that encodes P450c21. XA, YA, and YB are adrenal-specific transcripts that lack open reading frames. The 
XB gene encodes the extracellular matrix protein Tenascin-X; XB-S encodes a truncated adrenal-specific form of the Tenascin-X 
protein, whose function is unknown. ZA and ZB are adrenal-specific transcripts that arise within the C4 genes and have open reading 
frames, but it is not known if they are translated into protein; however, the promoter elements of these transcripts are essential 
components of the CYP21A and CYP21B promoters. The arrows indicate transcriptional orientation. The vertical dotted lines designate 
the boundaries of the genetic duplication event that led to the presence of A and B regions.
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in a single family may have different clinical features of 
CAH despite HLA identity, possibly representing extra-
adrenal 21-hydroxylation, de novo mutations, or multiple 
genetic crossover events.

Other Genes in the 21-Hydroxylase Locus.   The tan-
demly duplicated C4A and C4B loci produce isoforms of 
complement component C4 that can be distinguished 
functionally and immunologically9,23; the C4B protein 
has greater hemolytic activity despite greater than 99% 
sequence identity with C4A. The C4A gene is always  
22 kb long, but there are long (22 kb) and short (16 kb) 
forms of C4B due to a variation in one intron. The 39 
ends of the C4 genes are only 2466bp upstream from  
the transcriptional start sites of the P450c21 genes.  
Promoter sequences needed for the transcription of the 
human P450c21B gene lie within intron 35 of the C4B 
gene.113 In addition to the P450c21 and C4 genes, there 
are several other genes within 100 kb of the P450c21 
gene, including the genes for complement factor C2 and 
properdin factor Bf (see Figure 13-15). Lying just 39 of 
the Bf gene on the opposite strand of DNA from 
P450c21 is the STK19 gene (also variously called RD, 
RP, and G11), which encodes a nuclear serine/threonine 
kinase.110

A pair of genes, termed XA and XB, is duplicated with 
the C4 and P450c21 genes.9,23 These genes lie on the 
strand of DNA opposite from the C4 and P450c21 genes 
and overlap the 39 end of P450c21. The last exon of XA 
and XB lies within the 39 untranslated region of exon 10 
in P450c21A and P450c21B, respectively. The XA gene 
was truncated during the duplication of the ancestral  
C4-P450c21-X genetic unit but is transcribed in the ad-
renal. The XB gene encodes a large extracellular matrix 
protein called Tenascin X that is expressed in most tis-
sues, especially connective tissue.115 The XB gene spans 
about 65kb of DNA and includes 43 exons encoding  
a 12kb mRNA. The XB gene also encodes a short trun-
cated form of Tenascin-X having unknown function and 
arising from an intragenic promoter. Identification of a 
CAH patient with a “contiguous gene syndrome” com-
prising a deletion of both the P450c21B and XB genes 
demonstrated that Tenascin X deficiency results in 
Ehlers-Danlos syndrome (EDS).116 Most forms of EDS 
are caused by autosomal dominant mutations in colla-
gen genes; the recessive forms are caused by mutations 
in genes for collagen-modifying enzymes, including 
Tenascin-X, which is associated with and stabilizes col-
lagen fibrils. Tenascin-X deficiency causes a clinically 
distinct, somewhat more severe, recessive form of  
EDS, either with or without associated 21-hydroxylase 
deficiency.117

P450c21 Gene Lesions Causing 
21-Hydroxylase Deficiency

21-Hydroxylase deficiency can be caused by CYP21A2 
gene deletions, gene conversions, and apparent point 
mutations. The most common apparent point mutations 
are actually small gene conversion events,9,23 so that gene 
conversions account for about 85% of the lesions in 
21-hydroxylase deficiency. Each person has two CYP21A2 

alleles, one contributed by each parent. Most patients 
with 21-hydroxylase deficiency are compound heterozy-
gotes, having different lesions on their two alleles. Because 
gene deletions and large conversions eliminate gene  
transcription, homozygosity for these lesions will cause 
salt-losing CAH. Some microconversions, such as those 
creating premature translational termination, are also  
associated with salt-losing CAH. Milder forms, such as 
simple virilizing and nonclassic CAH, are associated with 
amino acid replacements in the P450c21 protein caused 
by gene microconversion events. Patients with these 
forms of CAH are usually compound heterozygotes bear-
ing a severely disordered allele and a mildly disordered 
allele so that the clinical manifestations are based on the 
nature of the mildly disordered allele.

Mapping of P450c21 Genes in Normals and in CAH.  
Although the P450c21B and P450c21A loci (CYP21A2 
and CYP21A1P genes) differ by only 87 or 88 nucleo-
tides, they can be distinguished by restriction endonucle-
ase digestion and Southern blotting. Two unusual and 
related features of the 21-hydroxylase locus complicate 
its analysis. First, the gene deletions in this locus are  
most unusual in that they extend 30 kb from one of sev-
eral points in the middle of P450c21A to the precisely 
homologous point in P450c21B. Thus, the 15% of alleles 
that carry deletions do not yield a typical Southern blot-
ting pattern with a band of a size different from that of 
one of the normal, unless one uses very rarely cutting 
enzymes and analyzes the resulting large DNA fragments 
by pulsed-field gel electrophoresis. The second unusual 
feature of this locus is that gene conversions are extremely 
common.9,23

Gene  Conversions  and  Microconversions  Causing 
CAH.   If a segment of gene A replaces the corresponding 
segment of the related gene B, the structure of recipient 
gene B is said to be “converted” to that of donor gene  
A. The hallmark of gene conversion is that the number 
of closely related genes remains constant, whereas their 
diversity decreases. Two types of gene conversions  
commonly cause 21-hydroxylase deficiency: large gene 
conversions that can be mistaken for gene deletions and 
small microconversions that resemble point mutations. 
The relative frequency of large gene conversions versus 
gene deletions was formerly controversial, principally 
because initial studies used relatively small groups of  
patients from single locations or ethnic groups. A compi-
lation of multiple studies shows that about 19% of  
mutant alleles have gene deletions, 8% have large gene 
conversions, 67% have microconversions, and 6% had 
other lesions23 (Figure 13-16). Such numbers emphasize 
the more severely affected patients. About 75% of  
mutated P450c21B genes are grossly intact and appear to 
carry point mutations, but gene sequencing shows that 
most apparent point mutations are also found in the 
P450c21A pseudogene, indicating that they are actually 
representing micro gene conversion events (Table 13-6). 
Three changes in the pseudogene (8bp deletion, exon 3; 
T insertion, exon 7; Gly3 18Stop, exon 8) render its 
RNA product nonfunctional. Each change results in  
an altered reading frame or premature stop codon, 
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eliminating all activity; all of these have been found in 
P450c21B alleles that cause severe salt-losing CAH. 
Three closely clustered base changes alter the normal 
amino acid sequence Ile-Val-Glu-Met at codons 236 to 
239 in exon 6 to Asn-Glu-Glu-Lys in both P450c21A 
and in a small number of genes causing severe salt- 
losing CAH.

The most common lesion in classic CAH is an AnG 
change in the second intron, 13 bases upstream from the 
normal 39 splice acceptor site of this intron; this is a mi-
croconversion found in over 25% of severely affected 
CAH alleles. This intronic mutation causes abnormal 

splicing of the encoded RNA, destroying activity.  
However, a small portion of this mRNA may be spliced 
normally in some patients so that the phenotypic presen-
tation is variable; most such patients are salt losers, but 
some have non–salt-losing CAH. This intron 2 micro-
conversion is often associated with the Ser/Thr polymor-
phism at codon 268; this is a true polymorphism, as 
S268T does not alter enzymatic activity. The microcon-
version R356W, which is found in about 10% of severely 
affected alleles, may retain slight activity and has been 
found in both salt-losing and simple virilizing CAH. A 
large number of rare mutations have been described in 
single individuals.

Mutations Causing Simple Virilizing and Nonclassic 
CAH.   The microconversion I172N is the most common 
cause of simple virilizing CAH. When this residue is 
changed to Asn, Leu, Gln, or His and the resulting  
mutant P450c21 protein is assayed in vitro, it retains  
only 3% to 7% of normal 21-hydroxylase activity. The 
intron 2 microconversion is occasionally seen in simple 
virilizing CAH. The microconversion P30L is generally 
associated with classic CAH, but it is found in some  
patients with simple virilizing CAH.

The most common mutation causing nonclassic CAH 
is V281L, a microconversion linked to HLA-B14 and 
HLA-DR1 but also found in patients with other HLA 
types. The microconversion P30L is found in about 15% 
to 20% of nonclassic alleles, and the mutations R339H 
and P453S have been associated with nonclassic CAH;  
the P453S mutation is polymorphic in about 20% of 
P450c21A pseudogenes and hence also represents a  
microconversion event.

Prenatal Diagnosis of CAH

The prenatal diagnosis of 21-hydroxylase deficiency can 
be approached by measuring fetally produced 17OHP or 
D4-androstenedione in amniotic fluid, but these steroids 
may not be elevated above the broad range of normal in 
non–salt-losing or nonclassic CAH. Second, HLA typing 
of fetal amniocytes can be informative if there is previous 
linkage analysis of an affected index case and parents. 
However, some HLA alleles are expressed weakly in cul-
tured amniocytes, and the procedure is no longer widely 
used. Third, sequencing of the affected gene is now 
widely used, but the complex genetics of the CAH locus 
mean this procedure is reliable only when the genetic  
lesion in a previously affected sibling or the parents  
is known.

Diagnosis

In the absence of prenatal screening, genital ambiguity, 
neonatal screening or a salt-losing crisis will generally 
alert pediatricians to most cases of severe 21-hydroxylase 
deficiency. Salt-losing crises generally occur in the sec-
ond week of life, and the child presents with vomiting, 
diarrhea, dehydration, hyperkalemia, and hyponatre-
mia. Occasionally, such infants are thought to have viral 
syndromes or gastrointestinal obstructions; such a failure 
to make the diagnosis can result in the infant’s death. 

FIGURE 13-16 n  Classes of genetic rearrangements causing 
21-hydroxylase deficiency. Deletions or duplications of the C4A 
and C4B genes can occur with or without associated lesions in 
the P450c21B gene. Note that all “point mutations” in P450c21B 
are actually “microconversion.” Many authors combine the 
“gene deletion” and “macroconversion” groups because these 
are difficult to distinguish by Southern blotting as both result  
in a loss of the P450c21B gene, but the genotypes are clearly 
distinct, as shown.

Mutation Location
Associated  
Phenotypes Activity

Pro 30nLeu Exon 1 NC/SV 30%-60%
AnG Intron 2 SV/SW minimal
8 bp deletion Exon 3 SW 0
Ile 172nAsn 

Ile 236nAsp
Exon 4 SV 3%-7%

Val 237nGlu 
Met 239nLys

Exon 6 SW 0

Val 281nLeu Exon 7 NC 18% 6 9%
Gly 292nSer Exon 7 SW
T insertion  

@ 306
Exon 7 SW 0

Gly 318nStop Exon 8 SW 0
Arg 339nHis Exon 8 NC 20%-50%
Arg 356nTrp Exon 8 SV/SW 2%
Pro 453nSer Exon 10 NC 20%-50%
GGnC @ 484 Exon 10 SW

TABLE 13-6  Microconversions in the CYP21A2 
Gene That Cause 21-Hydroxylase 
Deficiency
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Similarly, boys with simple virilizing CAH may escape 
diagnosis until they are 3 to 7 years old, when they present 
with isosexual precocity, advanced bone age, and  
characteristically prepubertal testes. Teenage and adult 
females with nonclassic CAH may consult an internist, 
obstetrician, or dermatologist for virilism, hirsutism, 
menstrual irregularity, infertility, or acne.

The key diagnostic maneuver is to measure 17OHP and 
other steroids in response to intravenous synthetic ACTH. 
The usual doses are 15 mg/kg in children up to 2 years of 
age, and 0.25 mg in older children and adults. 17OHP and 
cortisol should be measured at 0 and 60 minutes. Individual 
patient responses must be compared to age- and sex-
matched data from normal children. Normal responses  
are shown in Table 13-4 and Figure 13-11. Both basal 
and stimulated levels of 17OHP are markedly elevated  
in patients with salt-losing and simple virilizing forms  
of 21-hydroxylase deficiency. Basal levels are usually 
greater than 2000 ng/dL and increase to more than 5000 
to 10,000 ng/dL after ACTH. Patients with the milder 
late-onset or cryptic forms typically have normal to mildly 
elevated basal levels but have supranormal responses to 
ACTH stimulation (i.e., 1500 to . 10,000 ng/dL). The 
cortisol response to ACTH is absent or subnormal in 
patients with the classic forms of CAH and is normal in 
patients with late-onset and cryptic forms. Basal plasma 
ACTH levels reflect the extent of 21-hydroxylase and 
cortisol deficiency (i.e., they are markedly elevated in  
severe forms and may be normal in patients with the 
milder forms who are not overtly adrenal insufficient).

Other ancillary tests are listed in Table 13-5. Urinary 
excretion of 17-ketosteroids will generally be elevated, 
but this test is no longer in general use and more useful 
for monitoring the efficacy of suppressive therapy than 
for initial diagnosis. When urinary steroids are mea-
sured, a complete 24-hour sample must be obtained, and 
a concomitant measurement of creatinine excretion is 
required to monitor the completeness of the collection. 
Less than 24 hour urine collections are not quantita-
tively accurate because of diurnal variations in steroid 
excretion. Measurements on spot urine samples may 

give some qualitative information when correlated to 
creatinine. Urine steroid profiling with mass-spectrometric 
methods (GC/MS or LC/MS-MS) typically shows elevated 
metabolites of 17OHP: pregnanetriol, 17-OH-pregnano-
lone, and pregnanetriolone.

Plasma renin activity and its response to salt restriction 
can be especially useful. Most patients with simple viril-
izing 21-hydroxylase deficiency have high plasma renin 
activity that increases further on sodium restriction, con-
firming that these patients are partially mineralocorticoid 
deficient and can maintain a normal serum sodium level 
only by hyperstimulation of the zona glomerulosa.

Treatment

The management of CAH remains difficult.22 Over-
treatment with glucocorticoids causes delayed growth, 
even when the degree of overtreatment is insufficient  
to produce signs and symptoms of Cushing syndrome. 
Undertreatment results in continued overproduction of 
adrenal androgens, which hastens epiphyseal maturation 
and closure, again compromising growth and other 
manifestations of androgen excess.

Doses of glucocorticoids should be based on the ex-
pected normal cortisol secretory rate. Several studies 
have established that the secretory rate of cortisol is 
about 6 to 8 mg/m2 per day. However, effective suppres-
sion of ACTH and adrenal androgen production requires 
somewhat higher doses of about 10 to 15 mg/m2 per 
day.22 Newly diagnosed patients, especially newborns, 
require substantially higher initial dosages to suppress 
their hyperactive CRH-ACTH-adrenal axis. The gluco-
corticoid used is important. Most tables of glucocorticoid 
dose equivalencies are based on their equivalence in anti-
inflammatory assays. However, the growth-suppressant 
equivalences of various glucocorticoids do not parallel 
their anti-inflammatory equivalencies: long-acting syn-
thetic steroids such as dexamethasone have a dispropor-
tionately greater growth-suppressant effect and hence 
must be avoided in treating growing children and adoles-
cents (Table 13-7). Most authorities favor the use of oral 

Steroid

Anti-inflammatory  
Glucocorticoid  

Effect
Growth-Retarding  

Glucocorticoid Effect

Salt-Retaining  
Mineralocorticoid  

Effect

Plasma  
Half-Life  

(minutes)

Biologic  
Half-Life  
(hours)

Cortisol (hydrocortisone) 1.0 1.0 1.0 80-120 8
Cortisone acetate (oral) 0.8 0.8 0.8 80-120 8
Cortisone acetate (IM) 0.8 1.3 0.8 18
Prednisone 4 5 0.25 200 16-36
Prednisolone 4 0.25 120-300 16-36
Methylprednisolone 5 7.5 0.4
Betamethasone 25 0 130-330
Triamcinolone 5 0
Dexamethasone 30 80 0 150-300 36-54
9a-Fludrocortisone 15 200
DOC acetate 0 20
Aldosterone 0.3 200-1000

TABLE 13-7 Potency of Various Therapeutic Steroids (Set Relative to the Potency of Cortisol)
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hydrocortisone or cortisone acetate in three divided daily 
doses in growing children. However, adults and older 
teenagers who already have fused their epiphyses may be 
managed with prednisone or dexamethasone.22

Mineralocorticoid therapy in CAH patients returns 
plasma volume to normal and eliminates the hypovole-
mic drive to ACTH secretion. Thus, mineralocorticoid 
therapy often permits the use of lower doses of glucocor-
ticoids in patients with simple virilizing CAH, optimiz-
ing growth in children and diminishing unwanted weight 
gain in adults. Only one oral mineralocorticoid prepara-
tion, fludrocortisone (9a-fluorocortisol), is generally 
available. When the oral route is not available in severely 
ill patients, mineralocorticoid replacement is achieved 
through intravenous hydrocortisone plus sodium chlo-
ride. About 20 mg of hydrocortisone has a mineralocor-
ticoid effect of about 0.1 mg of 9a-fluorocortisol (see 
Table 13-7). Mineralocorticoids are unique in pharma-
cology in that their doses are not based on body mass  
or surface area. In fact, newborns are quite insensitive  
to mineralocorticoids as reflected by their high serum 
aldosterone concentrations (see Figure 13-17) and often 
require larger doses than do adults (0.15 to 0.30 mg/day, 
depending on the sodium supplementation). In older 
children, the replacement dose of 9a-fluorocortisol 
is 0.05 to 0.15 mg daily. It must be emphasized that a 
mineralocorticoid is essentially useless unless adequate 
sodium is presented to the renal tubules. Thus, additional 
salt supplementation, usually 1 to 2 g NaCl/day in the 
newborn, is also needed. Some adult patients with se-
vere salt-losing CAH can discontinue mineralocorticoid 
replacement and salt supplementation; this probably 
reflects the increased mineralocorticoid sensitivity in 
adults, their free access to salty foods, and the induction 
of hepatic extra-adrenal 21-hydroxylating enzymes.27

Long-term management requires careful clinical and 
laboratory monitoring. Measurements of growth should 
be made at 3- to 4-month intervals in children, along 
with an annual assessment of bone age. Each visit should 
be accompanied by measurement of blood pressure, 
plasma renin activity and serum D4-androstenedione, 
DHEA, DHEA sulfate, and testosterone. Plasma 17OHP 
is generally measured but may be difficult to interpret 
because of its variation as a function of the timing of 
glucocorticoid doses, its diurnal variation and its hyper-
responsiveness to stress (e.g., clinic visits).

Experimental Prenatal Treatment of CAH

Because the treatment of CAH involves administering a 
glucocorticoid to suppress the HPA axis, this approach 
has been proposed for treating the affected fetus by ad-
ministering glucocorticoids to the mother. Female fetuses 
affected with CAH begin to become virilized at about 6 to 
8 weeks’ gestation, the same time at which the testes of 
normal male fetuses produce testosterone, causing fusion 
of the labioscrotal folds, enlargement of the genital tu-
bercle into a phallus, and the formation of the phallic 
urethra. The adrenals of female fetuses with CAH may 
produce concentrations of testosterone that approach 
those of a normal male, resulting in varying degrees of 
masculinization of the external genitalia. If fetal adrenal 

steroidogenesis is suppressed in a female fetus with CAH, 
the virilization can theoretically be reduced or eliminated. 
Thus, some have advocated administering dexamethasone 
to the mother as soon as pregnancy is diagnosed; however, 
such treatment remains experimental and requires  
approval by an institutional review board (IRB) and  
informed parental consent.22 This treatment should be 
done only when the parents are known to be heterozy-
gotes by having already had an affected child. However, 
even in such pregnancies, only one in four fetuses will 
have CAH. Furthermore, as no prenatal treatment is 
needed for male fetuses affected with CAH, only one in 
eight pregnancies of heterozygous parents would harbor 
an affected female fetus that might potentially benefit 
from prenatal treatment. However, treatment must be 
started at about 6 weeks postconception (8 weeks of amen-
orrhea). Prenatal diagnostics cannot begin until 6 to  
8 weeks into pregnancy when fetal sexing may be per-
formed from mother’s blood, allowing nontreatment  
or early cessation of dexamethasone treatment in male 
fetuses. In female fetuses, chorion biopsy at 12 to  
13 weeks will allow the diagnosis of CAH. Thus, seven of 
eight pregnancies will be treated needlessly to treat one 
affected female fetus.22

The ethics of such prenatal treatment remain highly 
controversial.22,118,119 The rationale is that dexamethasone, 
which is not metabolized by placental 11bHSD2, will 
cross the placenta, suppress fetal ACTH, and conse-
quently suppress adrenal steroidogenesis. However, it  
is not known precisely when the fetal hypothalamus  
begins to produce CRH, when the fetal pituitary begins  
to produce ACTH, whether all fetal ACTH production  
is regulated by CRH, or whether these hormones are sup-
pressible by dexamethasone in the early fetus. Although 
there is evidence that pharmacologic doses of glucocorti-
coids do not harm pregnant women, few data exist for the 
fetus. Pregnant women with diseases such as nephrotic 
syndrome and systemic lupus erythematosus are generally 
treated with prednisone, which does not reach the fetus 
because it is inactivated by placental 11bHSD. Treatment 
of a fetus with CAH requires the use of fluorinated ste-
roids that escape metabolism by these enzymes, and few 
data are available about the long-term use of such agents 
throughout gestation.

The usual protocol employs dexamethasone doses of 
20 mg/kg of maternal body weight (with a maximum dose 
of 1.5 mg/day). For a 60-kg woman, this is 1.2 mg, which 
is about six times physiologic replacement. However, the 
fetus normally develops in the presence of very low cor-
tisol concentrations of only about 20 to 60 nmol/L  
(0.7 to 2 mg/dL),120,121 which is only about 10% of the 
corresponding maternal level. Thus, the doses used in 
prenatal treatment appear to achieve effective concentra-
tions of active glucocorticoid that may be up to 60 times 
physiologic for the fetus. The potential benefits of prena-
tal treatment are reduction or elimination of virilization 
of external genitalia and brain, reducing the risk of gen-
der confusion and the need for surgery. The advocates  
of prenatal treatment report modest cushingoid features 
in the mother and no untoward effects in the offspring, 
including the 7 of 8 fetuses in whom the treatment is 
stopped once the diagnosis is made. However, animal 
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studies indicate prenatally administered dexamethasone 
increases risks of palatal clefting; impairs brain, kidney, 
and islet cell development; decreases birth weight; and 
increases risks of hypertension.22,119,122 Human studies 
have been limited in methodology or size, but clinical 
studies in Sweden found that prenatally treated children 
without CAH had poorer working memory and poorer 
self-perception of scholastic competence and increased 
self-rated social anxiety123; there were also mild effects on 
sociability124 and gender role behavior in boys,125 leading 
the Swedish investigators to discontinue further research 
on this treatment.126 Alternative approaches, such as a 
preimplantation genetic diagnosis, also carry some risks. 
Thus, the risks of prenatal treatment appear to outweigh 
the benefits.119

Experimental Postnatal Treatment of CAH

Growth is compromised in most children with CAH. 
The use of short-acting glucocorticoids and mineralo-
corticoid supplementation help, but adult heights are 
typically at least 1 SD below predicted heights (based on 
parental heights).22 The loss of height in CAH is partially 
due to the effect of sex steroids on epiphyseal closure  
and partially due to glucocorticoid-induced resistance to 
the action of growth hormone; the most crucial times 
when height is lost are during the first 2 years of life and 
during the pubertal growth spurt. Consequently, several 
research studies have addressed optimizing the final 
height of children with CAH.22

Antiandrogens and Aromatase Inhibitors.   Antiandro-
gens and aromatase inhibitors have been tried in the 
presence of low-dose mineralocorticoids and lower doses 
of glucocorticoids.22 Because estrogen, not androgen, is 
the key hormone in promoting epiphyseal fusion, inhib-
iting the conversion of androgen to estrogen with an 
aromatase inhibitor (testolactone) promotes growth, 
whereas the antiandrogen (flutamide) ameliorates viril-
ization. The principal benefit of this approach is that it 
permits the use of physiologic replacement doses of glu-
cocorticoids (8 mg/m2/day of hydrocortisone), rather than 
the usual supraphysiologic doses of 12 to 15 mg/m2/day, 
thus further promoting normal growth. The drugs are 
expensive and not approved for this use, long-term safety 
and efficacy are not established, and antiandrogens are 
potentially hepatotoxic. Thus, like all experimental ther-
apies, this approach should only be pursued in controlled, 
prospective, IRB-approved trials.22

Adrenalectomy.   Adrenalectomy has been proposed in 
severe CAH. As the adrenal carrying severe P450c21 
mutations (e.g., gene deletions) cannot produce aldoste-
rone or cortisol, it has been argued that these affected 
glands do more harm than good and should be removed. 
The advent of laparoscopic adrenalectomy has made this 
suggestion feasible without undue surgical trauma to the 
patient. Among 18 adrenalectomized patients, five had 
adrenal crises when therapy was suboptimal and two be-
came hypoglycemic during intercurrent illnesses.22 These 
risks are similar to those faced by children with CAH 
who do not receive stress-dose steroids. Adrenalectomy 

also removes the adrenal medulla, but it does not appear 
to predispose to hypoglycemia because children with 
CAH are already epinephrine deficient. Thus, although 
adrenalectomy is an extreme measure, it may be appro-
priate in selected cases.22

Growth  Hormone  and  GnRH  Agonist  Therapy.  
Growth hormone and GnRH agonist therapy have been 
proposed in children near the age of puberty, as pharma-
cologic GH therapy may partially overcome the effects of 
higher doses of glucocorticoids, and GnRH agonists will 
delay the progression of puberty, permitting more time to 
grow. Small preliminary studies with these agents are 
promising, but both agents are expensive and neither is 
approved for this use; controlled prospective trials are 
needed.22

Lesions in Isozymes of P450c11
11b-Hydroxylase Deficiency

There are two distinct forms of 11-hydroxylase.9 
P450c11b, encoded by the CYP11B1 gene, mediates the 
11b-hydroxylation of 11-deoxycortisol to cortisol and that 
of DOC to corticosterone in the zonae fasciculata and glo-
merulosa. P450c11AS, or aldosterone synthase, encoded by 
the CYP11B2 gene, is found only in the zona glomerulosa 
and mediates 11b-hydroxylation, 18-hydroxylation, and 
18-oxidation; thus, it is the sole enzyme required to convert 
DOC to aldosterone. P450c11b is found in both the glo-
merulosa and fasciculata, and mediates 11b-hydroxylation 
and some 18-hydroxylation, but it has no 18-methyl oxi-
dase activity. Deficient P450c11b activity causes about 5% 
of CAH in persons of European ancestry but is more com-
mon in both Moslem and Jewish Middle Eastern popula-
tions.127,128 Severe deficiency of P450c11b decreases the 
secretion of cortisol, causing CAH and virilization of af-
fected females. The defect in the pathway to cortisol results 
in accumulation of 11-deoxycortisol and the defect in the 
17-deoxy pathway in the synthesis of corticosterone in the 
fasciculata may lead to overproduction of DOC. Because 
DOC is a mineralocorticoid, these patients can retain  
sodium. Although DOC is less potent than aldosterone,  
it is secreted at high levels in 11b-hydroxylase deficiency, 
so that salt is retained and the serum sodium remains  
normal. Overproduction of DOC frequently leads to  
hypertension; as a result, 11b-hydroxylase deficiency is 
often referred to as “the hypertensive form of CAH” when 
detected in older children. However, newborns often  
manifest mild, transient salt loss as a result of the normal 
newborn resistance to mineralocorticoids (Figure 13-17); 
this may lead to incorrect diagnosis and treatment. Thus, 
there may be a poor correlation between DOC concentra-
tions, serum potassium, and blood pressure or between  
the degree of virilization in affected females and the elec-
trolyte and cardiovascular manifestations. Newborns may 
also have elevated concentrations of 17OHP, presumably  
as a “backup” phenomenon of high concentrations of 
11-deoxycortisol inhibiting P450c21, so that P450c11b 
deficiency may be detected in newborn screening for 
P450c21 deficiency.111 The diagnosis is established by 
demonstrating elevated basal concentrations of DOC and 
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11-deoxycortisol which hyperrespond to ACTH; a normal 
or suppressed plasma renin activity is also a hallmark of this 
disease.

The CYP11B1 mutations causing 11b-hydroxylase 
deficiency have been reviewed; common mutations in-
clude R448H, which is common among Moroccan Jews, 
and Q356X and G379V found in Tunisian Arabs.128 A 
milder, nonclassic form of 11b-hydroxylase deficiency, 
analogous to nonclassic 21-hydroxylase deficiency has 
been reported in otherwise asymptomatic women with 
hirsutism, virilism, and menstrual irregularities. How-
ever, true nonclassic 11b-hydroxylase deficiency is rare; 
only two of five hyperandrogenemic women who had 
11-deoxycortisol values more than three times higher 
than the 95th percentile in response to stimulation with 
ACTH had mutations of P450c11b, all of which retained 
15% to 37% of normal activity.129 Repeated ACTH test-
ing in two of the three women who lacked mutations 
showed much lower (but still elevated) 11-deoxycortisol 
values. Thus, just as in the case of nonclassic 3bHSD 
deficiency, an abnormal steroid response to ACTH is not 
sufficient to diagnose a genetic lesion.

Corticosterone Methyl Oxidase Deficiencies

P450c11AS, encoded by the CYP11B2 gene, has 93% 
amino acid sequence identity with P450c11b and is 
expressed exclusively in the zona glomerulosa, where it 
catalyzes 11b-hydroxylase, 18-hydroxylase, and 18 methyl 
oxidase activities. Disorders of P450c11AS cause the  
so-called corticosterone methyl oxidase (CMO) deficien-
cies, wherein aldosterone biosynthesis is impaired while  
the zona fasciculata continues to produce corticosterone 
and DOC. The absence of aldosterone biosynthesis will 

generally result in a salt-wasting crisis in infancy, at which 
time the normal secretory rate of DOC is insufficient  
to meet the newborn’s mineralocorticoid requirements 
(similarly to the newborn with P450c11b deficiency). 
Thus, these infants typically present with hyponatremia, 
hyperkalemia, and metabolic acidosis, but the salt-wasting 
syndrome is typically less severe than in patients with 
21-hydroxylase deficiency or lipoid CAH because of the 
persistent secretion of DOC. These patients may recover 
spontaneously and grow to adulthood without therapy. 
This probably reflects the increasing sensitivity to miner-
alocorticoid action with advancing age in childhood, as  
reflected by the usual, age-related decrease in serum aldo-
sterone (see Figure 13-17). Consistent with this, plasma 
renin activity is markedly elevated in affected children but 
may be normal in affected adults.

CMOI deficiency results from a complete loss of 
P450c11AS activity so that no 18-hydroxylase or 18 methyl 
oxidase activity persists, eliminating the biosynthesis of 
18OH-corticosterone and aldosterone, while preserving 
the biosynthesis of corticosterone by P450c11b. Thus, the 
diagnosis for CMOI deficiency is usually based on an in-
creased ratio of corticosterone to 18OH-corticosterone. A 
frameshift mutation, a premature stop codon, and the mis-
sense mutation R384P are known to cause this disorder.9

CMOII deficiency results from amino acid replace-
ment mutations in P450c11AS that selectively delete 
the 18 methyl oxidase activity while preserving the 
18-hydroxylase activity. The diagnosis of CMOII defi-
ciency requires an increased 18OH-corticosterone and 
very low aldosterone concentration. CMOII deficiency 
is common in Sephardic Jews of Iranian origin, where 
all affected individuals appear to be homozygous for 
two different mutations, R181W and V385A.130 Family 
members who were homozygous for only one of these 
mutations were clinically unaffected; both mutations 
are required to cause disease.

The distinction between CMOI and CMOII is not 
precise, and these disorders should be regarded as differ-
ent degrees of severity on a continuous clinical spectrum 
just as the various forms of 21-hydroxylase deficiency are 
part of a broad clinical spectrum. The close linkage and 
genetic similarity of the CYP11B1 and CYP11B2 genes 
is reminiscent of the P450c21A and P450c21B genes. 
However, gene conversion is rare, apparently due to the 
higher recombinational frequency in the HLA region 
carrying the P450c21 genes.

Glucocorticoid-Suppressible 
Hyperaldosteronism

Although CYP11B gene conversions are rare, an unusual 
gene duplication causes glucocorticoid-suppressible hy-
peraldosteronism. A homologous recombination event 
creates a third CYP11B gene that fuses the 59 flanking 
DNA of the CYP11B1 gene for P450c11b onto the 
CYP11B2 gene for P450c11AS, thus placing the regula-
tion of P450c11AS under the control of ACTH rather 
than the renin-angiotensin system, so that these pa-
tients make P450c11AS in response to physiology that 
should stimulate P450c11b.131 The excess P450c11AS 
causes hyperaldosteronism and hypertension; this is then 
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suppressible by glucocorticoid suppression of ACTH, 
which normally suppresses P450c11b, hence the name 
“glucocorticoid-remediable hypertension”; this disorder 
appears to account for about 2% of hypertension.132

Lesions in Isozymes of 
11b-Hydroxysteroid Dehydrogenase
Cortisone and prednisone are inactive prohormones that 
must be reduced to cortisol or prednisolone in order  
to bind to and activate the glucocorticoid receptor. The 
interconversion of these keto- and hydroxysteroids is 
catalyzed by the two isozymes of 11b-hydroxysteroid 
dehydrogenase, 11bHSD1 (encoded by HSD11B1) and 
11bHSD2 (encoded by HSD11B2). Both enzymes are 
reversible in vitro, hence both can act as either an oxidase 
or reductase, depending on the availability of cofactors, 
but under physiologic situations 11bHSD1 generally 
acts to activate cortisone to cortisol whereas 11bHSD2 
reverses this activation.9,11,45 11bHSD1 is primarily 
expressed in liver and fat, and 11bHSD2 is expressed in 
mineralocorticoid-responsive tissues where it inactivates 
cortisol, permitting low concentrations of aldosterone to 
activate mineralocorticoid receptors (which also bind cor-
tisol); 11bHSD2 is inactive against aldosterone, DOC, 
and fluorocortisol. Interest in these enzymes extends far 
beyond their deficiency states, as they play central roles in 
metabolism43-45; this has stimulated interest in using in-
hibitors of 11bHSD1 to treat the metabolic syndrome, 
but such agents are not yet clinically available.133

Lesions in 11bHSD1: (Apparent) Cortisone 
Reductase Deficiency

Defective 11bHSD1 activity, diagnosed by reduced ra-
tios of urinary metabolites of cortisol to those of corti-
sone, impairs cortisol feedback at the hypothalamic- 
pituitary axis, increasing the secretion of ACTH and 
consequently increasing adrenal C19 steroid secretion 
resulting in hyperandrogenism, sexual precocity, and 
polycystic ovaries. These patients may have heterozygous 
mutations (K187N, R137C) in the HSD11B1 gene en-
coding 11bHSD1; because 11bHSD1 normally func-
tions as a dimer, the presence of some mutant protein can 
exert dominant negative effects.134 Alternatively, a ge-
netic lesion may be found in the H6PDH gene,135 which 
encodes hexose-6-phosphate dehydrogenase (H6PDH), 
the enzyme that generates the NADPH used by 
11bHSD1 in the lumen of the endoplasmic reticulum. 
Although it was initially thought that mutations in both 
11bHSD1 and H6PDH interacted to cause this dis-
ease,136 mutations of H6PDH in patients appear to 
manifest with a more severe phenotype and are sufficient 
to cause this disorder.134,135,137,138

Lesions In 11bHSD2: Apparent 
Mineralocorticoid Excess (AME)

Patients with AME have hypervolemic hypertension, salt 
retention, and hypokalemic alkalosis—the classic picture 
of hyperaldosteronism—but with suppressed plasma renin 
activity and without measurable serum mineralocorticoids 

due to recessive mutations of 11bHSD2.42 About 30 dif-
ferent mutations in 11bHSD2 have been described in 
about 60 patients with AME, and heterozygous carriers 
may have an increased risk of hypertension.139 Typical 
features of children with AME include failure to thrive, 
delayed puberty, polydipsia, polyuria, muscle weakness, 
and hypertension. The hypertension is severe, often caus-
ing end-organ damage at an early age. Diagnosis is made 
from the high ratio of urinary metabolites of cortisol to 
cortisone. Treatment includes antagonism of the miner-
alocorticoid receptor with spironolactone, correction of 
the hypokalemia, low-salt diets, and diuretics, but it is only 
partially successful, and 10% of patients die from cerebro-
vascular accidents.140

ADRENAL INSUFFICIENCY

Many conditions cause adrenal insufficiency, including 
CAH, hypopituitarism with ACTH deficiency, and pri-
mary adrenal disorders. Primary adrenal insufficiency is 
commonly termed Addison disease, but this is a vague 
term that encompasses many disorders. Up to World 
War II, most patients with “Addison disease” had tuber-
culosis of the adrenal, but over 80% of contemporary 
adult patients have autoimmune adrenalitis, therefore, 
the term Addison disease is now widely used to indicate an 
autoimmune or idiopathic cause.

The spectrum of adrenal disorders presenting in infants, 
children, and adolescents differs from that presenting in 
adulthood (Box 13-1). CAH and autoimmune adrenal dis-
ease represent the largest proportions of cases, but some of 
the inherited developmental and metabolic causes of adre-
nal failure are also fairly common.141,142 Diagnosing some 
of these disorders is important for assessing potential as-
sociated features, initiating long-term management, and 
instituting genetic counseling.143 Adrenal disorders are 
typically divided into chronic and acute causes, but many 
acute presentations reflect an undiagnosed underlying 
chronic or developmental process (Box 13-2). Acute pre-
sentations may be triggered by intercurrent illness, trauma, 
or surgery, with poor fluid and sodium intake.

Acute Primary Adrenal Insufficiency
Acute adrenal crisis occurs most commonly in the child 
with undiagnosed chronic adrenal insufficiency who is 
subjected to an additional severe stress such as major ill-
ness, trauma, or surgery. The major presenting symptoms 
and signs include abdominal pain, fever, hypoglycemia 
with seizures, weakness, apathy, nausea, vomiting, an-
orexia, hyponatremia, hypochloremia, acidemia, hyperka-
lemia, hypotension, shock, cardiovascular collapse, and 
death. Treatment consists of fluid and electrolyte resusci-
tation, ample doses of glucocorticoids, chronic glucocor-
ticoid and mineralocorticoid replacement, and treatment 
of the precipitating illness.

Massive adrenal hemorrhage with shock due to blood 
loss can occur in large infants who have had a traumatic 
delivery. A flank mass is usually palpable and can be distin-
guished from renal vein thrombosis by microscopic rather 
than gross hematuria; the diagnosis is then confirmed by 
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computed tomography or ultrasonography. Massive ad-
renal hemorrhage is more commonly associated with 
meningococcemia (Waterhouse-Friderichsen syndrome). 
Meningitis is often, but not always, present. The charac-
teristic petechial rash of meningococcemia can progress 
rapidly to large ecchymoses; the blood pressure drops 
and respirations become labored, frequently leading rap-
idly to coma and death. Immediate intervention with  
intravenous fluids, antibiotics, and glucocorticoids is not 
always successful. A similar adrenal crisis may also occur 
rarely with septicemia from Streptococcus, Pneumococcus, 
Pseudomonas, diphtheria, and methicillin-sensitive and 
resistant isolates of Staphylococcus aureus.144 Adrenal hem-
orrhage has also been reported with the antiphospholipid 
syndrome and in patients on anticoagulant therapy.

Chronic Primary Adrenal Insufficiency
Autoimmune Disorders

Autoimmune adrenalitis is most commonly seen in adults 
25 to 45 years old, about 60% to 70% of whom are 
women, with an adult prevalence of about 1 in 25,000.145 
Autoimmune destruction of other endocrine tissues is 

frequently associated with autoimmune adrenalitis. 
Chronic adrenal insufficiency is suggested by poor 
weight gain or weight loss, weakness, fatigue, anorexia, 
hypotension, hyponatremia, hypochloremia, hyperkale-
mia, frequent illnesses, nausea, and vague gastrointestinal 
complaints (see Box 13-2), reflecting chronic deficiency 
of both glucocorticoids and mineralocorticoids. Early  
in the course of autoimmune adrenalitis one may see 
signs of glucocorticoid deficiency (weakness, fatigue, 
weight loss, hypoglycemia, anorexia) without signs of 
mineralocorticoid deficiency (hyponatremia, hyperkale-
mia, acidosis, tachycardia, hypotension, low voltage on 
EKG, small heart on chest x-ray) or evidence of miner-
alocorticoid deficiency without glucocorticoid deficiency. 
Thus, an initial clinical presentation that spares one  
category of adrenal steroids does not mean it will be 
spared in the long run. The symptoms listed in Box 13-2 
can be seen in chronic adrenal insufficiency that is either 
primary or secondary. In primary chronic adrenal in-
sufficiency, the low concentrations of plasma cortisol 
stimulate the hypersecretion of ACTH and other 
POMC peptides, including the various forms of melano-
cyte-stimulating hormone (MSH); consequently, chronic 
primary adrenal insufficiency is also characterized by 

BOX 13-1 Causes of Adrenal Insufficiency

PrImary adrENal INSuffICIENCy

Congenital adrenal hyperplasia
Autoimmune disorders
Autoimmune adrenalitis

Autoimmune polyglandular syndromes
Adrenal hypoplasia congenita

X-linked adrenal hypoplasia
Other (SF1, IMAGe syndrome)

ACTH resistance syndromes
Familial glucocorticoid deficiencies, types 1 and 2
Triple A (Allgrove) syndrome

Metabolic disorders
Adrenoleukodystrophy
Peroxisome biogenesis disorders (e.g., Zellweger)
Cholesterol metabolism (Smith-Lemli-Opitz, Wolman)
Mitochondrial (Kearn-Sayers, mitochondrial deletions)

Infectious disorders
Sepsis
Tuberculosis
Fungal infections
Viral

Infiltrative/destructive causes
Hemorrhage
Amyloidosis, sarcoidosis, metastases

Drugs inhibiting steroid biosynthesis

SECONdary adrENal INSuffICIENCy

Hypothalamic tumors, radiation, or surgery
Hypopituitarism
Isolated ACTH insufficiency
Defects in POMC synthesis and processing
Withdrawal from glucocorticoid therapy

BOX 13-2 Signs and Symptoms of Adrenal Insufficiency

fEaTurES SharEd by aCuTE aNd ChrONIC  
INSuffICIENCy

Anorexia
Apathy and confusion
Dehydration
Fatigue
Hyperkalemia
Hypoglycemia
Hyponatremia
Hypovolemia and tachycardia
Nausea and vomiting
Postural hypotension
Prolonged neonatal jaundice
Salt craving
Weakness

fEaTurES Of aCuTE INSuffICIENCy (adrENal CrISIS)
Abdominal pain
Fever

fEaTurES Of ChrONIC INSuffICIENCy 
(addISON dISEaSE)

Decreased pubic and axillary hair
Diarrhea
Hyperpigmentation
Low-voltage electrocardiogram
Small heart on x-ray
Weight loss
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hyperpigmentation of the skin and mucous membranes, 
whereas secondary adrenal insufficiency is not. Such  
hyperpigmentation is most prominent in skin exposed to 
sun and in flexor surfaces such as knees, elbows, and 
knuckles. The diagnosis is suggested by the previously 
listed signs and symptoms, verified by a low morning 
cortisol level with a high ACTH, and confirmed by a 
minimal response of cortisol to a 60-minute intravenous 
ACTH test. Hyponatremia, hyperkalemia, low aldoste-
rone, and elevated PRA suggest a disturbance in miner-
alocorticoid production. Associated findings may include 
the appearance of a small heart on chest x-ray, anemia, 
azotemia, eosinophilia, lymphocytosis, and hypoglyce-
mia. Treatment of chronic primary adrenal insufficiency 
consists of physiologic glucocorticoid and mineralocorti-
coid replacement therapy.

Autoimmune adrenalitis is strongly associated with 
specific HLA haplotypes and with polymorphisms in the 
gene for cytotoxic T lymphocyte–associated antigen 4 
(CLTA 4), which may be broadly involved in susceptibil-
ity to autoimmune disease.146,147 The diagnosis of auto-
immune chronic adrenal insufficiency is based largely on 
finding circulating antibodies directed against adrenal 
cells or adrenal cellular contents. In many cases the adre-
nal antigens are steroidogenic cytochrome P450 en-
zymes, especially P450scc, P450c17, and P450c21.145 
It is not clear how these enzymes reach immune cells  
to elicit an antibody response, but autopsy studies show 
infiltration of the adrenal cortex.141 Thus, it is likely that 
cell-mediated immunity is responsible for destruction  
of adrenocortical cells, resulting in a secondary discharge 
of cellular contents (including P450 enzymes) into the 
circulation, with the subsequent development of second-
ary “marker” antibodies against these P450s. About half 
of adult patients with lymphocytic adrenalitis will also 
have autoimmune disease of another endocrine tissue 
with high titers of antibodies directed against specific 
contents of the affected tissue. This finding has led to the 
definition of specific autoimmune polyendocrine syn-
dromes (APS), some of which are more prevalent in 
childhood.

Type 1 Autoimmune Polyendocrine Syndrome.   Type 
1 autoimmune polyendocrine syndrome (APS1), also 
known as autoimmune polyendocrinopathy-candidiasis-
ectodermal dysplasia (APECED), is characterized by 
chronic mucocutaneous candidiasis, autoimmune Addi-
son disease, and hypoparathyroidism. At least two of these 
features must be present to make the diagnosis, and their 
age of onset can be highly variable. In general, chronic 
mucocutaneous candidiasis appears in early childhood 
and affects the mouth and nails. Acquired hypoparathy-
roidism can present with clinical hypocalcemia during 
middle or late childhood, although in some cases hypocal-
cemia may be masked by untreated adrenal insufficiency. 
The adrenal disorder usually presents in childhood or 
adolescence; autoimmune adrenal disease may be a pre-
senting feature in about 5% of cases.148 Additional auto-
immune features of this condition include alopecia and 
vitiligo; gastritis, chronic diarrhea, and malabsorption 
with or without pernicious anemia; hypergonadotropic 
hypogonadism, especially in women; and less commonly 

hepatitis, thyroiditis, interstitial nephritis, myositis, dental 
enamel hypoplasia, acquired asplenia, and type 1 diabetes 
mellitus. Keratoconjunctivitis is an important associated 
feature that requires careful monitoring and treatment  
to prevent blindness. Oral or esophageal squamous cell 
carcinoma occurs in 10% of individuals as adults.148 APS1 
is rare in most populations but is common among people 
of Finnish (1:15,000), Sardinian, and Iranian Jewish 
(1:9,000) ancestry.141 APS1 is caused by recessively inher-
ited mutations in a 58-kilodalton transcription factor 
called AIRE (“autoimmune regulator”).149,150 More than 
50 different mutations in the AIRE gene have been 
described, although the homozygous or compound het-
erozygous R257X change is especially common in the 
Finnish population. The AIRE gene is widely expressed in 
developing tissues of the immune system. The specific 
mechanisms by which these mutations result in the pleio-
tropic findings of APS1 are not yet clear, although  
deletion of AIRE in mice results in ectopic expression of 
peripheral tissue antigens in thymic medullary epithelial 
cells, resulting in the development of an autoimmune 
disorder similar to APS1/APECED.151

Type 2 Autoimmune Polyendocrine Syndrome.   Type 
2 autoimmune polyendocrine syndrome (APS2), also 
known as Schmidt syndrome, refers to the relatively 
common association of autoimmune adrenalitis with thy-
roiditis or type 1 diabetes.145 APS2 is more common in 
females (3:1 ratio), is HLA-linked, and is generally seen 
in young or middle-aged adults but can present at almost 
any age. Primary (hypergonadotropic) ovarian failure is 
seen in up to one quarter of postpubertal females with 
APS2, but primary testicular failure is rare.141 Pernicious 
anemia, hepatitis, vitiligo, and alopecia may also be seen, 
but the hypoparathyroidism and mucocutaneous candi-
diasis typical of APS1 are not seen in APS2. APS2 is  
associated with the same HLA markers as idiopathic  
autoimmune adrenalitis, which may simply be a form  
of APS2.

Adrenal Hypoplasia Congenita

Adrenal hypoplasia congenita, also known as congenital 
adrenal hypoplasia, is a disorder of adrenal development 
resulting in primary adrenal insufficiency. This condition 
can occur with several different inheritance patterns and 
with a variety of associated or syndromic features.

X-linked Adrenal Hypoplasia Congenita.   X-linked ad-
renal hypoplasia congenita (AHC) is caused by mutations 
of the NR0B1 gene encoding DAX1 on chromosome 
Xp21. In this most common form of primary adrenal hy-
poplasia, the definitive zone of the fetal adrenal does not 
develop, and the fetal zone is vacuolated and cytomegalic. 
About half of boys with AHC present with salt loss and 
glucocorticoid insufficiency in early infancy; the rest pre-
sent more insidiously with chronic adrenal insufficiency 
throughout childhood.142 Hypogonadotropic hypogonad-
ism and incomplete pubertal development are associated 
features, although early puberty with subsequent pubertal 
arrest has been reported in rare cases. An underlying  
defect in spermatogenesis may also be present.
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DAX1 is a nuclear transcription factor involved  
in adrenal and testicular development, as well as being 
expressed in pituitary gonadotropes. About two thirds of 
boys with AHC have point mutations,142 the other one 
third have NR0B1 gene deletions either in isolation or as 
part of a contiguous gene deletion syndrome involving a 
telomeric X-linked mental retardation locus (IL1RAPL1) 
or centromeric genes for glycerol kinase deficiency 
(GKD) and sometimes ornithine transcarbamylase (OTC) 
and Duchenne muscular dystrophy (DMD). An adult-
onset form of AHC due to point mutations has also been 
described.152

Boys with AHC respond well to glucocorticoid and 
mineralocorticoid replacement therapy. Testosterone treat-
ment to induce secondary sexual characteristics is needed in 
adolescence; spontaneous fertility is rare and attempts to 
induce spermatogenesis with gonadotropins are rarely suc-
cessful. Female carriers are unaffected, but half of their 
sons will be affected. Close monitoring and genetic coun-
seling can help to prevent life-threatening adrenal crises in 
other family members or future pregnancies. Thus, a fam-
ily history of adrenal failure, unexplained death, or pubertal 
abnormalities in the male relatives of a boy with adrenal 
insufficiency should suggest AHC; indeed, a substantial 
proportion of boys with sporadic adrenal hypoplasia have 
DAX1 mutations.142

Autosomal  Forms  of  Adrenal  Hypoplasia.   In addi-
tion to X-linked AHC, autosomal recessive forms of 
adrenal hypoplasia have been reported and are yielding 
to genetic analysis. Mutations in steroidogenic factor-1 
(SF1, NR5A1), which were discussed earlier as a disor-
der of steroidogenesis that resembles lipoid CAH, are 
sometimes classified as a form of adrenal hypoplasia. 
However, SF1 mutations affect the gonad more severely 
than the adrenal and have not been reported in pheno-
typic males with adrenal hypoplasia.142 Primary adrenal 
failure has also been associated with Pena-Shokeir syn-
drome type 1, pseudotrisomy 13, Meckel syndrome, and 
Pallister-Hall syndrome (GLI3), and with defects in 
WNT3.4

IMAGe Syndrome.   Primary adrenal hypoplasia and neo-
natal adrenal crisis are also part of the IMAGe syndrome 
(Intrauterine growth retardation, Metaphyseal dysplasia, 
Adrenal hypoplasia, Genitourinary anomalies).153 A large, 
multigenerational family with multiple, well-characterized 
individuals154 has now been studied by linkage analysis, 
identifying a dominant missense mutation in the CDKN1C 
gene as the cause of this disorder.155 In addition, four other 
unrelated patients had four different missense mutations in 
CDKN1C.155 The CDKN1C gene encodes the Wilms tu-
mor supressor p57KIP2, which inhibits several cyclin- 
dependent kinases. This gene lies in the imprinted region 
of chromosome 11p15.5, so that only the maternal allele is 
expressed. Different mutations in this same gene cause 
Beckwith-Wiedemann syndrome.156 The Beckwith muta-
tions inhibit cell cycle, whereas the IMAGe mutations do 
not, and, when expressed in Drosophila, the Beckwick muta-
tions have no effect on eye development, but the IMAGe 
mutations cause restricted growth.155 Thus, mutations in 
the same gene cause both the IMAGe adrenal hypoplasia 

syndrome and the Beckwith-Wiedemann adrenal hyper-
plasia syndromes.

ACTH Resistance Syndromes

Hereditary unresponsiveness to ACTH, also termed  
familial glucocorticoid deficiency (FGD), can present  
as an acute adrenal crisis precipitated by an intercurrent 
illness in an infant or with the signs and symptoms of 
chronic adrenal insufficiency in childhood. Several dif-
ferent recessively inherited causes of FGD have been 
identified. Unlike individuals with autoimmune adrenal-
itis, adrenal hypoplasia, or other forms of destruction of 
adrenal tissue, patients with hereditary unresponsiveness 
to ACTH typically continue to produce mineralocorti-
coids, because production of aldosterone by the adrenal 
zona glomerulosa is regulated principally by the renin-
angiotensin system. Thus, the presenting picture consists 
of failure to thrive, lethargy, pallor, hyperpigmentation, 
and hypoglycemia, often associated with seizures. Rare 
cases may also entail electrolyte abnormalities or increased 
plasma renin activity, leading to misdiagnosis as a different 
form of adrenal insufficiency.

MC2R  Mutations:  Familial  Glucocorticoid  Defi-
ciency  Type  1  (FGD1).   The ACTH receptor is a 
7-transmembrane, G-protein–coupled member of the 
family of melanocortin receptors termed MC2R.157 
MC2R mutations appear to be the most common cause of 
ACTH resistance, with several dozen reported cases, but 
the statistical distribution of these cases is unclear, as 
many different clinical criteria have been applied.82 These 
patients present with glucocorticoid deficiency and hyper-
pigmentation, often around 2 years of age; hypoglycemia 
is common and ACTH levels are grossly elevated, ac-
counting for the hyperpigmentation. Tall stature and  
increased head circumference has been reported in several 
cases. Treatment with replacement doses of glucocorti-
coids typically prevents adrenal crises but may not sup-
press elevated ACTH levels completely; nevertheless, the 
use of supraphysiologic doses of steroids to suppress 
ACTH should be avoided.

MRAP Mutations: Familial Glucocorticoid Deficiency 
Type2 (FGD2).   The melanocortin 2 receptor accessory 
protein, MRAP, is a small transmembrane protein that 
forms unusual antiparallel dimers and serves two func-
tions: it facilitates trafficking of MC2R from the endoplas-
mic reticulum to the cell membrane, and it interacts with 
MC2R on the cell surface to facilitate receptor action.158 
Both MRAP and the related MRAP2 protein serve similar 
functions with other members of the MCR family, but 
MRAP2 mutations have not yet been reported. MRAP 
mutations apparently are the second-most common cause 
of FGD, but MRAP mutations are clinically indistinguish-
able from MC2R mutations.159

Other Forms of Familial Glucocorticoid Deficiency.  
Mild mutations in StAR that cause nonclassic lipoid 
CAH81 may be mistaken for familial glucocorticoid defi-
ciency.82 Linkage analysis in families with apparent FGD 
has identified mutations in NNT, the gene encoding 
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nicotinamide nucleotide transhydrogenase, as another 
cause of this disease.160 The NNT protein is located 
on the inner mitochondrial membrane, where it partici-
pates in the generation of NADPH, which is necessary 
for the action of P450scc to convert cholesterol to preg-
nenolone and for responses to oxidative stress. In the 
Irish Traveller population, the MCM4 gene encoding 
minichromosome maintenance complex component 4 
has also been found to be associated with FGD; patients 
with MCM4 mutations also presented with growth fail-
ure, increased chromosomal breakage, and natural killer 
cell deficiency.161

Triple  A  (Allgrove)  Syndrome.   Triple A (Allgrove) 
syndrome consists of (1) ACTH-resistant adrenal (glu-
cocorticoid) deficiency (80% of individuals), (2) achala-
sia of the cardia (85%), and (3) alacrima (90%). The 
alacrima is the earliest and most consistent symptom, 
and the achalasia and adrenal insufficiency develop over 
the first two decades, although the achalasia is usually 
noted first. Mineralocorticoid insufficiency is reported 
in about 15% of cases, and up to 60% of patients de-
velop progressive neurologic symptoms such as intel-
lectual impairment, sensorineural deafness, peripheral 
and cranial neuropathies, optic atrophy, Parkinsonism, 
and autonomic dysfunction.75 About 80% of affected 
patients have autosomal recessive mutations in AAAS, 
which encodes a WD-repeat protein termed ALA-
DIN162,163; the basis of the disease in patients lacking 
AAAS mutations is not yet known. ALADIN co-localizes 
to the cytoplasmic side of the nuclear pore, where it in-
teracts with and participates in the nuclear translocation 
of ferritin heavy chain protein, FTH1, thus rendering 
cells progressively susceptible to oxidative damage.164 
Clinical findings can be quite variable even within the 
same family. Adrenal insufficiency is rarely the presenting 
feature. Thus, a detailed family history of achalasia, alac-
rima, or neurologic disorders is important when evaluat-
ing a patient with primary adrenal failure.

Metabolic Disorders

Metabolic disorders can also cause chronic primary adre-
nal insufficiency, including adrenoleukodystrophy (Schil-
der disease), peroxisome biosynthesis disorders (e.g., 
Zellweger syndrome spectrum), disorders of cholesterol 
synthesis and metabolism (e.g., Wolman disease, choles-
terol ester storage disease, Smith-Lemli-Opitz syn-
drome), and mitochondrial disorders (e.g., Kearns-Sayre 
syndrome).

Adrenoleukodystrophy  (ALD).   This peroxisomal dis-
ease is the most common metabolic cause of adrenal fail-
ure. Most cases are caused by mutations in the peroxisomal 
membrane protein ALDP encoded by the ABCD1 gene 
on chromosome Xq28165,166; ALDP belongs to the super-
family of ATP-binding cassette transporters. There are 
many clinical forms of ALD, including the childhood  
cerebral form (CCALD) with cerebral demyelination, the 
adolescent cerebral form, the adult cerebral form, adre-
nomyeloneuropathy with axonopathy of the pyramidal 
and somatosensory tracts and peripheral neuropathy, the 

olivo-ponto-cerebellar form, and a form presenting only 
with Addison disease.167 CCALD is the most common 
phenotype. The prevalence of this condition is generally 
reported to be between 1:20,000 to 100,000, although 
the overall frequency may be as high as 1:17,000.168 
A rare autosomal recessive form of this condition also 
exists, which usually presents in infancy (discussed later).

ALDP imports activated acyl-CoA derivatives of very 
long chain fatty acids (VLCFA) into peroxisomes where 
they are shortened by b-oxidation.169,170 Consequently, 
ALD is characterized by high ratios of C26 to C22 VL-
CFA in plasma and tissues, permitting the diagnosis  
of individual patients and affected fetuses.171 Carriers 
can usually be detected by VLCFA screening, although 
genetic analysis may be necessary in some cases.  
Symptoms of X-linked CCALD commonly develop in 
mid-childhood; adrenomyeloneuropathy presents in 
adulthood.172 The same ALDP mutation can cause both 
adrenoleukodystrophy and adrenomyeloneuropathy, 
hence it is likely that other genetic loci are also in-
volved.173 The earliest findings in CCALD are associ-
ated with the central nervous system leukodystrophy 
and include behavioral changes, poor school perfor-
mance, dysarthria, and poor memory progressing to 
severe dementia. Symptoms of adrenal insufficiency 
usually appear after symptoms of white matter disease, 
but adrenal insufficiency may be the initial finding in up 
to 20% of children or young adults.168,174,175 By contrast, 
adrenomyeloneuropathy typically begins with adrenal 
insufficiency in childhood and adolescence, and signs of 
neurologic disease follow 10 to 15 years later. About 1% 
to 3% of female carriers of X-linked ALD may develop 
neurologic symptoms or adrenal dysfunction. Because 
screening is accurate and the diagnosis has long-term 
implications, VLCFA should be analyzed in all boys 
presenting with adrenal failure where the diagnosis is 
not clear.

Dietary therapy with so-called Lorenzo’s oil (a 4:1 
mixture of glyceryl-trioleate and glyceryl-trierucate)  
improves VLCFA levels, but it has been ineffective for 
the treatment of established cerebral disease, although a 
role in preventing the onset of cerebral disease has been 
evaluated.168,173 Other therapeutic options include hema-
topoietic stem cell transplantation,168,170 which is most 
successful for early cerebral disease with a reported 5- to 
8-year survival rate of 56%.176 Lovastatin treatment 
decreases plasma C24:0 and C26:0 but is no longer rec-
ommended because it has no effect on C26:0 in cells or 
on VLCFAs.177

Peroxisome Biogenesis Disorders.  Peroxisome biogen-
esis disorders (PBDs) are a group of autosomal recessive 
conditions caused by mutations in PEX proteins. Zellweger 
syndrome, neonatal adrenoleukodystrophy, and infantile 
Refsum disease form the “Zellweger spectrum” and are 
clinically distinct from rhizomelic chondrodysplasia punc-
tata due to PEX7 gene mutations.178,179 These disorders 
are characterized by developmental delay, hypotonia, neu-
rosensory deafness, optic atrophy, and dysmorphic facial 
development. Patients often develop seizures, especially 
those with neonatal adrenoleukodystrophy. The diagnosis 
can be confirmed by the presence of C26:1, increased 



13  Adrenal Cortex and its Disorders 513

C26:0, and an increased ratio of C26:C22 and C24:C22 
VLCFA. Most children with the severe forms of Zellweger 
syndrome and neonatal adrenoleukodystrophy do not sur-
vive past 2 years, although other variants of the Zellweger 
spectrum are associated with longer survival.180

Wolman  Disease.   Most cellular cholesterol derives 
from the uptake of circulating lipoproteins that contain 
cholesterol esters; these esters are cleaved to free choles-
terol by lysosomal acid lipase (cholesterol esterase),  
encoded by the LIPA gene on chromosome 10q23.31.10 
Mutations of LIPA cause Wolman disease (primary 
xanthomatosis) and its milder variant, cholesterol ester 
storage disease.181-186 In Wolman disease, cholesteryl 
esters and triglycerides accumulate in the liver, spleen, 
lymph nodes, and other tissues. In the adrenal, there is 
insufficient free cholesterol available for steroidogenesis, 
causing adrenal insufficiency. The disease is less severe 
than congenital lipoid adrenal hyperplasia with respect to 
steroidogenesis, and patients may survive for several 
months after birth. However, the disease affects all cells, 
not just steroidogenic cells, as all cells must store and 
utilize cholesterol; hence, the disorder is relentless and 
fatal. Vomiting, steatorrhea, failure to thrive, hepato-
splenomegaly, jaundice, and anemia are the usual pre-
senting findings, sometimes beginning in the first week 
of life, leading to developmental delay and malabsorptive 
malnutrition. Characteristic bilateral subcapsular adrenal 
calcification that outlines the adrenals may be seen  
on pre- or postnatal ultrasound scan. The diagnosis is 
established by bone marrow aspiration yielding foam 
cells containing large lysosomal vacuoles engorged with 
cholesterol esters, and it is confirmed by finding absent 
cholesterol esterase activity in fibroblasts, leukocytes, 
bone marrow cells, or cultured amniocytes (for prenatal 
diagnosis). Treatment by transplanting bone marrow  
or other hematopoietic cells appears to ameliorate the 
course of the disease in about half of cases, but the 
mechanism of this effect is unclear.187,188 Wolman disease 
is rare, causing about 3% of cases of primary adrenal  
insufficiency in one large series.141 Cholesterol ester stor-
age disease appears to be a milder defect in the same 
enzyme, generally presenting in childhood or adoles-
cence.186 Hypercholesterolemia is typical, and accumu-
lated neutral fats and cholesterol esters in the arteries 
predispose to atherosclerosis. Massive hepatomegaly and 
hepatic fibrosis may lead to esophageal varices.

Smith-Lemli-Opitz  Syndrome.   Smith-Lemli-Opitz 
syndrome (SLOS) is an autosomal recessive defect in 
cholesterol biosynthesis resulting from abnormalities in 
the sterol D-7-reductase gene, DHCR7.189 The incidence 
of SLOS is estimated from 1:80,000 to 1:13,000. More 
than 100 mutations have been described, but two pre-
dominate: the c.964G.C mutation is mostly found in 
North America and Western Europe, whereas the 
W151X mutation is frequently found in Central and 
Eastern Europe, suggesting founder effects for these two 
mutations.190 The clinical features of SLOS include mi-
crocephaly, developmental delay, a typical facial appear-
ance, proximal thumbs and syndactyly of the second and 
third toes, cardiac abnormalities, and underdeveloped 

genitalia in males. Adrenal insufficiency is present in 
some cases, especially during times of stress or when 
LDL-derived cholesterol sources are inadequate (e.g., 
dietary insufficiency/bile salt depletion).191 The clinical 
spectrum of SLOS is extremely broad, likely reflecting 
differences in residual intrauterine cholesterol biosynthe-
sis or differences in the transplacental supply of choles-
terol supporting fetal development.190 Biochemical anal-
ysis of sterol D-7-reductase activity, coupled with genetic 
analysis, can confirm the diagnosis. Alternatively, LC-
MS/MS is a good method for sterol detection that can be 
used for diagnostic confirmation of SLOS. This ap-
proach may be adopted for newborn screening for SLOS 
via dried blood samples in the future. Life expectancy 
varies with disease severity. Dietary cholesterol supple-
mentation, ranging from 20 to 300 mg/kg/day, has be-
come an established therapeutic intervention. Beneficial 
effects include providing cholesterol to tissues outside 
the CNS and down-regulating HMG-CoA reductase, 
probably suppressing 7-DHC synthesis. Although this 
may result in amelioration of the extra-CNS phenotype, 
a beneficial effect on brain is unlikely, as plasma choles-
terol does not cross the blood-brain barrier. Adding 
simvastatin to cholesterol supplementation is of uncer-
tain benefit.190

Mitochondrial  Disorders.   Mitochondrial disorders 
can be associated with primary adrenal dysfunction.192 
Typical clinical features include lactic acidosis, cataracts, 
sensorineural deafness, and myopathy/ophthalmoplegia. 
Adrenal failure is rare in childhood, but subclinical 
adrenocortical insufficiency may be found in adults 
with multisystem disease, and is a poor prognostic  
factor. The Kearns-Sayre syndrome results from large-
scale deletions of mitochondrial DNA and can be  
associated with additional endocrinopathies such as hy-
pothyroidism, hypogonadism, diabetes, growth failure, 
and hypoparathyroidism.

Other metabolic disorders have also been reported  
to cause adrenal insufficiency, including Niemann-Pick 
disease type B, a lysosomal lipid storage disease due to 
mutations in the sphingomyelin phosphodiesterase 1 
(SMPD1) gene manifesting with hepatosplenomegaly and 
pulmonary disease.

Other Causes

Chronic adrenal insufficiency may result from other 
causes. Hemorrhage and infections, discussed earlier as 
causes of acute primary adrenal insufficiency, may spare 
some adrenal tissue, leaving severely compromised, 
rather than totally absent, adrenal function. The result, 
as with autoimmune adrenalitis, is a chronic disorder 
with insidious onset of the broad range of nonspecific 
findings described earlier. Tuberculosis, fungal infections 
(e.g., histoplasmosis, coccidioidomycosis), viral infec-
tions (e.g., HIV, CMV), metastases, amyloidosis, and 
sarcoidosis may cause a similar clinical picture. Drugs 
such as aminoglutethimide, etomidate, suramin, and  
ketoconazole can also inhibit cortisol biosynthesis; these 
drugs can cause adrenal insufficiency and must be used 
with caution.
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Secondary Adrenal Insufficiency
ACTH is required for adrenal cellular growth and for 
transcription of genes for steroidogenic factors, hence 
any impairment of ACTH synthesis or release can cause 
secondary adrenal insufficiency. Examples include hypo-
thalamic defects, hypopituitarism, disorders of POMC 
synthesis and processing, and suppression of the hypo-
thalamic-pituitary axis following exogenous steroid 
treatment.

Most forms of secondary adrenal insufficiency affect 
glucocorticoid and androgen synthesis rather than min-
eralocorticoid release, as angiotensin II is the primary 
drive to the zona glomerulosa. However, the clinical and 
biochemical assessment may be complicated as glucocor-
ticoids are necessary for renal free water clearance and 
concomitant vasopressin (AVP, ADH) insufficiency may 
be present. In fact, treatment of secondary adrenal insuf-
ficiency can unmask a previously inapparent deficiency  
of antidiuretic hormone and thus precipitate diabetes 
insipidus, so close attention must be given to fluid and 
electrolyte balance when steroid replacement is intro-
duced. Conversely, the hypothyroidism resulting from 
TSH deficiency will result in slowed metabolism of the 
small amount of cortisol produced and, therefore, pro-
tects the patient from the symptoms of adrenal insuffi-
ciency. Treatment of hypothyroidism with thyroxine  
will accelerate metabolism of these small amounts of cor-
tisol, thus unmasking adrenal insufficiency due to ACTH 
deficiency and, on occasion, can precipitate an acute adre-
nal crisis. Therefore, careful evaluation of the pituitary-
adrenal axis is required in hypopituitarism with secondary 
hypothyroidism. Many clinicians will choose to “cover” a 
patient with small doses of glucocorticoids (one fourth to 
one half of physiologic replacement) during initial treat-
ment of such secondary hypothyroidism. Finally, it is im-
portant to appreciate that combined deficiency of growth 
hormone and ACTH will strongly predispose the patient 
to hypoglycemia, as both hormones act to raise plasma 
glucose. This effect is especially important in infancy and 
early childhood, when children are vulnerable to hypogly-
cemia during periods of prolonged fasting.

Hypothalamic Causes

Hypothalamic causes of ACTH insufficiency include  
tumors and radiotherapy. Tumors, such as craniopharyn-
gioma, are associated with ACTH deficiency in about 
25% of patients.193,194 The frequency may be higher in 
tumors such as germinoma and astrocytoma. Adrenal  
insufficiency is rarely the presenting complaint but may 
contribute to the clinical picture. After surgery or radiation 
therapy, the great majority of patients with hypothalamic 
tumors will have ACTH deficiency as part of their surgical 
or radiation-induced hypothalamic-pituitary damage. 
Therefore, all such patients should receive glucocorticoid 
coverage during treatment, irrespective of the status of  
the HPA axis at the time the tumor is identified. Because 
treatment of secondary adrenal insufficiency can precipi-
tate diabetes insipidus, close attention to water balance is 
essential. ACTH insufficiency can also result following 
whole-brain irradiation for brain tumors and other central 

malignancies. This may involve both hypothalamic and 
pituitary mechanisms. The frequency of ACTH insuffi-
ciency in such cases is much lower than following the treat-
ment of hypothalamic tumors, but may manifest some 
years after treatment.195

ACTH Deficiency

ACTH may be deficient as part of a multiple pituitary 
hormone deficiency (MPHD, panhypopituitarism) or as 
isolated ACTH insufficiency. MPHD can result from 
pituitary surgery or radiotherapy, from an infiltrative 
process (e.g., Langerhans cell histiocytosis), or from a 
poorly understood form of hypothalamic dysfunction. In 
most cases, growth hormone secretion is lost first, fol-
lowed in order by gonadotropins, TSH, and ACTH, so 
ongoing vigilance and assessment of these patients is  
required for many years. MPHD can also result from 
disorders of hypothalamic-pituitary development involv-
ing transcription factors such as HESX1, LHX4, and 
SOX3. Associated features such as optic nerve hypoplasia 
(HESX1) and cerebellar abnormalities (LHX4) may help 
to focus the diagnosis. Impaired ACTH secretion has 
also been described in individuals with PROP1 muta-
tions, one of the most frequent genetic causes of MPHD. 
This finding can occur many years after presentation 
with GH, TSH, and gonadotropin deficiency, highlight-
ing the importance of long-term follow-up of patients 
with pituitary disorders.196,197

Patients with MPHD often have a relatively mild form 
of adrenal insufficiency. Mineralocorticoid secretion is 
normal, whereas cortisol secretion is reduced but not 
absent. However, adrenal reserve is severely compro-
mised by the chronic understimulation of steroidogenic 
enzyme biosynthesis. Because some cortisol synthesis 
continues, the diagnosis may not be apparent unless a 
CRF or metyrapone test of pituitary ACTH production 
capacity and an intravenous ACTH test of adrenal  
reserve are performed. This can be especially true when 
TSH deficiency is a component of hypopituitarism, as 
outlined earlier; treatment of secondary hypothyroidism 
with thyroxine will accelerate metabolism of these small 
amounts of cortisol, thus unmasking adrenal insuffi-
ciency due to ACTH deficiency, and, on occasion, can 
precipitate an acute adrenal crisis.

Isolated ACTH insufficiency is a rare condition that 
can be caused by recessively inherited mutations in the 
TPIT gene. TPIT encodes a T-box factor (TBX19) that 
regulates transcription of the POMC promoter in cortico-
tropes.198 These patients usually present with severe, early-
onset ACTH insufficiency.199,200 Hypoglycemia and pro-
longed jaundice are frequently present, and neonatal death 
may result.201 As this defect is confined to POMC synthe-
sis in the corticotropes, the additional features of general-
ized POMC deficiency are not present. TPIT mutations 
are not found in approximately half of patients with iso-
lated ACTH insufficiency, suggesting that other causes are 
yet to be found.202 Hypocortisolemia due to isolated 
ACTH insufficiency has also been described with hippo-
campal (memory) defects and hair abnormalities (alopecia) 
as part of the “triple H syndrome,” a possible autoimmune 
association.203
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Disorders of POMC

Defects in POMC synthesis and processing can also cause 
abnormal ACTH production and action. In patients with 
POMC mutations, plasma ACTH and cortisol concentra-
tions are usually extremely low, but depending on the 
genetic defect, plasma ACTH concentrations may also be 
elevated reflecting the production of an immunoreactive 
but bioinactive protein.204 Recessively inherited muta-
tions or deletion of the POMC gene will affect multiple 
POMC peptides, including MSH and b-endorphin. 
Thus, red hair, pale skin, and obesity are associated fea-
tures of this form of secondary adrenal insufficiency.205 
These clinical signs may be more subtle in individuals 
with naturally dark hair and pigmented skin, or red hair 
may darken in adulthood.206 Mutations in prohormone 
convertase 1 (PC1, PCSK1), which is required for the 
processing of POMC to ACTH, cause abnormal cleavage 
and processing of several hormone systems, including the 
generation of bioactive ACTH from POMC.207 Patients 
with this rare recessive disorder can have hypocorti-
solemia together with abnormal glucose metabolism, obe-
sity, hypogonadotropic hypogonadism, and persistent 
malabsorptive diarrhea.207,208

Long-Term Steroid Therapy

Long-term glucocorticoid therapy can suppress POMC 
gene transcription and the synthesis and storage of 
ACTH. Furthermore, long-term therapy apparently de-
creases the synthesis and storage of CRF and diminishes 
the abundance of receptors for CRF in the pituitary. 
Therefore, recovery of the hypothalamic-pituitary axis 
from long-term glucocorticoid therapy entails recovery 
of multiple components in a sequential cascade and, 
hence, often requires considerable time (see the section 
on “Glucocorticoid Therapy and Withdrawal,” presented 
later in the chapter). Patients successfully withdrawn 
from glucocorticoid therapy or successfully treated for 
Cushing disease may exhibit a fairly rapid normalization 
of plasma cortisol values while continuing to have di-
minished adrenal reserve for over 12 months. Inhaled 
steroids, nasal sprays, and even steroid eye drops can 
cause suppression of the adrenal axis, so vigilance may be 
needed following their withdrawal or at time of addi-
tional stress (e.g., surgery, intercurrent illness).209-211 
Although treatment with cortisone and prednisone dur-
ing pregnancy will result in minimal suppression of the 
fetal adrenal, because of the protective effects of placen-
tal 11bHSD, dexamethasone treatment in pregnancy 
can affect fetal adrenal steroidogenesis.

ADRENAL EXCESS
Cushing Syndrome
The term Cushing syndrome describes any form of gluco-
corticoid excess; Cushing disease designates hypercorti-
solism due to pituitary overproduction of ACTH. The 
related disorder caused by ACTH of nonpituitary ori-
gin is termed the ectopic ACTH syndrome. The term 
Cushing syndrome is sometimes used to refer specifically 

to hypersecretion of cortisol from adrenal tumors, but 
this is ambiguous and should be avoided. Other causes 
of Cushing syndrome include adrenal adenoma, adrenal 
carcinoma, and multinodular adrenal hyperplasia. All of 
these are distinct from iatrogenic Cushing syndrome, 
which is the similar clinical constellation resulting from 
administration of supraphysiologic quantities of ACTH 
or glucocorticoids.

Although generally described in great detail and  
illustrated with striking photographs in endocrine texts, 
Cushing disease is fairly rare in adults.212 Furthermore, 
about 25% of patients referred to large centers for 
Cushing disease are children, thus it is becoming in-
creasingly clear that pediatric Cushing disease is more 
common than previously recognized. Many patients first 
seen as adults actually experience the onset of symptoms 
in childhood or adolescence. Harvey Cushing’s original 
patient was a young woman of only 23 years whose  
history and clinical features indicated long-standing  
disease. Hence, many patients with Cushing syndrome 
can be detected in the pediatric age group. In adults and 
children over 7 years of age, the most common cause  
of Cushing syndrome is true Cushing disease (adrenal 
hyperplasia due to hypersecretion of pituitary ACTH).213 
Boys are more frequently affected than girls in the pre-
pubertal period, although the sex ratios are equal during 
adolescence and women have a higher incidence of 
Cushing disease in adulthood.214 In infants and children 
under 7 years, adrenal tumors predominate. Among  
60 infants under 1 year of age with Cushing syndrome, 
48 had adrenal tumors215 (Table 13-8).

Clinical Findings

The physical features of Cushing syndrome are familiar to 
virtually all physicians. Central obesity, “moon facies,” 
hirsutism, and facial flushing are seen in over 80% of 
adults with Cushing syndrome. Striae, hypertension, mus-
cular weakness, back pain, “buffalo hump” fat distribution, 
psychological disturbances, acne, and easy bruising are 
also commonly described (35% to 80%). However, these 

Males Females

Adrenal tumors (n 5 48)
—Carcinoma 5 20
—Adenoma 4 16
—Not defined 2 1
Ectopic ACTH syndrome 1 1
Nodular adrenal hyperplasia 1 4
Undefined adrenal hyperplasia 2 2
ACTH-producing tumor 1 0
TOTAL 16 44

TABLE 13-8  Etiology of Cushing Syndrome 
in Infancy

Data from Miller, W. L., Townsend, J. J., Grumbach, M. M., & 
Kaplan, S. L. (1979). An infant with Cushing’s disease due to  
an adrenocorticotropin-producing pituitary adenoma. J Clin 
Endocrinol Metab, 48, 1017–1025.
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are the signs and features of advanced Cushing disease. 
When annual photographs of such patients are available, it 
is often apparent that these features can take 5 years or 
longer to develop. Thus, the classic cushingoid appearance 
will usually not be the initial picture seen in the child with 
Cushing syndrome. The earliest, most reliable indicators 
of hypercortisolism in children are weight gain and growth 
arrest216 (Table 13-9). Cumulative data from three large 
studies of pediatric Cushing disease identified weight gain 
at presentation in 91/97 (94%) cases and growth failure  
in 82/95 (86%) cases.216-218 Thus, any overweight child 
who stops growing should be evaluated for Cushing syn-
drome. Glucocorticoids suppress growth by increasing 
hypothalamic secretion of somatostatin, suppressing 
growth hormone secretion and IGF-1 production, and by 
acting directly on the epiphyses to inhibit sulfation of car-
tilage, inhibit mineralization, and inhibit cell proliferation. 
By contrast, children with simple dietary obesity often 
grow more rapidly and are tall for their age (presumably 
due to chronic secondary hyperinsulinism). The obesity of 
Cushing disease in children is initially generalized rather 
than centripetal, and a “buffalo hump” is evidence of  
long-standing disease. Psychological disturbances, espe-
cially compulsive overachieving behavior, are seen in about 
40% of children and adolescents with Cushing disease 216 
and are distinctly different from the depression typically 
seen in adults.219 Emotional lability has been described 
in approximately 30% of cases.217 An underappreciated 
aspect of pediatric Cushing disease is the substantial  
degree of bone loss and undermineralization in these  
patients.216,220,221 It is likely that Cushing disease is generally 
regarded as a disease of young adults because the diagnosis 
was missed, rather than absent, during adolescence. Rarely, 

Cushing syndrome caused by adrenal carcinoma or the 
ectopic ACTH syndrome can produce a rapid fulminant 
course.

Cushing Disease

Among adults, over 90% of patients with Cushing dis-
ease have identifiable pituitary microadenomas.219,222 
These tumors are generally 2 to 10 mm in diameter, are 
not encapsulated, have ill-defined boundaries, and are 
frequently detectable with a contrast-enhanced pituitary 
MRI. These tumors are often identifiable only by minor 
differences in their appearance and texture from sur-
rounding tissue, thus the frequency of surgical cure is 
correlated with the technical skill of the surgeon.

Among children and adolescents, about 80% to 85% 
of those with Cushing disease have surgically identifi-
able microadenomas.216,223,224 Although removal of the 
tumor usually appears curative, 20% of such “cured” 
patients suffer relapse and again manifest Cushing dis-
ease within about 5 years so that the net cure rate is 
65% to 75%.216-218,225,225 Transsphenoidal surgery offers 
the best initial approach for rapid and complete cure  
of most patients, but alternative approaches may be 
necessary in younger children if sphenoid sinus aeration 
has not yet occurred. Control of hypercortisolemia is 
important in the perioperative period. Careful monitor-
ing for recovery of the HPA axis is necessary over  
several months, as stress responses may be diminished 
despite normal basal cortisol secretion. Short-term  
consequences of transsphenoidal surgery include tran-
sient diabetes insipidus and cerebrospinal fluid rhinor-
rhea.217,218,227 Persistent panhypopituitarism is rare, but 
the effects of hypercortisolism on growth hormone  
secretion may remain for 1 to 2 years after treatment, 
and growth hormone deficiency can occur even in those 
children who have not received irradiation.217,218,227 
Final height may be reduced by 1.5 to 2 SD by the long-
term hypercortisolism.216,228 Treatment with growth 
hormone may ameliorate this growth loss in patients 
with GH insufficiency.229,230

The high cure rate of transsphenoidal microadeno-
mectomy in Cushing disease indicates that the majority 
of such patients have primary disease of the pituitary  
itself, rather than secondary hyperpituitarism resulting 
from hyperstimulation of the pituitary by CRF or other 
agents. Careful follow-up studies of these patients con-
firm this.216,224,225 In most postoperative patients, the 
circadian rhythms of ACTH and cortisol return to nor-
mal, ACTH and cortisol respond appropriately to hypo-
glycemia, cortisol is easily suppressed by low doses of 
dexamethasone, and the other hypothalamic-pituitary 
systems return to normal.

However, some patients with Cushing disease have no 
identifiable microadenoma, and some “cured” patients 
relapse. This suggests that this smaller population of  
patients may have a primary hypothalamic disorder, or 
that some of the pituitary tissue responsible for ACTH-
hypersecretion was not excised. Effective treatment  
of Cushing disease with cyproheptidine, a serotonin  
antagonist, has been reported in adults, further suggest-
ing a hypothalamic disturbance. Thus, present clinical 

Sign/Symptom
Number of  

Patients %

Weight gain 36/39 92
Growth failure 31/37 84
Osteopenia 14/19 74
Fatigue 26/39 67
Hypertension 22/35 63
Delayed or arrested puberty 21/35 60
Plethora 18/39 46
Acne 18/39 46
Hirsutism 18/39 46
Compulsive behavior 17/39 44
Striae 14/39 36
Bruising 11/39 28
Buffalo hump 11/39 28
Headache 10/39 26
Delayed bone age 2/23 13
Nocturia 3/39 8

TABLE 13-9  Findings in 39 Children 
with Cushing Disease

Data from Devoe, D. J., Miller, W. L., Conte, F. A., et al. (1997). 
Long-term outcome in children and adolescents after transsphe-
noidal surgery for Cushing’s disease. J Clin Endocrinol Metab, 82, 
3196–3202.
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investigation suggests that Cushing disease is usually caused 
by a primary pituitary adenoma, but that sometimes it is 
caused by hypothalamic dysfunction. Microsurgery can be 
curative in the former, but not the latter. Unfortunately, no 
diagnostic maneuver is available to distinguish the two pos-
sibilities; thus, transsphenoidal exploration remains the 
preferred initial therapeutic approach to the patient with 
Cushing disease.

The management of nonresponsive or relapsed  
Cushing disease is challenging. Repeat transsphenoidal 
surgery is typically the first approach, especially if there 
is evidence of a distinct lesion or lateral hypersecretion  
of ACTH identified by petrosal sinus sampling. Second-
line approaches include hypophysectomy, gamma-knife 
irradiation, cyproheptadine, cabergoline, adrenalectomy, 
and drugs that inhibit adrenal function. All have significant 
disadvantages, especially in children. Hypophysectomy 
also eliminates pituitary secretion of growth hormone, 
TSH, and gonadotropins, causing growth failure, hypo-
thyroidism, and failure to progress in puberty, respectively. 
Although hypothyroidism is easily treated with oral  
thyroxine replacement, growth hormone deficiency re-
quires very expensive replacement therapy. Sex steroid 
replacement can be used to achieve secondary sexual 
characteristics at the age of puberty; however, gonado-
tropin replacement or pulsatile gonadotropin-releasing 
hormone therapy will be needed to achieve fertility. Pitu-
itary irradiation has been touted to avoid many of these 
problems and is effective in treating Cushing disease, but 
growth-hormone deficiency occurs in most cases and  
additional endocrinopathies can occur with time.231 
The interval from radiotherapy to cure can be more than 
1 year, during which time therapeutic blockage of hyper-
cortisolemia is necessary to prevent the ongoing effects 
of Cushing disease on growth, weight, and bone miner-
alization. Furthermore, large doses of radiation increase 
the risk of cerebral arteritis, leukoencephalopathy, leuke-
mia, glial neoplasms, and bone tumors involving the 
skull; stereotactic radiotherapy may reduce these poten-
tial effects, but few data exist yet in children. Cyprohep-
tadine has met with virtually no success in pediatric 
Cushing disease, in part due to the unacceptable side  
effects (weight gain, irritability, hallucinations) often seen 
with the needed doses.

Laparoscopic adrenalectomy is the preferred approach 
in our centers when two transsphenoidal procedures fail. 
In addition to the obvious effects of eliminating normal 
production of glucocorticoids and mineralocorticoids, 
removal of the adrenal eliminates the physiologic feed-
back inhibition of the pituitary. In some adults, this  
results in the development of pituitary macroadenomas, 
producing large quantities of ACTH. These can expand 
and impinge on the optic nerves and can produce suffi-
cient POMC to yield enough MSH to produce profound 
darkening of the skin (Nelson syndrome), but this is 
rarely seen in children. There is relatively little pediatric 
experience with ketoconazole and other drugs that  
inhibit steroidogenesis, but these may provide a useful 
form of therapy for selected patients or for controlling 
hypercortisolemia in the short term.232 Metyrapone is 
not useful for long-term therapy; ortho, para-DDD  
(mitotane), an adrenolytic agent, may be used to effect a 

“chemical adrenalectomy,” but its side effects of nausea, 
anorexia, and vomiting are severe. Etomidate may be 
useful in the acute setting for severe or life-threatening 
Cushing disease prior to surgery.233,234

Other Causes of Cushing Syndrome

Ectopic ACTH Syndrome.  The ectopic ACTH syn-
drome is commonly seen in adults with oat cell carci-
noma of the lung, carcinoid tumors, pancreatic islet cell 
carcinoma, and thymoma. Ectopically produced POMC 
and ACTH are derived from the same gene that pro-
duces pituitary POMC, but they are not sensitive to 
glucocorticoid feedback in the malignant cells. This 
phenomenon permits distinction between pituitary and 
ectopic ACTH by suppressibility of the former by high 
doses of dexamethasone. Although the ectopic ACTH 
syndrome is rare in children, it has been described in 
infants younger than 1 year of age. Associated tumors 
have included neuroblastoma, pheochromocytoma, islet 
cell carcinoma of the pancreas, and neuroendocrine  
tumors of the thymus.235 The ectopic ACTH syndrome 
is typically associated with ACTH concentrations  
10 times higher than those seen in Cushing disease. 
However, both adults and children with this disorder 
may show little or no clinical evidence of hypercorti-
solism, probably due to the typically rapid onset of the 
disease and to the general catabolism associated with 
malignancy. Unlike patients with Cushing disease, 
adults and children with the ectopic ACTH syndrome 
frequently have hypokalemic alkalosis, presumably be-
cause the extremely high levels of ACTH stimulate the 
production of DOC by the adrenal fasciculata and may 
also stimulate the adrenal glomerulosa in the absence of 
hyperreninemia.

Adrenal  Tumors.  Adrenal tumors, especially adrenal 
carcinomas, are the more typical cause of Cushing syn-
drome in infants and small children (see Table 13-8). 
These tend to occur with much greater frequency in 
girls; the reason for this is unknown. Adrenal adenomas 
almost always secrete cortisol with minimal secretion of 
mineralocorticoids or sex steroids. By contrast, adrenal 
carcinomas tend to secrete both cortisol and androgens 
and are often associated with progressive virilization.236,237 
Adrenal adenoma or carcinoma may be associated with 
congenital bodily asymmetry (hemihypertrophy), some-
times as part of the Beckwith-Wiedemann syndrome,  
or with germline mutations or loss-of-heterozygosity of 
the tumor suppressor gene p53, sometimes as part of the 
Li-Fraumeni syndrome.238 CT and MRI are useful in the 
diagnosis of adrenal tumors, and steroid analysis can be 
informative at the time of presentation and for monitor-
ing for potential relapse. The treatment for both ade-
noma and carcinoma is surgical, and complete resection 
is needed for cure. In some cases, the histologic differen-
tiation of adrenal adenomas and carcinomas is difficult, 
but a worse prognosis is associated with increased tumor 
size, capsular or vascular invasion, retroperitoneal lymph 
nodes, metastases, or failure to normalize hormonal  
values postoperatively.237,239-241 Although a few patients 
with residual or metastatic disease have done well with 
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adjunctive therapy with ortho, para-DDD (mitotane), or 
other chemotherapeutic strategies, the general prognosis 
remains poor. To improve outcome for such rare diseases, 
therapeutic strategy now follows international protocols, 
which are linked to registries for controlled trials to 
monitor short and- long-term outcome.241

ACTH-Independent  Multinodular  Adrenal  Hyper-
plasias.   ACTH-independent multinodular adrenal hy-
perplasias comprise benign adrenal hyperplasia such as 
ACTH-independent macronodular adrenocortical hyper-
plasia (also known as massive macronodular adrenocortical 
disease) and micronodular hyperplasias, mostly primary 
pigmented nodular adrenocortical disease (PPNAD). 
Macronodular disorders are histologically associated with 
nodules larger than 1 cm and micronodular disorders en-
compass nodules that are smaller than 1 cm. In childhood, 
bilateral macroadenomatous hyperplasia is mostly seen 
with McCune-Albright syndrome due to somatic muta-
tions in the gene encoding guanine nucleotide–binding 
protein, alpha-stimulating polypeptide GNAS1. Patients 
typically present with the triad of polyostotic fibrous dys-
plasia, café-au-lait skin spots with irregular margins and 
gonadotropin-independent sexual precocity. However, as 
the disorder is caused by somatic cell mutations, rather 
than germline mutations, its manifestations are clinically 
heterogeneous and may include other endocrine disorders 
such as Cushing syndrome, thyrotoxicosis, hyperparathy-
roidism, pituitary gigantism, and hyperprolactinemia. 
Cushing syndrome is rare in McCune-Albright syndrome 
and usually presents before 6 months of age. Most cases 
of macronodular adrenocortical hyperplasia are sporadic, 
isolated, and occur in middle age, although some cases are 
associated with MEN 1.

The group of micronodular benign adrenal hyperpla-
sias comprises PPNAD and isolated micronodular adre-
nocortical disease. PPNAD is a rare entity characterized 
by the secretion of both cortisol and adrenal andro-
gens.242,243 It is seen in infants, children, and young 
adults, with females affected more frequently. It is usually 
seen as part of the “Carney complex,” which is a form of 
multiple endocrine neoplasia (MEN), consisting of pig-
mented lentigines and blue nevi on the face, lips, and 
conjunctiva, and a variety of tumors including schwanno-
mas and atrial myxomas, and occasionally GH-secreting 
pituitary adenomas, Leydig cell tumors, calcifying Sertoli 
cell tumors (which may secrete estrogens), and medul-
lary carcinoma of the thyroid.243,244 Typical features of 
Cushing syndrome are often seen in the pediatric popula-
tion.245 The adrenals are not truly hyperplastic but consist 
of discrete pigmented nodules surrounded by atrophic 
tissue, which permits their identification by MRI or CT. 
Because the hypercortisolism is resistant to suppression 
with high doses of dexamethasone and because both glu-
cocorticoids and sex steroids are produced, this entity is 
clinically difficult to distinguish from the ectopic ACTH 
syndrome, but plasma ACTH assays are usually diagnos-
tic. Complete adrenalectomy is usually indicated, al-
though some successes have been reported with subtotal 
resections.

Carney complex, like other MEN disorders, is typi-
cally autosomal dominant. Loss of heterozygosity and 

mutations in a regulatory subunit of protein kinase 
(PRKAR1A) on chromosome 17q22-24 have been found 
in 73% of patients with Carney complex,246-250 or as spo-
radic germline or somatic events in isolated adrenal  
tumors (isolated PPNAD).251 In general, patients with 
Carney complex harboring PRKAR1A mutations manifest 
at a younger age and have more myxomas, schwannomas, 
thyroid tumors, and gonadal tumors than patients without 
PRKAR1A mutations. Patients with isolated PPNAD typi-
cally carry the PRKAR1A mutations c.709-7del6 or 
c.1A.G / p.M1V, which is important for genetic counsel-
ing and screening.250

Patients with micronodular benign adrenal hyperpla-
sia without Carney complex and PRKAR1A mutations 
may harbor mutations in other cAMP signaling proteins. 
Mutations in the gene encoding phosphodiesterase 11A4 
(PDE11A) have been reported in individuals with iso-
lated micronodular adrenocortical disease and PPNAD 
and mutations in phosphodiesterase 8B (PDE8B) in iso-
lated micronodular adrenocortical disease.250,252 Both 
PDE11A and PDE8B catalyze the hydrolysis of cAMP 
and cGMP and are expressed in several endocrine tissues 
including the adrenals. Thus, it is becoming clear that 
abnormalities in signaling pathways play an important 
role in adrenal hyperplasia and tumorigenesis.253

Differential Diagnosis

Cushing syndrome in children is usually suggested by 
weight gain, growth arrest, mood change, and change in 
facial appearance (plethora, acne, hirsutism). The diag-
nosis in children may be subtle and difficult when it is 
sought at a relatively early point in the natural history  
of the disease. For initial screening, three laboratory  
investigations are recommended: (1) diurnal ACTH and 
cortisol profiles from blood (the latter may be performed 
on saliva); (2) 24-hour urinary free cortisol measure-
ments, and (3) the overnight 1 mg dexamethasone sup-
pression test.243 Absolute elevations above the “upper 
limits of normal” for concentrations of plasma ACTH 
and cortisol are often absent. Rather than finding 
morning concentrations of cortisol . 20 mg/dL or of 
ACTH . 50 pg/mL, it is more typical to find mild, often 
equivocal elevations in the afternoon and evening values. 
This loss of the diurnal rhythm, evidenced by continued 
secretion of ACTH and cortisol throughout the after-
noon, evening, and nighttime, is usually the earliest reli-
able laboratory index of Cushing disease. A single plasma 
cortisol measurement obtained at midnight from an in-
dwelling venous catheter while the patient remains asleep 
should be less than 2 mg/dL in normal individuals and 
more than 2 mg/dL in Cushing disease.254 By contrast, 
the values for ACTH and cortisol are typically extremely 
high in the ectopic ACTH syndrome, whereas cortisol is 
elevated but ACTH is suppressed in adrenal tumors and 
in multinodular adrenal hyperplasia (Table 13-10). In all 
forms of Cushing syndrome, monitoring of the 24-hour 
urinary free cortisol (UFC) assists in deciding whether 
further investigations are warranted. A normal 24-hour 
UFC value is generally , 70 mg/m2/day (with radioim-
munoassays). Several repeat collections may be necessary, 
and it is important to use normal ranges adjusted for size 
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as well as age, as children with simple obesity have higher 
cortisol secretion rates. Another baseline test is the low-
dose (1 mg) dexamethasone overnight suppression test 
with a cutoff for cortisol , 1.8 mg/dL (50 nmol/L). If 
both the 24-hour UFC and the low-dose dexamethasone 
overnight suppression test are normal, the diagnosis of 
Cushing syndrome is usually excluded. Exceptions are 
patients with intermittent or periodic cortisol hyperse-
cretion who need longer follow-up and repeat testing for 
diagnosis of Cushing syndrome.

Once the diagnosis Cushing syndrome is established, 
further investigations may be needed to find the origin of 
disease. Low- and high-dose dexamethasone suppression 
tests can be useful when done with care. To achieve reli-
able results in pediatric patients, children should be hos-
pitalized, preferably on a pediatric clinical research ward. 
Two days of baseline (control) data should be obtained. 
Low-dose dexamethasone (20 mg/kg/day, up to a maxi-
mum of 2 mg) should be given, divided into equal doses 
given every 6 hours for 2 days followed by high-dose 
dexamethasone (80 mg/kg/day) given in the same fashion. 
Eight a.m. and 8 p.m. (or midnight) values for ACTH 
and cortisol and 24-hour urine collections for 17OHS, 
17KS, free cortisol, and creatinine (to monitor the com-
pleteness of the collection) should be obtained on each of 
the 6 days of the test. Measurements of either urinary 
free cortisol or 17OHCS are probably equally reliable if 
the laboratory has established good pediatric standards. 
Because of variations due to episodic secretion of ACTH, 
the 8 a.m. and 8 p.m. blood values should be drawn  

in triplicate at 8:00, 8:15, and 8:30. In patients with  
exogenous obesity or other non-Cushing disorders, corti-
sol, ACTH, and urinary steroids will be suppressed readily 
by low-dose dexamethasone. Plasma cortisol should be less 
than 5 mg/dL, ACTH less than 20 pg/mL, and 24-hour 
urinary 17OHS less than 1 mg/g of creatinine. Patients 
with adrenal adenoma, adrenal carcinoma, or the ectopic 
ACTH syndrome will have values relatively insensitive to 
both low- and high-dose dexamethasone, although some 
patients with multinodular adrenal hyperplasia may re-
spond to high-dose suppression and a paradoxical rise in 
cortisol following dexamethasone has been reported with 
the Carney complex.255,256 Patients with Cushing disease 
classically respond with a suppression of ACTH, cortisol, 
and urinary steroids during the high-dose treatment but 
not during the low-dose treatment. However, some chil-
dren, especially those early in the course of their illness, 
may exhibit partial suppression in response to low-dose 
dexamethasone. Thus, if the low dose that is given exceeds 
20 mg/kg/day or if the assays used are insufficiently sensi-
tive to distinguish partial from complete suppression, 
false-negative tests may result.

Petrosal sinus sampling is widely used in adults with 
Cushing disease, to distinguish pituitary Cushing disease 
from the ectopic ACTH syndrome. The smaller vascular 
bed in children increases the risk of this procedure, but 
inferior petrosal venous sampling has been used with 
some success in adolescents in an attempt to localize pi-
tuitary adenomas prior to surgery.257 Such approaches 
should only be undertaken in specialist centers; jugular 

Test
Normal 
Values

Adrenal  
Carcinoma

Adrenal 
Adenoma

Nodular  
Adrenal  
Hyperplasia

Cushing 
Disease

Ectopic ACTH 
Syndrome

Plasma cortisol concentration AM .14 h h h 6 hh

PM ,8 h h h h hh

Plasma ACTH concentration AM ,100 g g g h hh

PM ,50 g g g h hh

Low-dose dex suppression Cortisol ,3 No D No D No D * No D
ACTH ,30 No D No D No D * No D
17OHCS ,2 No D No D No D * No D

High-dose dex suppression Cortisol gg No D No D †
g No D

ACTH gg No D No D †
g No D

17OHCS gg No D No D †
g No D

IV ACTH test Cortisol .20 No D 6 h 6 h h No D
Metyrapone test Cortisol g 6 g No D 6 g g 6 g
11 Deoxycortisol h 6 h No D 6 h h 6 h

ACTH h No D No D 6 h h No D
17OHCS h No D No D 6 h No D

24-Hour urinary excretion 
(basal)

17OHCS hh h h h h

17KS hh 6 h h h h

Plasma concentration DHEA 
or DHEA-S

hh g 6 h h h

TABLE 13-10 Diagnostic Values in Various Causes of Cushing Syndrome

*Incomplete response (i.e., 6.)
†Usually no D.
Dex, dexamethasone
AM typically refers to 8 a.m.; PM to 4 p.m.

Cortisol concentration in mg/dL
ACTH concentration in pg/mL.
17OHCS in mg/24 hours.
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venous sampling may provide an alternative approach, 
although extensive data in the pediatric population are 
not available.258 In general, the diagnosis of Cushing dis-
ease is considerably more difficult to establish in children 
than in adults. In addition to laboratory tests, imaging 
studies may help in establishing the exact diagnosis of 
Cushing syndrome. An adrenal CT scan or MRI may 
visualize an adrenal cortex tumor or a macro-/micronodular 
adrenal hyperplasia, whereas adrenal ultrasound often fails 
and therefore should not be trusted as a diagnostic tool  
for adrenal disorders. MRI is also the preferred method for  
visualizing the hypothalamus and the anterior pituitary for 
lesions.

Virilizing and Feminizing Adrenal 
Tumors
Most virilizing adrenal tumors are adrenal carcinomas 
producing a mixed array of androgens and glucocorti-
coids; virilizing and feminizing adrenal adenomas are 
quite rare. Virilizing tumors in boys have a presentation 
similar to that of simple virilizing congenital adrenal 
hyperplasia. There will be phallic enlargement, erec-
tions, pubic and axillary hair, acne, increased muscle 
mass, deepening of the voice, acne, and scrotal thin-
ning, but the testicular size will be prepubertal. Elevated 
concentrations of testosterone in young boys alter  
behavior, with increased irritability, rambunctiousness, 
hyperactivity, and rough play, but without evidence of 
libido. Diagnosis is based on hyperandrogenemia that is 
non-suppressible by glucocorticoids. The treatment is 
surgical; all such tumors should be handled as if they are 
malignant, with care exerted not to cut the capsule and 
seed cells onto the peritoneum. The pathologic distinc-
tion between adrenal adenoma and carcinoma is difficult, 
especially in pediatric patients.

Feminizing adrenal tumors are extremely rare in either 
sex. P450aro, the enzyme aromatizing androgenic precur-
sors to estrogens, is not normally found in the adrenals 
but is found in peripheral tissues such as fat and is also 
found in some adrenal carcinomas. It is not known 
whether most feminizing adrenal tumors exhibit ectopic 
adrenal production of this enzyme, whether some other 
enzyme mediates aromatization in the tumor, or whether 
these are truly androgen-producing, virilizing tumors  
occurring in a setting where there is unusually effective 
peripheral aromatization of adrenal androgens. Feminiz-
ing adrenal (or extra-adrenal) tumors can be distinguished 
from true (central) precocious puberty in girls by the  
absence of increased circulating concentrations of go-
nadotropins and by a prepubertal response of luteinizing 
hormone to an intravenous challenge of gonadotropin 
releasing hormone (LRF, GnRH). In boys, such tumors 
will cause gynecomastia, which will resemble the benign 
gynecomastia that often accompanies puberty. However, 
as with virilizing adrenal tumors, testicular size and the 
gonadotropin response to LRF testing will be prepuber-
tal. The diagnosis of a feminizing tumor in a pubertal boy 
can be extremely difficult, but it is usually suggested by  
an arrest in pubertal progression and can be proved by  
the persistence of circulating plasma estrogens after the 
administration of testosterone.

Other Disorders
Primary Hyperaldosteronism: 
Conn Syndrome

Conn syndrome, characterized by hypertension, poly-
uria, hypokalemic alkalosis, and low plasma renin activity 
due to an aldosterone-producing adrenal adenoma, is 
well described in adults but is rare in children. The diag-
nostic task is to differentiate primary aldosteronism from 
physiologic secondary hyperaldosteronism occurring in 
response to another physiologic disturbance. Any loss of 
sodium, retention of potassium, or decrease in blood 
volume will result in hyperreninemic secondary hyperal-
dosteronism. Renal tubular acidosis, treatment with  
diuretics, salt-wasting nephritis, or hypovolemia due  
to nephrosis, ascites, or blood loss are typical settings  
for physiologic secondary hyperaldosteronism. Primary 
aldosteronism is characterized by hypertension and hypo-
kalemic alkalosis. The cause is a small adrenal adenoma, 
usually confined to one adrenal. Laparoscopic surgery 
permits both adrenals to be explored surgically because 
adrenal vein catheterization is not possible in children 
and is difficult in adults. Aldosterone is normally pro-
duced in glomerulosa cells in response to intravascular 
volume depletion via the renin-angiotensin system or 
high plasma potassium. In primary aldosteronism the 
adrenal constitutively produces aldosterone in the ab-
sence of angiotensin II and hyperkalemia. Somatic muta-
tions in the gene encoding the K1 channel KCNJ5 (also 
known as Kir3.4) have been found in tumor tissue of 
some adult patients with aldosterone producing adeno-
mas and have also been found as germ line mutations in 
four unrelated families with severe hypertension, aldoste-
ronism, and adrenal hyperplasia.259-262 These KCNJ5 
mutations affect the ion selection filter of the K1 chan-
nel, causing an increase in Na1 influx and permanent 
depolarization of the cell membrane.259 Membrane depo-
larization then activates voltage-gated Ca21 channels, 
which increases intracellular Ca21 thus providing the 
normal signal for aldosterone production and glomeru-
losa cell proliferation. Somatic mutations of KCNJ5 are 
found in 34% of aldosterone producing adenomas; such 
mutations are more prevalent in females and at a younger 
age, and they manifest with higher preoperative aldoste-
rone levels.263 By contrast, germ line KCNJ5 mutations 
appear to be rare and are more likely to be associated 
with bilateral adrenal hyperplasia than with aldosterone 
producing adenomas.

Familial Glucocorticoid Resistance

Familial glucocorticoid resistance is a rare disorder 
caused by mutations in the a-isoform of the glucocorti-
coid receptor. Decreased glucocorticoid action results in 
grossly increased ACTH secretion, which, in addition to 
stimulating the production of cortisol, also stimulates 
the production of other adrenal steroids. Thus, these 
patients may present with fatigue, hypertension, and 
hypokalemic alkalosis, suggesting a mineralocorticoid 
excess syndrome, and they also have symptoms of hyper-
androgenism.264,265 By contrast, they typically lack 
cushingoid features with biochemical hypercortisolism. 
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Circadian rhythmicity of the HPA axis is maintained, and 
resistance to dexamethasone suppression is observed. 
Patients have been described who are homozygous for 
missense mutations,266 heterozygous for a gene dele-
tion,267 or homozygous for a wholly null mutation.53 
Heterozygous point mutations with incomplete domi-
nant negative activity or multiple effects on GRa action 
have also been described.268 Point mutations may inter-
fere with GRa-dependent transcriptional regulation 
through altered DNA binding, impaired ligand binding, 
delayed nuclear localization, abnormal nuclear aggrega-
tion, and disrupted interaction with coactivators, de-
pending on the position of the mutation.264 Thus, famil-
ial glucocorticoid resistance is usually a syndrome of 
partial resistance to the action of glucocorticoids. Treat-
ment consists of supraphysiologic doses of dexametha-
sone that will elicit a physiologic response with the 
poorly functioning receptor, usually starting with 0.25 to 
0.5 mg/day at bedtime and titrating to the suppression of 
morning ACTH and thus androgens, blood pressure, and 
serum potassium levels.265 The dose of dexamethasone 
may be reduced to a minimum according to individual 
needs. Hypertension may require additional treatment 
with aldosterone antagonists.

Pseudohypoaldosteronism

Pseudohypoaldosteronism (PHA) is a rare salt-wasting 
disorder of infancy characterized by hyponatremia, hyper-
kalemia, and increased plasma renin activity in the face of 
elevated aldosterone concentrations reflecting aldosterone 
resistance.269 The more common, more severe, systemic, 
autosomal recessive form of PHA (“pseudohypoaldoste-
ronism type 2”) is caused by inactivating mutations in any 
of the three subunits (a, b, g) of the amiloride-sensitive 
sodium channel, ENaC (encoded by the SCNN1A, B, and 
G genes).270 This condition is often associated with lower 
respiratory tract disease consisting of chest congestion, 
cough, and wheezing (but not pulmonary infections) as 
ENaC mutations increase the volume of pulmonary 
fluid.271 This disease persists into adulthood, requiring 
vigorous salt-replacement therapy throughout life. Gain-
of-function mutations due to carboxyterminal truncation 
of b-ENaC cause Liddle syndrome, an autosomal domi-
nant form of salt-retaining hypertension.270

Autosomal dominant renal type 1 pseudohypoaldoste-
ronism (“PHA type 1”) is caused by inactivating muta-
tions in the mineralocorticoid receptor (encoded by the 
NR3C2 gene).272 More than 50 different mutations have 
been found in this receptor, which interfere with miner-
alocorticoid binding and gene transcription.273 This dis-
ease is milder than the recessive forms of PHA caused by 
ENaC mutations and remits with age, but it requires 
sodium replacement therapy in infancy and childhood. 
Rarely, point mutations in the mineralocorticoid recep-
tor have been found in association with an autosomal 
dominant form of severe hypertension, which begins in 
adolescence and worsens in pregnancy.274 In these cases, 
alterations in the structure of the ligand-binding domain 
of the mineralocorticoid receptor result in mild constitu-
tive activation and permit binding and activation of the 
receptor by progesterone.

An acquired, transient form of PHA is often seen in 
infants with obstructive uropathy, especially shortly fol-
lowing surgical relief of the obstruction or with urinary 
tract infections. The lesion is renal tubular,275 so that 
mineralocorticoid treatment is generally ineffective; salt 
replacement generally suffices while the renal lesion 
resolves.

GLUCOCORTICOID THERAPY 
AND WITHDRAWAL

Since their introduction into clinical medicine in the 
early 1950s, glucocorticoids have been used to treat vir-
tually every known disease. At present their rational use 
falls into two broad categories: replacement in adrenal 
insufficiency and pharmacotherapeutic use. The latter 
category is largely related to the anti-inflammatory 
properties of glucocorticoids but also includes their ac-
tions to lyse leukemic leukocytes, lower plasma calcium 
concentrations, and reduce increased intracranial pres-
sure. Virtually all of these actions are mediated through 
glucocorticoid receptors, which are found in most cells. 
Because there appears to be only one major type of  
glucocorticoid receptor, clearly all glucocorticoids will 
affect all tissues containing such receptors. Thus, with 
the exception of the distinction between glucocorticoids 
and mineralocorticoids, tissue-specific, disease-specific, 
or response-specific analogs of naturally occurring glu-
cocorticoids cannot be produced. The only differences 
among the various glucocorticoid preparations are their 
ratio of glucocorticoid to mineralocorticoid activity, 
their capacity to bind to various binding proteins, their 
molar potency, and their biologic half-life. Dexametha-
sone is commonly used to reduce increased intracranial 
pressure and brain edema. Neurosurgical experience 
indicates that the optimal doses are 10 to 100 times 
those that would thoroughly saturate all available recep-
tors, suggesting that this action of dexamethasone may 
not be mediated through the glucocorticoid receptor.

Glucocorticoids are so termed because of their major 
actions to increase plasma concentrations of glucose. 
This occurs by their induction of the transcription of the 
genes encoding the enzymes of the Embden-Meyerhof 
glycolytic pathway and other hepatic enzymes that divert 
amino acids, such as alanine, to the production of glu-
cose. Thus, the coordinated action to increase the tran-
scription of these genes can result in increased plasma 
concentrations of glucose, obesity, and muscle wasting. 
The other features of Cushing syndrome are similarly 
attributable to the increased transcriptional activity of 
specific glucocorticoid-sensitive genes.

In the normal population, there is a wide interindi-
vidual variation in glucocorticoid sensitivity, which is at 
least in part explained by genetic variants of the gluco-
corticoid receptor (GR) gene.265 Several single nucleo-
tide polymorphisms have been associated with changes 
in glucocorticoid sensitivity. A3669G (rs6198) is associ-
ated with glucocorticoid insensitivity and a more active 
immune system with an increased risk for autoimmune 
disease; it is present in about 35% of the normal popula-
tion. ER22/23EK polymorphism (rs6189 and rs6190) 
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present in about 7% of the population is associated with 
mild glucocorticoid resistance and a healthier metabolic 
profile. By contrast, polymorphisms N363S (rs1695) and 
Bcl1 (rs41423247), present in about 8% and 45% of 
people, respectively, are associated with mild glucocorti-
coid hypersensitivity yielding a less fortunate metabolic 
profile (more body fat, less lean mass, increased choles-
terol and insulin resistance, etc.).265 Some of the vari-
ability in glucocorticoid sensitivity is explained by a 
large number of GR subtypes arising from alternative 
processing of the GR gene. Various GR isoforms may be 
generated through alternative splicing and alternate sites 
of translational initiation. These isoforms may then also 
be subjected to tissue-specific posttranslational modifica-
tions such as phosphorylation, ubiquitination, sumoylation, 
and acetylation. These processes allow cells to generate  
a broad range of glucocorticoid responsiveness to spe-
cifically regulate glucocorticoid-dependent genes.276 
Thus, individual glucocorticoid sensitivity plays a role in 
modulating the risk for diseases (cardiovascular, autoim-
mune, metabolic) and may also affect responsiveness to 
glucocorticoid treatment.

Replacement Therapy
Glucocorticoid replacement therapy is complicated by 
undesirable side effects with even minor degrees of over-
treatment or undertreatment. Overtreatment can cause 
the signs and symptoms of Cushing syndrome; and even 
minimal overtreatment can impair the growth of chil-
dren. Undertreatment will cause the signs and symptoms 
of adrenal insufficiency (see Box 13-2) only if the extent 
of undertreatment (dose and duration) is considerable. 
However, undertreatment may impair the individual’s 
capacity to respond to stress. Glucocorticoid replace-
ment therapy is most commonly employed in congenital 
adrenal hyperplasia due to 21-hydroxylase deficiency; 
however, in this setting, undertreatment will lead to 
overproduction of adrenal androgens, which will hasten 
epiphyseal maturation and closure, thus compromising 
ultimate adult height. Therefore, when formulating a 
program of adrenal replacement therapy for the growing 
child, it is crucial to mimic the normal endogenous pro-
duction of glucocorticoids.

To optimize pediatric glucocorticoid replacement 
therapy, astute physicians have gauged their therapy  
to resemble the endogenous secretory rate of cortisol. 
Several studies indicate that the cortisol secretory rate is 
6 to 8 mg/m2/day in children and adults,72,73 but data are 
not available for infants and children under 5 years. The 
range of normal values varies considerably, indicating 
that therapy must be tailored and individualized for 
each patient to achieve optimal results. The manage-
ment of this delicate balance between overtreatment 
and undertreatment of the child requiring replacement 
therapy is thus confounded by considerable variation in 
the “normal” cortisol secretory rate among different 
children of the same size and the probability that most 
conventional guidelines err on the side of overtreat-
ment. However, several additional factors must be 
considered in tailoring a specific child’s glucocorticoid 
replacement regimen.

The specific form of adrenal insufficiency being treated sig-
nificantly influences therapy. When treating autoimmune 
adrenalitis or any other form of “Addison disease,” it is 
prudent to err slightly on the side of undertreatment. This 
will eliminate the possibility of glucocorticoid-induced 
iatrogenic growth retardation and will permit the pituitary 
to continue to produce normal to slightly elevated concen-
trations of ACTH. This ACTH will continue to stimulate 
the remaining functional adrenal steroidogenic machinery 
and also provide a fairly convenient means of monitoring 
the effects of therapy. By contrast, when treating severe, 
virilizing congenital adrenal hyperplasia, the adrenal 
should be suppressed more completely, as essentially all 
adrenal steroidogenesis will result in the production of 
unwanted androgens, with their consequent virilization 
and rate of advancement of bony maturation that is more 
rapid than the rate of advancement of height. However, 
overtreatment will also compromise growth.

The presence or absence of associated mineralocorticoid 
deficiency is an important variable. Children with mild 
degrees of mineralocorticoid insufficiency, such as those 
with “simple virilizing” congenital adrenal hyperplasia, 
may continue to have mildly elevated ACTH values, 
suggesting insufficient glucocorticoid replacement in 
association with elevated PRA. In some children, the 
ACTH is elevated in response to chronic, compromised 
hypovolemia, attempting to stimulate the adrenal to 
produce more mineralocorticoid. In these children, who 
do not manifest overt signs and symptoms of mineralo-
corticoid insufficiency, treatment with mineralocorti-
coid replacement may permit one to decrease the 
amount of glucocorticoid replacement needed to sup-
press plasma ACTH and urinary 17KS. This reduction 
in glucocorticoid therapy reduces the likelihood that 
adult height will be compromised.

The specific formulation of glucocorticoid used is also of 
great importance. Extremely potent, long-acting gluco-
corticoids, such as dexamethasone or prednisone, may 
be used in the treatment of adults but are rarely appro-
priate for replacement therapy in children. As children 
are continually growing and changing their weights and 
body surface areas, it is necessary to adjust their dose 
frequently. Small, incremental changes are more easily 
done with relatively weaker glucocorticoids. The use of 
short-acting steroids permits the patient to have physi-
ologically low nighttime glucocorticoid activity, facilitat-
ing rest, growth, and pituitary stimulation. The efficacy 
of attempting to mimic the physiologic diurnal variation 
in steroid hormone secretion remains controversial. As 
ACTH and cortisol concentrations are high in the 
morning and low in the evening, it is intellectually and 
logically appealing to attempt to duplicate this circadian 
rhythm in replacement therapy. However, the results do 
not clearly indicate that better growth is achieved by giv-
ing relatively larger doses in the morning and lower 
doses at night. This probably reflects the fact that 
ACTH and cortisol secretion are episodic throughout 
the day and that this well-established circadian variation 
is not smooth. The pattern of high in the morning and 
low in the evening is only an averaged result. Further-
more, the adrenal releases cortisol episodically through-
out the day in response to various physiologic demands 
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(hypoglycemia, exercise, stress, etc.); thus, under normal 
circumstances the plasma concentrations are high when 
the clearance and disposal rates are also high. A planned 
program of replacement therapy cannot possibly antici-
pate these day-to-day variations.

Finally, dosage equivalents among various glucocorticoids 
can be misleading. Virtually all handbooks of therapy pub-
lish tables of equivalency for the most commonly used 
pharmaceutical preparations of glucocorticoids. A similar 
set of equivalencies is shown in Table 13-7. Because most 
preparations of glucocorticoids are intended for pharma-
cotherapeutic use rather than replacement therapy, and 
because the most common indication for pharmacologic 
doses of glucocorticoids is for their anti-inflammatory 
properties, virtually all tables of glucocorticoid equiva-
lencies are based on anti-inflammatory, immunosuppres-
sive equivalencies. However, the differences in the plasma 
half-life and ability to bind to plasma proteins result in 
different biologic equivalencies when one assesses, for 
instance, anti-inflammatory versus growth-suppressant 
equivalencies. For example, dexamethasone is widely re-
ported as being about 30 times more potent than cortisol 
when its anti-inflammatory capacities are measured, but 
the growth suppressant activity of dexamethasone is 
about 80 times that of cortisol (Table 13-7). Thus, all of 
the variables discussed earlier explain why there is little 
unanimity in recommendations for designing a glucocor-
ticoid replacement regimen. However, an understanding 
of these variables will permit appropriate monitoring of 
the patient and encourage the physician to vary the treat-
ment according to the responses and needs of the indi-
vidual child.

Commonly Used Glucocorticoid 
Preparations
Numerous chemical derivatives and variants of the natu-
rally occurring steroids are commercially available in a 
huge array of dosage forms, vehicles, and concentrations. 
Choosing the appropriate product can be simplified by 
considering only the most widely used steroids listed in 
Table 13-7.

There are four relevant considerations in the choice of 
which drug to use. First, the glucocorticoid potency of 
the various drugs is generally calculated and described 
according to the anti-inflammatory potency, but this  
may not be the appropriate consideration in many cases. 
Second, the growth-suppressant effect of a glucocorti-
coid preparation may be significantly different from its 
anti-inflammatory effect. This is due to differences in 
half-life, metabolism and protein binding, and receptor 
affinity (potency). Third, the mineralocorticoid activity 
of various glucocorticoid preparations varies widely. Both 
glucocorticoid and mineralocorticoid hormones can bind 
to both glucocorticoid (type 1) and mineralocorticoid 
(type 2) receptors, and most authorities now regard these 
as two different types of glucocorticoid receptors. Miner-
alocorticoid activity is intimately related to the activity  
of 11bHSD2, which metabolizes glucocorticoids but 
not mineralocorticoids to forms that cannot bind the  
receptor. Thus, the relative mineralocorticoid potency of 
various steroids is determined by both their affinity for 

the type 2 receptor and their resistance to the activity  
of 11bHSD2. An understanding that some commonly 
used glucocorticoids, such as cortisol, cortisone, pred-
nisolone, and prednisone, have significant mineralocorti-
coid activity is especially important when large doses  
of glucocorticoids are used as “stress doses” in a patient 
on replacement therapy. Such stress doses of the glucocor-
ticoid preparation may provide sufficient mineralocorticoid 
activity to meet physiologic needs; therefore, mineralocor-
ticoid supplementation is not needed. Fourth, the plasma 
half-life and biologic half-life of the various preparations 
may be discordant and will vary widely. This is mainly re-
lated to binding to plasma proteins, hepatic metabolism, 
and hepatic activation. For example, cortisone and predni-
sone are biologically inactive (and even have mild steroid 
antagonist actions) until they are metabolized by hepatic 
11bHSD1 to their active forms, cortisol and prednisolone. 
Thus, the relative glucocorticoid potency of these prepara-
tions will also be affected by hepatic function. Cortisone 
and prednisone are cleared more rapidly in patients re-
ceiving drugs such as phenobarbital or phenytoin, which 
induce hepatic enzymes, and are cleared more slowly in 
patients with liver failure.

In addition to these chemical considerations in the 
choice of glucocorticoid, the route of administration is 
important. Glucocorticoids are available for oral, intra-
muscular, intravenous, intrathecal, intra-articular, inhal-
ant, and topical use; topical preparations include those 
designed for use on skin, mucous membranes, and con-
junctiva. Each preparation is designed to deliver the 
maximal concentration of steroid to the desired tissue 
while delivering less steroid systemically. However, all 
such preparations are absorbed to varying extents, so that 
the widely used inhalant preparations used to treat asthma 
can, in sufficient doses, cause growth retardation and 
other signs of Cushing syndrome. In general, and in con-
tradistinction to many other drugs, orally administered 
steroids are absorbed rapidly, but incompletely, whereas 
intramuscularly administered steroids are absorbed 
slowly, but completely. Thus, if the secretory rate of cor-
tisol is 8 mg/m2 of body surface area, the intramuscular 
or intravenous replacement dose of cortisol (hydrocorti-
sone) would be 8 mg/m2. The efficiency of absorption of 
glucocorticoids can vary considerably depending on diet, 
gastric acidity, bowel transit time, and other individual 
factors. This emphasizes that the dosage equivalents 
listed in Table 13-7 and similar tables are only approxi-
mations, and doses must be tailored to the clinical re-
sponse.

ACTH can also be used for glucocorticoid therapy by 
its action to stimulate endogenous adrenal steroidogen-
esis. Although intravenous and intramuscular ACTH are 
extremely useful in diagnostic tests of adrenal function, 
the use of ACTH as a therapeutic agent is no longer  
favored, principally because it will stimulate synthesis  
of mineralocorticoids and adrenal androgens as well as 
glucocorticoids. Furthermore, the need to administer 
ACTH parenterally further diminishes its usefulness. 
Intramuscular ACTH 1-39 in a gel form is recom-
mended for and is the treatment of choice for infantile 
spasms and possibly also for other forms of epilepsy  
in infants resistant to conventional anticonvulsants. 
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Whether this action is mediated by ACTH itself, by 
other peptides in the biologic preparation, by ACTH-
induced adrenal steroids, or by ACTH-responsive syn-
thesis of novel “neurosteroids”277 in the brain has not 
been determined. When pharmacologic doses of ACTH 
are used therapeutically, as in infantile spasms, the pa-
tient should be given a low-sodium diet to ameliorate 
steroid hypertension. Although greatly elevated concen-
trations of ACTH, as in the ectopic ACTH syndrome, 
will cause pituitary suppression, treatment with daily in-
jections of ACTH results in less hypothalamic-pituitary 
suppression than does treatment with equivalent doses  
of oral glucocorticoids, presumably because the effect  
on the adrenal is transient. Also, adrenal suppression 
obviously does not occur in ACTH therapy. Because the 
effects of ACTH on adrenal steroidogenesis are highly 
variable, it is even more difficult to determine dosage 
equivalencies for ACTH and oral steroid preparations 
than it is among the various steroids, as discussed previ-
ously. A very rough guide from studies in adults is that  
40 units of ACTH(1-39) gel is approximately equivalent 
to 100 mg of cortisol.

Pharmacologic Therapy
Pharmacologic doses of glucocorticoids are used in a  
variety of clinical situations including immune suppression 
in organ transplantation, tumor chemotherapy, treat-
ment of “autoimmune” collagen vascular and nephrotic 
syndromes, regional enteritis, and ulcerative colitis. 
Asthma, pseudotumor cerebri, dermatitis, certain infec-
tions, neuritis, and certain anemias are also often treated 
with glucocorticoids. The choice of glucocorticoid prep-
aration to be used is guided by the pharmacologic pa-
rameters described previously and in Table 13-7 and by 
custom (e.g., the use of betamethasone rather than dexa-
methasone to induce fetal lung maturation in impending 
premature deliveries). There is substantial variation in 
the relative glucocorticoid and mineralocorticoid activi-
ties of each steroid, depending on the assay used,278 
hence Table 13-7 is an integration of multiple studies 
and can only be taken as a rough guide.

Pharmacologic doses of glucocorticoids adminis-
tered for more than 1 or 2 weeks will cause the signs 
and symptoms of iatrogenic Cushing syndrome. These 
are similar to the glucocorticoid-induced findings in 
Cushing disease, but they may be more severe because 
of the high doses involved (Table 13-11). Iatrogenic 
Cushing syndrome is also not associated with adrenal 
androgen effects, and mineralocorticoid effects are 
rare. Alternate-day therapy can decrease the toxicity  
of pharmacologic glucocorticoid therapy, especially 
suppression of the HPA axis and suppression of growth. 
The basic premise of alternate-day therapy is that  
the disease state can be suppressed with intermittent 
therapy, whereas there is significant recovery of the 
HPA axis during the “off” day. Thus, alternate-day 
therapy requires the use of a relatively short-acting 
glucocorticoid administered only once in the morning 
of each therapeutic day to ensure that the “off” day is 
truly “off.” Long-acting glucocorticoids, such as dexa-
methasone, should not be employed for alternate-day 

therapy; results are best with oral prednisone or  
methylprednisolone.

Withdrawal of Glucocorticoid Therapy
Withdrawal of glucocorticoid therapy can be difficult 
and can lead to symptoms of glucocorticoid insuffi-
ciency. When glucocorticoid therapy has been used for 
only 1 week or 10 days, therapy can be discontinued 
abruptly, even if high doses have been used.279 Although 
only one or two doses of glucocorticoid are needed to 
suppress the HPA axis, this axis recovers very rapidly 
from short-term suppression. When therapy has  
persisted for 2 weeks or longer, recovery of HPA func-
tion is slower, and tapered doses of glucocorticoids  
are indicated. Acute discontinuation of therapy in such 
patients will lead to symptoms of glucocorticoid insuf-
ficiency, the so-called steroid withdrawal syndrome. 
This symptom complex does not include salt loss, as 
adrenal glomerulosa function, regulated principally  
by the renin-angiotensin system, remains normal.  
However, blood pressure can fall abruptly, as glucocor-
ticoids are required for the action of catecholamines  
in maintaining vascular tone. The most prominent 
symptoms of the steroid withdrawal syndrome include 
malaise, anorexia, headache, lethargy, nausea, and fever. 
In reducing pharmacologic doses of glucocorticoids, it 
might appear logical to reduce the dosage precipitously 
to “physiologic” replacement doses. However, this is 
rarely successful and occasionally disastrous. Even when 
given “physiologic” replacement, patients who have 
been receiving pharmacologic doses of glucocorticoids 
will experience steroid withdrawal. Long-term pharma-
cologic glucocorticoid therapy inhibits synthesis of  
glucocorticoid receptors, so that physiologic concentra-
tions of glucocorticoids will elicit subphysiologic cellu-
lar responses, resulting in the steroid withdrawal syn-
drome. Thus, it is necessary to taper gradually from the 
outset. The duration of glucocorticoid therapy is a 
critical consideration in designing a glucocorticoid 
withdrawal program. Therapy for a couple of months 

Short-Term Therapy Long-Term Therapy

Gastritis
Growth arrest
h Appetite
Hypercalciuria
Glycosuria
Immune suppression
Masked symptoms of infection, 

especially fever and  
inflammation

Toxic psychoses

Gastric ulcers
Short stature
Weight gain
Osteoporosis, fractures
Slipped epiphyses
Ischemic bone necrosis
Poor wound healing
Catabolism
Cataracts
Bruising (capillary  

fragility)
Adrenal/pituitary  

suppression
Toxic psychosis

TABLE 13-11  Complications of High-Dose 
Glucocorticoid Therapy
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will completely suppress the HPA axis but will not cause 
adrenal atrophy. Therapy that continues for years may 
result in almost total atrophy of the adrenal fasciculata/
reticularis and hence may require a withdrawal regimen 
that takes months.

Procedures for tapering steroids are empirical. Their 
success is determined by the length and mode of ther-
apy and by individual patient responses. Patients who 
have been on alternate-day therapy can be withdrawn 
more easily than those receiving daily therapy, espe-
cially daily therapy with a long-acting glucocorticoid 
such as dexamethasone. In patients on long-standing 
therapy, a 25% reduction in the previous level of ther-
apy is generally recommended weekly. A patient with a 
body surface area of 1 m2 will have a secretory rate of 
cortisol of about 9 mg/day. If the patient has been on 
daily therapy equivalent to 100 mg of cortisone for 
many months, a tapering protocol over 8 to 10 weeks 
may be needed. A protocol of 75% of the previous 
week’s dose would thus be 75 mg/day for the first week, 
56 mg/day for the second, then 42, 31.5, 24, 18, 13.5, 
10, 7.5, 5.5 mg/day, then off treatment. A more practi-
cal regimen based on the sizes of tablets available would 
be 75, 50, 37.5, 25, 17.5, 12.5, 10, 7.5, and 5 mg/day. 
Most patients can be tapered more rapidly, but all  
patients need to be followed closely. When withdrawal 
is done with steroids other than cortisone or cortisol, 
measurement of morning cortisol values can be a useful 
adjunct. Morning cortisol values of 10 mg/dL or more 
indicate that the dose can be reduced safely.

Even after the successful discontinuation of therapy, 
the HPA axis is not wholly normal. Just as in the  
patient successfully treated for Cushing disease, the 
HPA axis may be incapable of responding to severe 
stress for 6 to 12 months after successful withdrawal 
from long-term, high-dose glucocorticoid therapy. 
Thus, evaluation of the hypothalamus and pituitary by 
a CRF or metyrapone test, and evaluation of adrenal 
responsiveness to pituitary stimulation with an intra-
venous low-dose ACTH test, should be done at the 
conclusion of a withdrawal program and 6 months 
thereafter. The results of these tests will indicate if 
there is a need for “steroid coverage” in acute surgical 
stress or illness.

Stress Doses of Glucocorticoids
The cortisol secretory rate increases significantly during 
physiologic stress such as trauma, major surgery, or se-
vere illness. Patients receiving glucocorticoid replace-
ment therapy or those recently withdrawn from pharma-
cologic therapy need coverage with “stress doses” of 
steroids in such situations. However, the specific indica-
tions for this coverage and the appropriate dosage are 
controversial and difficult to establish; most practitioners 
prefer to err on the “safe” side of steroid overdosage. 
This is the safest tactic in the short term, but it can have 
a significant effect on growth over a period of years.

It is generally said that doses 3 to 10 times physiologic 
replacement are needed for “the stress of surgery.” The 
stress accompanying a surgical procedure can vary greatly. 
Modern techniques of anesthesiology, better anesthetic, 

analgesic, and muscle-relaxing drugs, and increased 
awareness of the particular needs of children in managing 
intraoperative fluids and electrolytes have greatly re-
duced the stress of surgery. In the past, a significant  
portion of such stress had to do with pain and hypovole-
mia, but when managed appropriately on contemporary 
pediatric services, minor surgical procedures elicit mini-
mal changes in cortisol levels.58. Similarly, part of the 
stress of acute illness is fever and fluid loss, factors now 
familiar to all pediatricians. Although it remains appro-
priate and necessary to give about three times physio-
logic requirements during such periods of stress, it is 
probably not necessary to give much higher doses. 
Similarly, it is not necessary to triple a child’s physiologic 
replacement regimen during simple colds, upper respi-
ratory infection, otitis media, or after immunizations.

The preparation of the hypoadrenal patient on replace-
ment therapy for surgery requires coordination with the 
anesthesia team. The best approach is to place a stress dose 
of 25 mg hydrocortisone per m2 in the intravenous fluid, 
so that the glucocorticoid is delivered continuously during 
surgery, rather than being given a single bolus at the be-
ginning of the procedure. It appears that the greatest stress 
is at the time of anesthesia reversal, rather than at the time 
of anesthesia induction.57 Regular therapy at two to three 
times physiologic requirements can then be reinstituted on 
the day after the surgical procedure.

Mineralocorticoid Replacement
Replacement therapy with mineralocorticoids is indicated 
in salt-losing congenital adrenal hyperplasia and in syn-
dromes of adrenal insufficiency that affect the zona glo-
merulosa. Only one mineralocorticoid, 9a-fluorocortisol 
(Florinef), is currently available. There is no parenteral 
mineralocorticoid preparation so that hydrocortisone plus 
salt must be used.

Because of increasing mineralocorticoid sensitivity with 
age (see Figure 13-17), mineralocorticoid doses are similar 
in children and adults. Newborns are quite insensitive to 
mineralocorticoids and typically require substantially 
larger doses than adults. The adult replacement dose of 
9a-fluorocortisol is usually 0.05 to 0.1 mg daily, but new-
borns with CAH may require up to 0.4 mg. Sodium must 
be available to the nephrons for mineralocorticoids to 
promote reabsorption of sodium, thus, the newborn with 
salt-losing congenital adrenal hyperplasia must be treated 
with both mineralocorticoids and sodium chloride. Simi-
larly, mineralocorticoids will cause hypertension only by 
retaining sodium.

Cortisol has significant mineralocorticoid activity: ap-
proximately 20 mg of cortisol or cortisone intravenously 
has a mineralocorticoid action equivalent to 0.1 mg of 
9a-fluorocortisol. Thus, when cortisol or cortisone is 
given in stress doses, each provides adequate mineralo-
corticoid activity, and mineralocorticoid replacement can 
be interrupted. This is frequently seen when patients 
with salt-losing congenital adrenal hyperplasia undergo 
surgery: the stress doses of intramuscular cortisone ace-
tate and the intravenous saline solutions administered 
during and after surgery suffice for the patient’s miner-
alocorticoid requirements. Additional 9a-fluorocortisol 
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is not needed until the supraphysiologic stress doses of 
cortisol are decreased. Because 9a-fluorocortisol can 
be administered only orally, and because this may not 
be possible in the postoperative period, the appropriate 
drug for glucocorticoid replacement is cortisol or cor-
tisone, both of which have mineralocorticoid activity, 
rather than synthetic steroids such as prednisone or 
dexamethasone, which have little mineralocorticoid 
activity.

CONCLUDING REMARKS

Because the adrenal cortex is principally concerned with 
steroid synthesis, most of its disorders reflect genetic  
lesions in adrenal development and steroidogenesis. 
Overproduction and underproduction of steroids having 
varied and complex physiologic actions lead to complex 
phenotypes and clinical presentations. These primary, 
genetic disorders typically present themselves in infancy 
and childhood. By contrast, secondary disorders, such as 
Cushing disease (usually a disorder of the pituitary) and 
Addison disease (usually a disorder of cellular immunity) 
may be seen at any age. Thus, the pediatric endocrinolo-
gist must have a detailed understanding of the cell biol-
ogy, genetics, and biochemistry of steroid hormone bio-
synthesis. Improvements in the speed, efficiency, accuracy, 
and economy of DNA sequencing now permit direct 
genetic diagnosis of many genetic diseases. However, it is 
unlikely that measurements of steroid hormones will 
become obsolete in the foreseeable future, and an under-
standing of steroid physiology will always be needed to 
comprehend clinical presentations, formulate differential 
diagnoses, choose genes for study, and monitor therapy. 
Thus, genetics will continue to enhance clinical physiol-
ogy but will not replace it.
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QUESTIONS

 1. A newborn 46,XX baby was born after a normal term 
pregnancy and left the nursery with the mother at  
2 days of life after having been checked and declared 
healthy by a pediatrician. The newborn screening re-
veals a 17OH progesterone of 1986 ng/dl (60 nmol/L). 
On recall at 2 weeks of age, the screening test reveals 
a similar value. The child is now referred to a pediatric 
endocrine center. What could be the cause of this  
elevated 17OH progesterone?
 a. Defect in HSD3B2
 b. Defect in P450 oxidoreductase
 c. Defect in CYP11B1
 d. Defect in either b or c
 e. Defect in a, b, or c

Answer: e

 2. An 8-year-old boy is referred for precocious puberty 
and overgrowth. At 5 years of age he had two small 
soft tissue tumors of the skin removed by the derma-
tologist and has a remarkable amount of freckles char-
acterizing his face. Otherwise he is a healthy, smart 
second grader. Physical exam reveals a height of 12 
SD and weight of 12 SD; pubertal stage Tanner 3-4 
with pubic hair 3-4, penis length 7 cm (90th percen-
tile), and testes R 4 ml, L 6 ml with palpable tumor 
(confirmed by ultrasound). Bone age is 12 years. What 
is the likely diagnosis?
 a. Central precocious puberty
 b. Late-onset CAH with TART
 c. Leydig cell tumor
 d. Carney complex
 e. Leopard syndrome

Answer: d

 3. The following genes have been associated with familial 
glucocorticoid deficiency (FGD), also termed heredi-
tary unresponsiveness to ACTH, except which one?
 a. MRAP
 b. NNT
 c. MC2R
 d. PRKAR1A
 e. StAR

Answer: d

 4. A 9-year-old obese girl is referred for possible Cush-
ing syndrome. Which of the following clinical findings 
is strongest to support this hypothesis and prompt 
further workup?
 a. Early morning serum cortisol 23.6 ug/dl 

(5 650 nmol/L)
 b. Exaggerated weight gain in the past 2 to 3 years
 c. Growth arrest
 d. Visceral adiposity
 e. Acne and pubic hair Tanner 3

Answer: c

 5. Which of the following genetic defects of steroid  
biosynthesis may cause both 46,XY DSD and 46,XX 
DSD at birth?
 a. HSD3B2
 b. POR
 c. HSD17B3
 d. Both b and c
 e. Both a and b

Answer: e

 6. The following statements are true for the alternative 
steroid “backdoor” pathway to dihydrotestosterone, 
except which one?
 a. Was first described in the tammar wallaby
 b. Contributes to androgen production in  

21-hydroxylase deficiency
 c. Genetic defects in this pathway cause 46,XY DSD 

and adrenal insufficiency
 d. Shares the involvement of the CYP17 gene/enzyme 

with the classic pathway for its functionality
 e. Is involved in the virilization of a 46,XX fetus with 

P450 oxidoreductase deficiency during pregnancy
Answer: c
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Pheochromocytoma and Multiple 
Endocrine Neoplasia Syndromes

Steven G. Waguespack, MD • Anita K. Ying, MD

INTRODUCTION

Endocrine neoplasms comprise a variety of benign and 
malignant tumors that arise from the endocrine glands or 
neuroendocrine tissues. Although most childhood endo-
crine neoplasms are sporadic, without an identifiable germ-
line mutation, others are hereditary and are secondary to 
mutations in one of many known tumor-predisposing 
genes. Catecholamine-producing tumors and medullary 
thyroid carcinoma (MTC) are major examples of tumors 
that, when diagnosed during childhood, typically occur 
within the context of a broader tumor-predisposition syn-
drome such as von Hippel-Lindau (VHL) disease and the 
multiple endocrine neoplasia (MEN) type 2 syndromes, 
respectively. Advances in genetic testing and research have 
led to the discovery of new hereditary endocrine neoplasia 
syndromes and tumor-predisposing genes as well as a bet-
ter understanding of underlying pathophysiology in these 
disorders. Knowledge regarding genotype-phenotype rela-
tionships has evolved, as has clinical practice regarding the 
age of genetic testing, presymptomatic screening for endo-
crine tumors, and the timing of therapeutic intervention. 

Given the rapidly changing field, it has become impera-
tive for pediatric patients with an endocrine tumor to be 
evaluated in programs with known multidisciplinary ex-
pertise for such problems. In addition, formal genetic 
counseling and results of genetic testing should be fully 
incorporated into treatment planning and long-term 
follow-up. This chapter reviews the pathophysiology, 
diagnosis, and management of pediatric neuroendocrine 
tumors and the most common genetic syndromes associ-
ated with their diagnosis.

GENETIC COUNSELING AND TESTING

A diagnosis of an endocrine tumor in a child should al-
ways raise concern for an underlying hereditary condi-
tion, which can subsequently have medical, reproductive, 
psychological, or social consequences for the patient and 
family. Genetic counseling is a process of communication 
that promotes understanding, decision making, and cop-
ing related to the impact of genetic disease.1 It should be 
incorporated into all stages of care, both at diagnosis and 
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the National Cancer Institute “Cancer Genetics” web-
site (www.cancer.gov/cancertopics/genetics), and “Gene 
Tests” (www.genetests.org), a publicly funded project 
that provides current and authoritative information on 
genetic disease and testing.

PHEOCHROMOCYTOMA AND 
PARAGANGLIOMA

Pheochromocytomas (PHEO) and paragangliomas (PGL) 
are uncommon neuroendocrine tumors that arise from 
neural crest–derived cells. PHEO (Figure 14-1) is the term 
used for a catecholamine-producing paraganglioma that 
occurs in the adrenal medulla, whereas PGL (Figure 14-2) 
refers to extra-adrenal tumors that arise from both sympa-
thetic and parasympathetic paraganglia located outside  
the cerebrospinal axis.3-5 The term PHEO is often used 
interchangeably with PGL, but it is best to maintain  
a distinction between these two neoplasms due to underly-
ing differences in genetics, clinical presentation, and  
malignant potential (Table 14-1).

PHEO/PGL represent , 7% of tumors that arise 
from the sympathetic nervous system and have an esti-
mated incidence of 0.3 cases/million/year or less.6,7 Up to 

during long-term follow-up, because patients’ counsel-
ing and information needs change over time and also 
because genetic testing and management recommenda-
tions are likely to evolve. Genetic testing, best exempli-
fied in MEN2,2 is a multistep process that begins with an 
affected patient. MEN2 is one of few hereditary cancer 
syndromes for which predictive genetic testing is clearly 
indicated during childhood because an intervention (i.e., 
early thyroidectomy) can prevent future morbidity and 
possible mortality due to incurable metastatic MTC. In 
other disorders, such as MEN1 and VHL, genetic test-
ing and early presymptomatic screening of an asymp-
tomatic child may lead to an earlier diagnosis of disease 
but not disease that can be prevented by a prophylactic 
intervention. In all cases, despite the anticipated medical 
benefits afforded from an early diagnosis, genetic testing 
in children also has the potential for psychosocial harm: 
alteration of the child’s self-image and of the parents’ 
perception of the child, modification of the patient’s 
outlook on life, worry about the potential for genetic 
discrimination, early “medicalization” of an otherwise 
healthy child, changes in family relationships, and con-
cerns regarding future reproductive issues. Online re-
sources for genetic counseling and testing include the 
National Society of Genetic Counselors (www.nsgc.org), 
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FIGURE 14-1 n  Pheochromocytoma. A normotensive 14-year-old male with von Hippel-Lindau disease and a history of a left pheochromo-
cytoma and abdominal paraganglioma diagnosed at the age of 7 was found to have elevated norepinephrine and normetanephrine 
levels after screening with a 24-hour urine collection. Axial CT postcontrast (A) and coronal reconstruction (B) identified a vascular neo-
plasm (PHEO) arising from the superior right adrenal gland. IVC, inferior vena cava; arrowhead, normal adrenal gland; arrow, surgical 
clips from previous adrenalectomy. MIBG scan confirmed the functional nature of the tumor and ruled out other sites of disease. Planar 
(C) and fused SPECT/CT axial images (D) in the same patient, 24 hours after the administration of 123I MIBG. (This image can be viewed 
in full color online at ExpertConsult.)
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http://www.ExpertConsult.com
http://www.nsgc.org
http://www.cancer.gov/cancertopics/genetics
http://www.genetests.org
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A B C

Common iliac artery

*
PGL

PGLPGL

FIGURE 14-2 n  Paraganglioma. A 6-year-old female with a malignant paraganglioma (PGL) and an SDHB mutation presented with severe 
hypertension during a well-child examination. A, Abdominal ultrasound (sagittal view) revealed a homogeneous, hypervascular 3.3 cm 
mass at the level of the aortic bifurcation. B, Axial CT postcontrast confirmed a low attenuation tumor (arrows refer to common iliac 
arteries); C, Coronal reconstruction detailed the location of the neoplasm at the aortic bifurcation (*) in the organ of Zuckerkandl.

Gene  
(Chromosome) Type of Tumor Clinical Phenotypea

Earliest 
Age of DXb Screening Guidelinesc

Multiple endocrine  
neoplasia type 2A 
(MEN2A)

RET (10q11.2) PHEO/rare 
PGL

Adrenergic
Malignancy very rare
Background of  

adrenal medullary 
hyperplasia

5-8d141,153

12e168,455
Start by age 8 years in  

codon 634 mutations;  
by age 20 years in 
lower risk codons

Multiple endocrine  
neoplasia type 2B 
(MEN2B)

RET (10q11.2) PHEO Adrenergic
Malignancy rare
Background of  

adrenal medullary 
hyperplasia

12350 Start by age 8 years

Neurofibromatosis  
type 1 (NF1)

NF1 (17q11.2) PHEO/PGL
Rare composite 

PHEOf

Adrenergic
Malignancy  

uncommon
PHEO usually in 

adults (mean age 
42427)

7456 Screen any NF1 patient 
with HTN or other  
signs/symptoms of  
catecholamine excess  
or an incidental adre-
nal or para-aortic mass

Consider testing in young 
women of child-bearing 
age who plan to become 
pregnant and in any pa-
tient prior to an elective 
surgical procedure

Familial paraganglioma 
syndrome 1 (PGL1)

SDHD (11q23) PGL/PHEO Primarily nonfunctional 
malignancy rare

59 Start by age 10 years

Familial paraganglioma 
syndrome 3 (PGL3)

SDHC (1q21) Primarily head 
and neck 
PGL 

Primarily nonfunctional 
malignancy rare

13457 Start by age 10 years

Familial paraganglioma 
syndrome 4 (PGL4)

SDHB  
(1p36.1-p35)

PGL (primarily 
abdominal)/
PHEO

Noradrenergic
Malignancy common

3458 Start by age 5 years

von Hippel-Lindau  
disease (VHL)

VHL (3p25.3) PHEO/PGL Noradrenergic
Malignancy  

uncommon

2393 Start by age 5 years

TABLE 14-1 Major Disorders and Genes Associated with Pheochromocytoma and Paraganglioma

aNoradrenergic tumors almost exclusively secrete norepinephrine and normetanephrine whereas adrenergic tumors secrete epinephrine 
and metanephrine, in addition to norepinephrine and normetanephrine.

bEarliest age of diagnosis of PHEO/PGL and reference(s).
cIn the opinion of the authors and based on review of the literature, age at which annual screening for PHEO/PGL should be initiated for patients 

with a known gene mutation.
dAges of earliest PHEO onset reported in consensus guidelines via personal communication.
eAge of earliest PHEO onset published in the medical literature.
fA composite PHEO is a mixed tumor comprised of PHEO and neuroblastoma, ganglioneuroma, or ganglioneuroblastoma.
DX, diagnosis; HTN, hypertension; PGL, paraganglioma; PHEO; pheochromocytoma.
Adapted from Waguespack, S. G., Rich, T., Grubbs, E., et al. (2010). A current review of the etiology, diagnosis, and treatment of pediatric 

pheochromocytoma and paraganglioma. J Clin Endocrinol Metab, 95, 2023–2037.
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20% of PHEO/PGL are identified during childhood  
at an average age of 11 years; there is a slight predomi-
nance in boys, particularly when diagnosed under the  
age of 10.7-15 Less than 2% of children diagnosed with 
hypertension will harbor a catecholamine-producing 
neoplasm.16,17

All functional PHEO/PGL produce and metabolize 
catecholamines and contain chromaffin tissue, which 
refers to the brown-black color resulting from the oxi-
dation of catecholamines after staining with chromium 
salts. PGL occur in all locations where paraganglia are 
found (from the skull base to the pelvis) and are either 
functional (sympathetic) or nonfunctional (parasympa-
thetic) neoplasms, depending on the site of origin and 
underlying pathophysiology18-20 (see Table 14-1). PGL 
arising in the head and neck region are almost exclu-
sively nonfunctional, whereas most intra-abdominal 
PGL (most commonly occurring within the organ of 
Zuckerkandl) (see Figure 14-2) are secretory tumors. The 
majority of these tumors diagnosed during childhood  
are PHEO, which synthesize and secrete catecholamines 
(dopamine, norepinephrine, or epinephrine) and their 
metabolites (including 3-methoxytyramine, normetaneph-
rine, and metanephrine, respectively)18,21,22 (Figure 14-3). 
Multicentric tumors are more common in childhood 
presentations of PHEO/PGL.8,10,23

Biosynthesis and Actions of Catecholamines

Dopamine, norepinephrine, and epinephrine (collec-
tively known as “catecholamines”) are chemical neu-
rotransmitters and hormones that play important roles 
in the regulation of numerous physiologic processes and 
the development of neurologic, psychiatric, endocrine, 
and cardiovascular diseases.24-27 The catecholamines are 
composed of a catechol (1,2-dihydroxybenzene) moiety 
and a side-chain amine group. They are synthesized 
from the amino acid tyrosine, which is converted  
to 3,4-dihydroxyphenylalanine (dopa) by the enzyme 
tyrosine hydroxylase, the rate-limiting step in catechol-
amine biosynthesis (see Figure 14-3). Subsequent enzy-
matic decarboxylation and hydroxylation of dopa yields 
dopamine and norepinephrine, respectively, and norepi-
nephrine is subsequently converted to epinephrine via the 
cytosolic enzyme phenylethanolamine N-methyltransferase 
(PNMT).

The catecholamines are synthesized and stored in 
granules within the adrenal medulla, where they are  
released via exostosis into the systemic circulation in 
response to stressful stimuli. Dopamine and norepi-
nephrine are also produced by postganglionic neurons in 
the sympathetic nervous system. Epinephrine is made 
only in the adrenal medulla, where it represents the pre-
dominant catecholamine (,80%) because PNMT ex-
pression is dependent on and regulated by high local 
concentrations of glucocorticoids (as occurs only in the 
adrenal medulla, surrounded by the cortisol-synthesizing 
cortex with a distinct concentration gradient toward  
the adrenal medulla).24,28,29 The effects of catechol-
amines are terminated via rapid reuptake into nerve 
terminals by the norepinephrine transporter and via 

metabolism by two major enzymes: monoamine oxidase 
(MAO) and catechol-O-methyltransferase (COMT)18,24,27 
(see Figure 14-3).

The complex actions of norepinephrine and epi-
nephrine are mediated by the G protein–coupled a- and 
b-adrenergic receptors, whereas dopamine binds to a 
different class of G protein–coupled dopamine recep-
tors (five distinct receptors that are divided into two 
families: D1-like and D2-like)24-26 (Table 14-2). The 
initial classification of adrenergic receptors was based 
on epinephrine’s ability to both excite (a-receptor) and 
inhibit (b–receptor) smooth muscle. Specific agonists 
and antagonists characterize the adrenergic receptor 
subtype (a1, a2, b1, b2, and b3) and can be used as thera-
peutic agents. The D2 receptor is the primary dopa-
mine receptor that is targeted for drug therapy.

Clinical Presentation

The clinical presentation of pediatric PHEO/PGL is 
highly variable. Children with these tumors can come to 
attention due to symptomatic catecholamine hypersecre-
tion, symptoms due to tumor mass effect (e.g., pain), an 
incidental radiographic finding, or because of screening 
for one of the associated hereditary tumor syndromes7,30,31 

(see Table 14-1). PHEO/PGL may also arise in the set-
ting of cyanotic congenital heart disease.32,33 Given their 
neuroendocrine origin, PHEO/PGL can very rarely  
co-secrete other hormones that result in a clinical syn-
drome of ectopic hormone excess, such as gigantism 
(growth hormone-releasing hormone), Cushing syndrome 
(corticotropin-releasing hormone or adrenocorticotropic 
hormone), hypercalcemia (parathyroid hormone–related 
peptide), the syndrome of inappropriate antidiuretic hor-
mone secretion, or secretory diarrhea (vasoactive intestinal 
peptide).18,34

The clinical presentation of a functional PHEO/PGL 
depends on differences in catecholamine secretion and  
release as well as individual patient sensitivities to catechol-
amines.35 Signs and symptoms of catecholamine excess 
include hypertension, which is typically sustained in the 
majority of pediatric cases; severe headaches; paroxysmal 
episodes with the classic triad of headaches, palpitations, 
and diaphoresis (less common in children); orthostatic  
hypotension and syncope; pallor; tremor; or anxiety.* 
PHEO/PGL in children can also cause nonspecific signs 
and symptoms such as blurred vision; abdominal pain,  
diarrhea, and other gastrointestinal symptoms; weight  
loss; hyperglycemia; polyuria and polydipsia; low-grade 
fever; and behavioral problems/decline in school perfor-
mance.† Bladder PGL can present with hematuria and 
paroxysmal symptoms during micturition.34,39

Complications of catecholamine excess can include 
hypertensive crisis, cardiomyopathy (takotsubo cardiomy-
opathy), arrhythmias, pancreatitis, severe constipation 
and intestinal pseudo-obstruction, stroke, seizures, and 

*See references 3, 8, 12, 14, 16, 18, 19, 30, and 36.
†See references 8, 12, 14, 16, 18, 19, and 36-38.
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even multisystem crisis and death.19,34,36,38,40-42 Symp-
toms of parasympathetic PGL include hearing loss, 
pulsatile tinnitus, neck mass and other symptoms of 
mass effect such as voice hoarseness, pharyngeal fullness, 
and dysphagia.43

Compared with sporadic disease, PHEO/PGL identi-
fied during the course of prospective presymptomatic 

screening within the context of a familial disorder are 
smaller and less symptomatic (frequently asymptomatic) 
tumors.44-46 Although this type of clinical presentation is 
becoming more commonplace, there is currently no con-
sensus as to how to approach such patients with small 
asymptomatic tumors, particularly in clinical settings 
where the risk for malignancy is low.
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FIGURE 14-3 n  Catecholamine synthesis and metabolism. The catecholamines are synthesized from the amino acid tyrosine, which is 
converted to 3,4-dihydroxyphenylalanine (Dopa) by the enzyme tyrosine hydroxylase (TH), the rate-limiting step in catecholamine 
biosynthesis. Subsequent enzymatic decarboxylation (aromatic L-amino acid decarboxylase; AADC) and hydroxylation (dopamine 
b-hydroxylase; DBH) yields dopamine and norepinephrine, respectively, and norepinephrine is subsequently converted to epinephrine 
via the cytosolic enzyme phenylethanolamine N-methyltransferase (PNMT). The catecholamines are metabolized by two major  
enzymes: monoamine oxidase (MAO) and catechol-O-methyltransferase (COMT).
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Evaluation
Biochemical Diagnosis

The diagnosis of PHEO/PGL has been simplified by 
advances in the assays used to detect and quantify levels 
of catecholamines and their metabolites in blood and 
urine. The measurement of fractionated plasma or urine 
metanephrines (metanephrine and normetanephrine) is 
the most sensitive test (approaching 100% sensitivity) for 
the diagnosis of a sympathetic chromaffin tumor and 
should be the primary diagnostic test in the initial evalu-
ation of suspected PHEO/PGL3,18,47-54 (Figure 14-4).

The high sensitivity of metanephrine testing is based on 
the fact that there is continuous intratumoral metabolism 
of catecholamines, a process that occurs independently of 
catecholamine release, which can occur intermittently or 
at low rates.50 An elevation of metanephrines greater than 
fourfold above the reference range is associated with  
almost 100% probability of the presence of a catechol-
amine-secreting tumor.55 Any drugs known to interfere 
with these assays (e.g., acetaminophen, tricyclic antide-
pressants, phenoxybenzamine, and decongestants, among 
others3) should be discontinued prior to testing. Dietary 
restrictions need not be routinely employed but should  
be considered if the assay utilized measures only decon-
jugated normetanephrines or if a dopamine-secreting 
tumor is suspected.56 The measurement of the catechol-
amine metabolites vanillylmandelic acid (VMA) and ho-
movanillic acid (HVA) is no longer recommended for the 
evaluation of PHEO/PGL. However, testing for HVA 

and VMA in spot urine samples remains a critical com-
ponent of the evaluation of neuroblastoma, where these 
analytes have a high sensitivity and specificity for tumor 
detection.57

In patients with mildly elevated metanephrine levels 
in whom a false-positive test result is suspected, consid-
eration should be given to measuring these analytes in 
the supine position, 30 minutes after an indwelling nee-
dle or catheter is inserted into the vein.3,53 Clonidine 
suppression and glucagon stimulation tests58-60 have been 
a component of the diagnostic algorithm in adults but are 
rarely required and, in the case of the glucagon stimula-
tion test, have been largely abandoned due to insufficient 
diagnostic sensitivity.61 Furthermore, these tests have not 
been validated in the diagnosis of childhood PHEO/
PGL and are not currently recommended.

Catecholamine-producing tumors can be subclassified 
as being either noradrenergic or adrenergic based uon 
their pattern of catecholamine release.62,63 Noradrenergic 
PHEO/PGL secrete norepinephrine and normetaneph-
rine, as seen in VHL disease and in tumors associated with 
the familial PGL syndromes.15,62,64-66 Adrenergic tumors 
secrete both epinephrine and norepinephrine and their 
metabolites, and these tumors are more commonly PHEO 
that arise sporadically or within the clinical context of 
MEN2 or NF1.50,62,64,66 This differential secretion of cat-
echolamines is due to decreased expression of PNMT in 
noradrenergic tumors.64

Dopamine-secreting tumors are rare and are typi-
cally extra-adrenal SDHx-mediated paragangliomas.67-69 

Receptor Type
Primary Pharmacologic 
Agonist(s)

Primary Pharmacologic 
Antagonist(s) Major Biologic Effects

a1 Phenylephrine,  
midodrine

Doxazosin, prazosin,  
terazosin, etc.

Vasoconstriction; promotes cardiac growth and  
structure

a2 Clonidine,  
methyldopa,  
tizanidine

Yohimbine Inhibition of norepinephrine release;  
vasoconstriction; inhibits adrenal  
catecholamine release and modulates  
CNS dopamine neurotransmission

b1 Dobutamine Atenolol, bisoprolol,  
esmolol, metoprolol

Increases heart rate and contractility

b2 Albuterol,  
levalbuterol,  
salmeterol,  
terbutaline, etc.

Propranolol (prototypic 
b2 antagonist that is 
also a b1 antagonist) 
and others

Smooth muscle relaxation (arteriolar and  
venous dilation; relaxation of tracheobronchial 
muscles)

b3 Investigational Investigational Metabolic effects in adipose tissue and skeletal  
muscle

D1-like (D1 
and D5)

L-DOPA No primary agents Vasodilation; increased renin secretion;  
promotes norepinephrine and epinephrine  
release; various CNS functions

D2-like (D2, D3, 
and D4)

Bromocriptine, caber-
goline, pramipexole, 
ropinirole

Aripiprazole,  
chlorpromazine,  
haloperidol,  
metoclopramide,  
prochlorperazine, etc.

Decreases prolactin secretion; decreases renin  
secretion; inhibits norepinephrine and  
epinephrine release; various CNS functions

TABLE 14-2 Catecholamine Receptor Classification, Function, and Pharmacology

Data from Westfall, T. C, & Westfall, D. P. (2011). Neurotransmission: the autonomic and somatic motor nervous systems. In L. L. Brunton 
(Ed.), Goodman & Gilman’s the pharmacological basis of therapeutics (12th ed.) (pp. 171–218). New York: McGraw-Hill.; Westfall, T. C., 
& Westfall, D. P. (2011). Catecholamines and sympathomimetic drugs. In L. L. Brunton (Ed.), Goodman & Gilman’s the pharmacological 
basis of therapeutics (12th ed.) (pp. 277–333). New York: McGraw-Hill.; Sanders-Bush, E., & Hazelwood, L. (2011). 5-Hydroxytryptamine 
(serotonin) and dopamine. In L. L. Brunton (Ed.), Goodman & Gilman’s the pharmacological basis of therapeutics (12th ed.) (pp. 335–361). 
New York: McGraw-Hill.
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The measurement of plasma methoxytyramine (see  
Figure 14-3) may help to identify such a tumor, particu-
larly in the context of an SDHx mutation,70 but this test 
is not widely available. A dopamine-secreting tumor 
should be considered in normotensive patients identi-
fied to have a mass that appears consistent with a 
PHEO/PGL, in which case dopamine and its metabo-
lites, homovanillic acid and methoxytyramine (if avail-
able), should also be measured.68,70-72 For prospective 
screening in patients with an SDHx mutation, total cat-
echolamines should also be checked in addition to 
metanephrines due to this possibly.

Chromogranin A is a major secretory protein present 
in the soluble matrix of chromaffin granules that serves as 
an effective tumor marker that may correlate with PHEO/
PGL size and malignant potential.15,47,73-75 Chromogranin 
A also appears to be a useful marker in the biochemically 
silent, SDHB-related paraganglioma,20,69 making it a 
potentially useful test in the screening of asymptomatic 
SDHx mutation carriers.

Radiographic Studies
Once a diagnosis of catecholamine excess is established 
from biochemical testing, radiographic studies should be 
undertaken to identify the location of the tumor(s)19,53 

(see Figures 14-1, 14-2, and 14-4). These tests include 
both anatomic imaging using computed tomography 
(CT) or magnetic resonance imaging (MRI) and func-
tional nuclear scintigraphy obtained concomitantly with 
single-photon emission computed tomography (SPECT)/
CT, chiefly using radiolabeled meta-iodobenzylguanidine 
(MIBG).76 Initial radiographic studies should include ana-
tomic cross-sectional imaging of the abdomen and pelvis, 

followed by imaging of the neck and chest if the initial 
studies are unrevealing18,50 (see Figure 14-4). CT and 
MRI have similar diagnostic sensitivities, and so the  
imaging test of choice is best determined by local prac-
tices and patient preference.53,77 Abdominal ultrasound 
may also be considered in young children, if local expertise 
permits (see Figure 14-2). Catecholamine-producing tumors 
are highly vascular (and hence enhancing) neoplasms that 
commonly contain necrotic, cystic, or hemorrhagic areas; 
on MRI, they may exhibit a classic hyperintense appear-
ance on T2-weighted images.18,78

MIBG, a synthetic compound that bears structural 
similarity to norepinephrine (except it also has a guani-
dine side chain that resists metabolism), accumulates 
preferentially in adrenergic tissues, namely due to reup-
take via the norepinephrine transporter system.79,80 
MIBG utilized for diagnostic purposes is radiolabeled 
with either 123I or 131I, although 123I-MIBG is the agent 
of choice because of its superior imaging properties and 
substantially lower radiation dose.76 123I-MIBG scanning 
is a sensitive and specific test (94% and 92%, respec-
tively76) that can confirm the catecholamine-producing 
nature of a tumor, localize tumors not seen with cross 
sectional imaging, and potentially identify other sites of 
disease, although its use is more limited in malignant 
disease.50,51,81-84 Whether or not MIBG scintigraphy is 
required in all cases where tumor is located by CT or 
MRI remains an area of debate,53 but it should be consid-
ered in known syndromic disease where there is a higher 
risk of multifocal disease. Prior to 123I-MIBG scanning, 
care should be taken to ensure that the patient is not  
taking medications (decongestants, calcium channel 
blockers, or labetalol) that are known to decrease MIBG 
uptake, and potassium iodide should be administered to 

Clinical suspicion
of PHEO/PGL

*Anatomic imaging (CT or MRI):
1) Abdomen/Pelvis; if negative,
2) Chest/head and neck

Functional imaging:
1) 123I-MIBG or PET using [18F]-FDA or [18F]-DOPA; if negative,
2) consider [18F]-FDG PET scan or 111In-DTPA-pentetreotide scan

1) Genetic counseling and testing
2) Consider chromogranin A
3) Surgery and clinical follow-up

Consider functional
imaging if PGL or
concern for multi-
focal disease or
malignancy

#Rule out interfering medications,
dietary or exercise influences, and
improper collection procedures; can
consider clonadine suppression test
as indicated in older children

Possible false positive#

Repeat evaluation prn

Fractionated plasma or
24-hour urine metanephrines

Repeat under optimized
conditions and include

catecholamines

4X ULN#
ULN

4X ULN# ULN

Repeat if clinical
suspicion remains high

Monitor and assess for other etiologies

*

FIGURE 14-4 n  Diagnosis of pediatric pheochromocytoma/paraganglioma. (Adapted from Waguespack, S. G., Rich, T., Grubbs, E., et al. 
(2010). A current review of the etiology, diagnosis, and treatment of pediatric pheochromocytoma and paraganglioma. J Clin Endocrinol 
Metab, 95, 2023–2037.)
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block thyroid uptake of radioactive iodine.80,85 Because 
of the limitations of MIBG testing, other nuclear imag-
ing modalities have been studied: somatostatin receptor 
scintigraphy using 111In-DTPA-pentetreotide (octreotide), 
[18F] fluoro-dihydroxyphenylalanine (18F-DOPA) positron 
emission tomography (PET), [18F]-fluorodopamine 
(18F-FDA) PET, or [18F] fluorodeoxyglucose (FDG) 
PET.50,77,86-88 Although some of these functional stud-
ies, particularly 18F-DOPA and 18F-FDA PET, are likely 
to be superior to scanning with MIBG,89-91 not all 
centers can perform these studies. [18F]FDG PET ap-
pears to be superior in the evaluation and workup of 
malignant PHEO/PGL, particularly in SDHB mutation 
carriers.91-94

Genetic Issues

The majority of apparently-sporadic PHEO/PGL that 
present in children and young adults are due to an 
identifiable germline mutation in one of several tumor-
predisposing genes9,15 (see Table 14-1). The most com-
monly associated syndrome is VHL followed by the 
familial paraganglioma syndromes (PGL1-4) and 
MEN2 (see separate sections presented later in the 
chapter). In all cases, synchronous or metachronous 
tumors can occur in both adrenal glands as well as  
extra-adrenal sites, underscoring the need for lifelong 
follow-up testing and appropriate genetic counseling 
and testing. Table 14-1 lists the major hereditary syn-
dromes associated with PHEO/PGL in children. 
Knowledge regarding the genetic causes of catecholamine-
producing tumors is rapidly expanding and genes  
associated with the development of PHEO/PGL in-
clude egl nine homolog 1 [C. elegans] (EGLN1 also 
known as PHD2)95; kinesin family member 1B (KIF1B)96; 
transmembrane protein 127 (TMEM127)97; succinate 
dehydrogenase complex, subunit A (SDHA)98; MYC 
associated factor X (MAX)99; and succinate dehydroge-
nase complex assembly factor 2 (SDHAF2), the cause of 
PGL2.100 Most recently, gain-of-function germline and 
somatic mutations in HIF-1 alpha-like factor (HIF2A; 
also known as EPAS1) have been associated with the 
development of PGL in individuals with congenital 
polycythemia.101,102

Family history, clinical presentation of the patient, and 
differences in the biochemical phenotype help to priori-
tize genetic testing.31,103 PHEO/PGL that arise in the 
context of VHL or the familial paraganglioma syndromes 
occur at younger ages and are typically noradrenergic 
tumors, producing almost exclusively norepinephrine and 
normetanephrine.15,66 Adrenergic tumors (which secrete 
epinephrine and metanephrine, in addition to norepi-
nephrine and normetanephrine), are seen in MEN2, 
NF1, and sporadic cases. In general, VHL is the major 
gene of interest in children with PHEO and SDHB is the 
suspected gene in patients with PGL or malignant dis-
ease.9,15 Evaluation for RET proto-oncogene germline 
mutations is recommended only in the rare case of a child 
with an apparently sporadic PHEO who exhibits an ad-
renergic phenotype, because medullary thyroid carci-
noma usually presents before PHEO in most individuals 

with MEN2.2,31 NF1 is usually clinically diagnosed and 
therefore testing for mutations in the NF1 gene in the 
context of an apparently sporadic tumor will be of very 
low yield and therefore is not recommended.

Management
Surgical Therapy

Surgical resection is the mainstay in the treatment of 
PHEO/PGL. A preoperative biopsy is not indicated and 
potentially dangerous.104 The procedure of choice for 
most PHEO is laparoscopic adrenalectomy, either using 
transperitoneal or retroperitoneal approaches.4,105-111 
Laparotomy should be contemplated in patients with 
large PHEO or a concern for underlying malignancy 
based on the clinical presentation, genetic background, 
or radiographic appearance of the tumor.4 In the set-
ting of bilateral PHEO or known hereditary PHEO,  
a cortical-sparing procedure should be performed to 
minimize the risk of the lifelong glucocorticoid and 
mineralocorticoid replacement and the attendant risks  
of primary adrenal insufficiency.4,107,112-114 Because it is 
extremely difficult to preserve a vascularized portion  
of adrenal cortex sufficient to prevent corticosteroid 
dependence without also leaving some residual adrenal 
medulla, there is a risk for recurrent PHEO in the rem-
nant; limited data suggest that recurrence rates in this 
setting are between 10% and 38%.10,30,112,115 The surgi-
cal approach for removal of a PGL depends on the loca-
tion of the tumor but in selected cases of abdominal 
disease can also be performed laparoscopically.19,108 
Head and neck PGL can be expectantly monitored or 
treated with surgery or radiation.4

It is important that the anesthesiologist have experience 
with the intraoperative management of PHEO/PGL,  
because dysrhythmias can occur and blood pressures  
can be quite labile.116,117 Both intravenous antihyperten-
sive medications (esmolol, labetalol, nitroprusside, phen-
tolamine, etc.) and vasopressors (e.g., phenylephrine and 
norepinephrine) should be readily available for intraopera-
tive use. The greatest risk for hypertension occurs during 
anesthesia induction and manipulation of the tumor, 
whereas hypotension is most likely to occur after ligation of 
the adrenal vein, when the abrupt decline in catecholamine 
concentrations leads to vasodilation.4 Postoperatively, the 
patient should be monitored for the two major complica-
tions of hypotension and hypoglycemia.3,4,116,117 Hyperten-
sion may persist for days to weeks following surgery. In 
patients who have had a cortical-sparing adrenalectomy in 
the context of bilateral PHEO resection, stress glucocorti-
coids should be provided and a high-dose cosyntropin 
stimulation test obtained prior to hospital discharge to de-
termine the need for adrenal steroid replacement.

Medical Preparation for Surgery

Once the diagnosis of a PHEO/functional PGL has been 
confirmed, medical therapy to normalize the blood pres-
sure and mitigate the signs and symptoms of catechol-
amine excess should be initiated (Table 14-3). If surgery 
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is planned, medical treatment should be taken for at least 
1 to 2 weeks prior to surgery. This is done to minimize 
the potential complications that may arise from acute 
catecholamine surges during the induction of anesthesia 
and manual manipulation of the tumor.11,19,116,118 No 
universal algorithm exists for the medical management of 
a PHEO/PGL prior to surgery. Nevertheless, blockade 
of a-adrenergic receptors is usually the therapy of choice 
and effective a-receptor blockade improves symptoms, 
lowers blood pressure, and expands the vascular bed and 
blood volume. The primary agent used in children is the 
nonselective a-blocker phenoxybenzamine.7,18,19,116 Side 
effects of phenoxybenzamine can include nasal congestion, 
symptomatic orthostasis, and tachycardia. Due to its long 
half-life, it may also increase the risk of postoperative 
hypotension.3,11,51,60 Selective a1-blockers such as prazo-
sin and doxazosin and calcium channel blockers such as 
nifedipine can also be utilized.11,60,119-121 Although labet-
alol and carvedilol, drugs with both a- and b-antagonist 
activity, are attractive options for preoperative blockade, 
they are not universally recommended for primary medi-
cal treatment because of their lower a-adrenergic receptor 
blockade relative to their b-antagonist activity.121 Mety-
rosine is a competitive inhibitor of tyrosine hydroxylase, 
the rate-limiting step of catecholamine biosynthesis (see 
Figure 14-3), and it can also be utilized as part of the 
preoperative preparative regimen.121,122 However, not 
all centers use metyrosine routinely due to its potential 
significant side effects (sedation, diarrhea, and extra-
pyramidal manifestations) and unclear benefit in most 
cases.4,18,31 Symptomatic postural hypotension may be 
seen at the beginning of medical therapy, particularly 
with large biochemically active tumors, so it is imperative 
to start at low doses and increase the dose or frequency 
every few days until the blood pressure is normal for age 
and height and the patient is minimally orthostatic. 
Phenoxybenzamine is only supplied as a single dose (10-mg 
capsule), so it will need to be compounded by the phar-
macy to allow for the administration of the lower doses 
needed in younger children. Phenoxybenzamine is also 
an expensive drug, which makes the selective a1-blockers 
a more attractive option in many cases.

Once alpha blockade has been established, a b-blocking 
agent (see Table 14-3) is typically added to control reflex 

tachycardia.121 A b-blocker should not be used as a single 
agent because of the possibility of worsening symptoms 
and hypertension due to unopposed catecholamine effects 
at a-adrenergic receptors.3 A few days prior to surgery, 
oral salt loading (either via increased dietary intake or with 
sodium chloride tablets) is recommended to expand the 
blood volume in order to mitigate postoperative hypoten-
sion. Some centers also routinely admit patients for intra-
venous fluids prior to PHEO/PGL resection,121 and this 
should be considered for very symptomatic children with 
large tumors.

Prognosis and Follow-up
The prognosis of children diagnosed with PHEO/PGL 
is excellent with 5- and 10-year survival rates of 98% and 
a 20-year survival rate of 84%.15 Based on data from a 
British tumor registry, the incidence of malignant disease 
in children is estimated to be 0.02 per million per year.7 
Approximately 12% of pediatric PHEO/PGL are malig-
nant,8 although some referral centers report a malig-
nancy rate in tumors diagnosed during childhood as high 
as 65%.14,15,30 The high rate of malignancy from some 
studies may in part reflect a referral bias. On the other 
hand, the latency period between diagnosis and confirma-
tion of metastatic disease is 9 years on average15; thus, the 
true rate of malignancy may be higher than previously 
recognized because it can only be identified during long-
term systematic follow-up of patients diagnosed with 
PHEO/PGL during childhood. Children with metastatic 
disease typically demonstrate a more indolent clinical 
course with average overall survival . 6 years after the 
diagnosis of metastatic disease.15

There is no single histologic feature or immunohisto-
chemical profile that is independently able to predict 
metastatic potential in a resected PHEO/PGL, but fea-
tures noted more frequently in malignant tumors include 
extra-adrenal location, confluent tumor necrosis, absence 
of hyaline globules, coarse nodularity of the primary tumor, 
high proliferative index, and size greater than 5 cm, among 
others.22,123-125 Malignancy is therefore only established by 
the identification of distant metastases in a site where 
paraganglia are not normally located (primarily bones 
but also lymph nodes, liver, or lungs).15,22,123 The risk of 

Drug Class Drug Mechanism of Action Initial Pediatric Dose

a-adrenergic 
receptor blockers

Doxazosin
Phenoxybenzamine
Prazosin

a1-antagonist
a1- and a2-antagonist
a1-antagonist

0.5-1 mg daily
0.2-0.5 mg/kg/day divided BID (max 10 mg BID)
0.05-0.1 mg/kg/day divided TID (max 1 mg TID)

b-adrenergic 
receptor blockers

Atenolol
Metoprolol
Propranolol

b1- antagonist
b1- antagonist
b1- and b2-antagonist

0.5-1 mg/kg/dose daily (max 50 mg daily)
1-2 mg/kg/day divided BID (max 50 mg BID)
0.5-1 mg/kg/day divided BID (max 40 mg BID)

Calcium channel 
blockers

Nifedipine  
(sustained release)

Calcium channel 
blocker

0.25-0.5 mg/kg/day daily or BID (max 60 mg  
total daily dose)

Inhibitors of  
catecholamine 
synthesis

Metyrosine Tyrosine hydroxylase 
inhibitor

125-250 mg divided BID-TID

TABLE 14-3 Preoperative Medical Management of Pheochromocytoma/Sympathetic Paraganglioma
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malignant disease is greater for extra-adrenal sympa-
thetic PGL than for PHEO or nonsecretory head and 
neck PGL, and overall prognosis is worse for these pa-
tients.15,125 The highest risk for malignancy and death is 
in SDHB-related sympathetic PGL, which represents 
50% or more of malignant tumors.15,65,69,126-130

Because PHEO/PGL can have unpredictable behav-
ior and because children are at risk for the development 
of metachronous primary tumors, delayed metastasis 
from previously treated neoplasms, and local recurrence 
(in the case of cortical-sparing procedures), long-term 
follow-up with biochemical screening and intermittent 
imaging studies is required, particularly for children with 
a PGL or a known SDHB mutation.3,7,10,15,19,22,30,112,115 

For asymptomatic children with an identified genetic 
mutation predisposing them to the development of a 
PHEO/PGL, annual biochemical screening is advised, 
with the age of initial screening determined by the spe-
cific gene mutation (see Table 14-1). Furthermore, 
occasional cross-sectional imaging, typically MRI be-
cause of the lack of radiation exposure, is recommended  
periodically for follow-up of patients at high risk of recur-
rence or malignant disease (e.g., abdominal paraganglio-
mas) or at risk for developing a PHEO/PGL that may not 
be identified on biochemical testing alone (e.g., familial 
paraganglioma syndromes), although the optimal screen-
ing strategy has yet to be determined.131

MEDULLARY THYROID CARCINOMA

MTC is a malignant neuroendocrine tumor that arises 
from the neural crest–derived, calcitonin-producing 
parafollicular C cells of the thyroid gland.132,133 It 
comprises only a small minority of thyroid malignan-
cies diagnosed in patients under the age of 21 years, 
although it is the most common thyroid malignancy 
diagnosed at less than age 5 years.134 The overall 
age-adjusted incidence of MTC during childhood is  
, 0.5 cases per million per year, with a fairly equal 
female:male ratio, unlike the differentiated thyroid 
carcinomas, which are more frequent in girls than 
boys.134-136

When diagnosed during childhood, MTC primarily 
results from a dominantly inherited or de novo activating 
mutation in the multiple endocrine neoplasia (MEN) type 
2A or type 2B or familial MTC (FMTC). FMTC is more 
commonly being recognized as a phenotypic variant of 
MEN2A with decreased penetrance or delayed onset of the 
other neoplastic manifestations.141,142 RET is a member of 
the cadherin superfamily and encodes a receptor tyrosine 
kinase that has an extracellular binding domain and an  
intracellular tyrosine kinase (Figure 14-5). The endoge-
nous ligands (which activate RET via a high-affinity ligand-
binding coreceptor, GFRa) are members of the glial 
cell–derived neurotrophic factor (GDNF) family, which 

FIGURE 14-5 n  The RET receptor and commonly mutated codons and associated phenotypes in the MEN2 syndromes, including the 
recent ATA risk stratification. aAge of testing refers to the age at which clinical testing with thyroid ultrasound and basal calcitonin 
levels would be appropriate. It is not meant to indicate the age of testing for the presence of a RET mutation, which may be done 
earlier after appropriate genetic counseling, or the absolute age for early thyroidectomy. bAlthough a case of very aggressive MTC 
in a child diagnosed at age 6 years has been reported, an older age of disease onset is generally observed with this RET mutation. 
cOnly rare cases of MEN2B secondary to the A8883F mutation have been published, and the MTC phenotype of this mutation 
remains largely unknown. MTC, medullary thyroid carcinoma; PHEO, pheochromocytoma; PHPT, primary hyperparathyroidism; CLA, 
cutaneous lichen amyloidosis; HSCR, Hirschsprung disease. (This image can be viewed in full color online at ExpertConsult.) (From 
Waguespack, S. G., Rich, T. A., Perrier, N. D., et al. (2011). Management of medullary thyroid carcinoma and MEN2 syndromes in childhood. Nat 
Rev Endocrinol, 7, 596–607.)
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are involved in the regulation of neural tissue develop-
ment.143 The RET protein therefore plays a crucial role in 
the development of neural crest–derived cells, the urogeni-
tal system, and the central and peripheral nervous systems, 
notably the enteric nervous system.144,145

Although sporadic nonheritable tumors account for up 
to 75% of adult cases of MTC,141 such tumors are rare in 
children. In contrast to sporadic MTC, hereditary MTC 
is typically multifocal, bilateral, and located in the middle 
to upper regions of the thyroid lobes (Figure 14-6), an area 
where C cells are the most highly concentrated.133,146,147 

Microscopic examination and calcitonin staining of  
the thyroid will often identify C-cell hyperplasia, which  
is the initial stage in an oncologic cascade that leads to  
the development of microscopic noninvasive MTC and 
ultimately lymph node and distant metastatic disease due 
to frankly invasive carcinoma (Figure 14-6).133,148 Patients 
with hereditary MTC have an age-related progression  
of malignant disease, with lymph node and distant metas-
tases typically occurring years after the onset of C-cell 
hyperplasia.2,148 The cervical and mediastinal lymph node 
basins are the most common sites of metastatic disease, 

FIGURE 14-6 n  The development and progression of hereditary MTC in childhood. C-cell hyperplasia is the initial stage in an oncologic 
cascade that ultimately leads to the development of microscopic noninvasive MTC and ultimately lymph node and distant metastatic 
disease due to frankly invasive carcinoma. The weight of the arrows denotes the hypothetical probability of the event occurring in 
the typical pediatric patient with a RET codon 634 mutation. LN, lymph node; MTC, medullary thyroid carcinoma. (This image can 
be viewed in full color online at ExpertConsult.) (From Waguespack, S. G., Rich, T. A., Perrier, N. D., et al. (2011). Management of medullary 
thyroid carcinoma and MEN2 syndromes in childhood. Nat Rev Endocrinol, 7, 596–607.)
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whereas distant sites for MTC spread typically include the 
lungs, liver, and bone or bone marrow. Positive lymph 
node status and higher stage at diagnosis predict lower 
disease-free survival and higher mortality.136,149-151

Clinical Presentation
Children with sporadic MTC present similar to other 
thyroid malignancies, typically with a palpable thyroid 
nodule or cervical lymphadenopathy. They do not have 
the characteristic facial or other features found in 
MEN2B as described later. On the other hand, children 
with hereditary disease due to a RET mutation rarely 
present with overt clinical disease, outside of the newly 
identified MEN2A kindred or MTC associated with 
MEN2B, a diagnosis that remains uniformly delayed.152 
Therefore, in the 21st century, the predominant clinical 
presentation of MTC during childhood is one of the 
presymptomatic identification of a positive RET muta-
tion and the ultimate identification of microscopic MTC 
after early thyroidectomy.

Evaluation and Management
Several guidelines and review papers are available  
to assist the clinician in the specific evaluation and 
management of the child with suspected or proven 
MTC.2,141,153-156 As with all pediatric thyroid malignan-
cies, surgery is the cornerstone of therapy. Given the 
potential higher complication rates in children than 
adults,157 children should be operated on by a surgeon 
skilled in thyroid surgery and with “high volume” expe-
rience for this procedure.158 Apart from the decision of 
when to intervene, the thyroid surgeon must also con-
sider the patient’s RET genotype and clinical data and 
incorporate this knowledge into the decision-making 
process to determine the optimal surgical approach.2 
Meticulous and safe removal of all thyroid tissue, in-
cluding the posterior capsule, is the goal of the prophy-
lactic thyroidectomy.154 Routine central compartment 
(level VI) neck dissection159 is not performed in the set-
ting of a purely prophylactic thyroidectomy because 
lymph node metastases are quite rare in that set-
ting.141,148-150,154,160,161 However, if the operation is for a 
clinically evident hereditary tumor or for sporadic 
MTC, thyroidectomy and a concomitant central neck 
dissection should be performed. Dissection of the lat-
eral cervical lymph node compartments (levels IIA to 
V) is generally performed only in cases where there is 
clinical evidence of lateral neck involvement.

Fortunately, life-threatening MTC rarely occurs dur-
ing childhood and typically only in the clinical context of 
MEN2B. MTC is not sensitive to standard cytotoxic 
chemotherapy, which historically has incorporated the 
agent dacarbazine.142 Targeted molecular therapies that 
inhibit RET and other receptor tyrosine kinases known 
to be involved in angiogenesis have shown great promise 
in the treatment of metastatic MTC.162-164 The drug 
vandetanib became the first such agent approved by the 
U.S. Food and Drug Administration (FDA) for the treat-
ment of adults with MTC, and preliminary results from 

a phase I/II trial in children with MTC have been  
encouraging.165

Prognosis
The prognosis of MTC diagnosed during childhood is 
generally excellent, with 5-year and 15-year survival 
rates of 95% and 86%, respectively.134 Mean survival 
after diagnosis is 28.3 years and the presence of distant 
disease at diagnosis, compared with locoregional dis-
ease, portends a worse prognosis.134,166,167 As the tumor 
stage increases, the risk of both locoregional and distant 
metastatic disease rises,136,166 although lymph node me-
tastases may still occur when the tumor is , 1 cm in 
size.168-171 Many children who present with clinical 
MTC already have metastatic disease at diagnosis.  
Consequently, the majority of cases of childhood MTC 
that are not diagnosed before lymph node metastases 
occur represent incurable, albeit indolent, cancers. The 
aggressiveness of the clinical course can be predicted  
by the presence of certain RET mutations (see MEN2 
section), the child’s clinical presentation, and the use  
of calcitonin and carcinoembryonic antigen (CEA) as 
tumor markers. The loss of calcitonin expression, a 
CEA level out of proportion to calcitonin, and a rapid 
CEA or calcitonin doubling time are all harbingers of 
an aggressive disease course.141,151,172,173

HEREDITARY ENDOCRINE NEOPLASIA 
SYNDROMES

Carney Complex
The Carney complex (CNC) is a genetically and clinically 
heterogeneous disorder with autosomal dominant inheri-
tance first described in 1985.174 It is characterized by spotty 
skin pigmentation affecting the lips, conjunctiva, and  
other mucosal surfaces (Figure 14-7); myxomas of the 
breast, heart, and skin; endocrine tumors or overactivity, 
classically primary pigmented nodular adrenocortical dis-
ease (PPNAD)175 and growth hormone/prolactin hyperse-
cretion; and psammomatous melanotic schwannoma, 
among other clinical manifestations.174,176,177 Two or more 
distinct genetic loci are associated with CNC: the gene 
PRKAR1A178,179 on chromosome 17q23-q24 and an un-
known gene on chromosome 2p16.180 PRKAR1A encodes 
for the RI-a subunit of protein kinase A, the major mediator 
of intracellular cAMP signaling. Most PRKAR1A mutations 
are inactivating point mutations, and about 30% of CNC 
patients have de novo disease.176,181 In patients with CNC, 
the overall PRKAR1A mutation detection rate is 62%.181

The major endocrine phenotype of the CNC is  
PPNAD, occurring either alone or with other CNC 
manifestations, in 60% of cases.181 PPNAD is a rare form 
of ACTH-independent hypercortisolism pathologically 
associated with multiple small (, 1 cm) black or brown 
nodules (containing lipofuscin) in an otherwise atrophic 
cortex175,182,183 (see Figure 14-7). The median age of 
onset is 34 years (with about 20% of cases occurring dur-
ing childhood), and there is a female predilection after 
puberty.181 The hypercortisolism is typically insidious in 
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its onset, and a classic finding in PPNAD-related Cushing 
syndrome is the paradoxical increase in glucocorticoid 
excretion during high-dose dexamethasone administra-
tion for the Liddle test.184 Adrenal imaging is of limited 
value for the confirmation of PPNAD, but it can suggest 
diffuse micronodular disease on high-resolution stud-
ies.182,183,185 The treatment of symptomatic PPNAD is 
bilateral adrenalectomy.

Growth-hormone hypersecretion (causing gigantism 
or acromegaly, depending on the age of onset) is the pri-
mary pituitary phenotype of the CNC, occurring in 10% 
to 12% of CNC patients.174,181,186 Pathologically, this 
may be associated with an adenoma or hyperplasia.186,187 
Concomitant hyperprolactinemia is prevalent and is sim-
ilarly caused by underlying hyperplasia or frank adeno-
mas in rare cases.187,188 Subtle abnormalities in growth 
hormone and prolactin secretion may be identified in  
up to 75% of patients with CNC.186 Thyroid neoplasia 
occurs in 25% of CNC patients and differentiated thyroid 
carcinoma (both papillary and follicular carcinomas) have 
been identified in 2.5% of cases.181 Males with CNC are 
at risk for testicular tumors, primarily bilateral large-cell 
calcifying Sertoli cell tumors (LCCSCT), clinically iden-
tified in 33% to 41% of patients.181,186 Similar to the 
Peutz-Jeghers syndrome (discussed later), gynecomastia 
or palpable mass(es) may be a clinical presentation of 
LCCSCT, which can also be malignant in rare cases.186,189

Once CNC is diagnosed clinically or an asymptomatic 
child is found to harbor a germline PRKAR1A mutation, 
prospective monitoring for the development of the tumors 
and endocrine disorders characteristic of the syndrome 
can be undertaken,176,186 although optimal screening strat-
egies remain largely unknown.

Familial Isolated Pituitary Adenomas
Hereditary pituitary adenomas can occur within families 
outside of the context of MEN1 and other autosomal 
dominant, heritable endocrine neoplasia syndromes. 
The term familial isolated pituitary adenomas (FIPA) was 
first proposed in 2006.190 Pituitary tumors occurring 
within FIPA families clinically present similar to spo-
radic pituitary adenomas and all hormonal subtypes are 
represented. The disorder was ultimately identified in  
a subset of FIPA kindreds to be caused by germline  
mutations in the aryl hydrocarbon receptor-interacting 
protein (AIP) gene.191,192

Mutations in AIP represent about 15% of FIPA cases 
(50% of kindreds with familial somatotropinomas), and 
more than 50 AIP mutations have been described to 
date.192,193 Penetrance is incomplete and is estimated 
to be around 30%.193 Median age of diagnosis is 23 years 
(range 8 to 74 years) and half of cases present during 
childhood or adolescence.194 In patients , age 18 years 
presenting with an apparently-sporadic pituitary mac-
roadenoma, 20% may harbor a germline AIP mutation.195 
FIPA individuals with AIP mutations have tumors that 
are larger (overwhelmingly macroadenomas) and diag-
nosed at a much younger age compared with AIP-negative 
patients.192,194 The majority of AIP-mutated adenomas 
are somatotroph or mammosomatotroph adenomas, which 
typically present with gigantism in males.192,194 These 
AIP-mutated growth-hormone secreting tumors are  
more recalcitrant to the typical therapies prescribed for 
gigantism/acromegaly.194

Given the identification of AIP-related FIPA, there are 
no consensus guidelines as to the timing of genetic testing 

FIGURE 14-7 n  Carney complex and primary pigmented nodular adrenocortical disease (PPNAD). A, A 10-year-old female with ACTH-
independent Cushing syndrome and the Carney complex demonstrates facial rounding, plethora, and the classic distribution of facial 
lentigines. B, Gross pathologic specimen of the right adrenal gland in another patient with PPNAD and the Carney complex. (This 
image can be viewed in full color online at ExpertConsult.)
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for AIP mutations in sporadic pituitary adenoma cases or 
at-risk members of an affected kindred. Recommendations 
for prospective clinical screening in asymptomatic AIP-
mutation carriers are also not well established. However, 
some authors have proposed an approach to care of such 
patients that includes an annual hormonal and auxologic 
evaluation.193,196

Familial Paraganglioma Syndromes
The familial paraganglioma syndromes, also referred to 
as the familial paraganglioma and pheochromocytoma 
syndromes (FPPS),131 are characterized primarily by the 
development of parasympathetic and sympathetic PGL 
and PHEO.197 Four autosomal dominantly inherited 
FPPS syndromes (PGL1-4) have been described (see 
Table 14-1) and are due to germline mutations in dis-
crete genes encoding either the subunits of the succinate 
dehydrogenase (SDH) enzyme gene (SDHB, SDHC, and 
SDHB) or a protein necessary for the flavination of 
SDHA: PGL1(SDHD),198 PGL2(SDHAF2),100 PGL3 
(SDHC),199 and PGL4 (SDHB).200 The SDHx genes con-
stitute the subunits for complex II of the mitochondrial 
respiratory chain that, when mutated, lead to stabilization 
of hypoxia inducible factor 1 with a subsequent state of 
pseudohypoxia.131 The clinical phenotype differs among 
the four syndromes and remains poorly characterized in 
some cases, such as PGL2. As an example, mutations in 
SDHC primarily cause benign parasympathetic head 
and neck PGL (also referred to as “glomus tumors”  
or “chemodectomas”), whereas mutations in SDHB are 
associated more with abdominal PGL and a high risk of 
malignancy (see Table 14-1, Figure 14-2). In all cases, 
penetrance of the clinical phenotype is less than 100% and 
increases with age.127,197,201,202 Mutations in SDHD (and 
possibly also SDHAF2) demonstrate parent-of-origin 
effects, with disease generally occurring only when  
the mutation is inherited from the father.197,203 SDHx-
related tumors are associated with gastrointestinal stro-
mal tumors (GIST), a finding that has also been re-
ferred to as the Carney-Stratakis syndrome or dyad.204,205 
Other non-paraganglial malignancies described (chiefly 
in patients with SDHB mutations) include renal cell 
carcinoma and papillary thyroid carcinoma.201,206,207 A 
patient with an SDHD mutation was identified to have 
a growth hormone-secreting pituitary macroadenoma, 
suggesting a possible role of SDH defects and pituitary 
tumorigenesis.208

Hyperparathyroidism-Jaw Tumor 
Syndrome
The hyperparathyroidism-jaw tumor (HPT-JT) syn-
drome is a heritable disorder primarily characterized by 
parathyroid neoplasia and primary hyperparathyroidism 
associated with ossifying fibromas of the maxilla or man-
dible. First reported in 2002, CDC73 (formerly known as 
HRPT2) is the only known gene in which mutations 
cause HPT-JT, and CDC73 mutations are identified in 
about 60% of HPT-JT syndrome kindreds.209 Primary 
hyperparathyroidism due to a single benign parathyroid 
adenoma is the most common clinical manifestation, but 

parathyroid carcinomas are quite prevalent in the syn-
drome, representing up to 15% of HPT cases.210 The 
youngest age of diagnosis of HPT has been seven years.211 
Ossifying fibromas, also known as cemento-ossifying  
fibromas, can be quite aggressive and occur in 30% to 
40% of individuals with HPT-JT syndrome.210 They are 
chiefly treated with surgical extirpation. Other clinical 
manifestations of the HPT-JT syndrome include renal 
lesions (cysts, hamartomas, and nephroblastoma) and 
uterine tumors.212,213 Prospective clinical monitoring of 
individuals with a CDC73 mutation includes periodic 
biochemistries, dental imaging, and ultrasonography of 
the kidney and uterus.210

Multiple Endocrine Neoplasia 1 (MEN1)
MEN1 is an autosomal dominantly inherited tumor  
syndrome characterized by the occurrence of glandular 
hyperplasia and benign or malignant neoplasia in two or 
more specific endocrine glands, chiefly the parathyroids, 
pituitary, and neuroendocrine cells of the duodenum and 
pancreas153,214-217 (Table 14-4). The tumors can be hor-
monally active or inactive and multifocality is common, 
except for pituitary tumors. Some patients also develop 
adrenocortical adenomas, carcinoid tumors, benign tumors 
of the skin (angiofibromas, collagenomas, lipomas), cen-
tral nervous system (CNS) tumors (meningiomas and 
ependymomas), or uterine leiomyomas.216,217

 The hereditary nature of MEN1 was first recognized 
by Wermer in 1954.218 Genetic linkage analysis among 
families with a clinical diagnosis of MEN1 initially local-
ized the inherited abnormality to chromosome 11q13,219,220 
which ultimately led to the identification in 1997 of germ-
line mutations in several families with MEN1.221,222 The 
MEN1 gene is a tumor suppressor gene that encodes a 
nuclear protein (menin), which in turn plays a role in 
transcriptional regulation, genome stability, cell division, 
and proliferation.215,223,224 Advances in genetic testing 
have made it possible to establish a specific molecular  
diagnosis and screen unaffected relatives. The challenge 
for pediatric physicians, other caregivers, and parents is 
determining when to perform appropriate clinical surveil-
lance and intervention for patients known to harbor an 
MEN1 gene mutation.

Epidemiology and Pathogenesis

The prevalence of MEN1 is estimated at 1 to 10 per 
100,000 individuals.225,226 The “two-hit” mechanism of 
disease, first described by Knudson in hereditary retino-
blastoma,227 is illustrated in Figure 14-8. Patients with 
MEN1 carry one wild-type and one inactive mutant  
allele of the MEN1 gene (a germline mutation) in all 
cells. This in itself is insufficient to induce tumor forma-
tion. Subsequently, a somatic mutation (the “second hit”) 
in a single cell deletes the only normally functioning 
MEN1 gene, leads to a loss of heterozygosity at the 
MEN1 locus in tumor DNA, and attenuates the ordinary 
constraints on cell growth by menin. Thus, tumor forma-
tion is initiated from a single clone of cells.

Most patients with MEN1 inherit the mutant allele 
from an affected parent, but about 10% of individuals 
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Organ System Tumors
Estimated 
Penetrancea

Earliest Age of  
Onset (References) Product Hypersecreted

Parathyroid Hyperplasia/adenoma 90%-100% 8y226 Parathyroid hormone 
(PTH)

Anterior pituitary 15%-50%
Prolactinoma 20% 5y†29 Prolactin (PRL)
Somatotropinoma 10% 9y230 Growth hormone (GH)
Corticotropinoma ,5% 12y459 Adrenocorticotropic 

hormone (ACTH)
Nonfunctioning , 5% 12y460

Enteropancreatic 
neuroendocrine

30%-80%

Insulinoma 10% 8y461 Insulin
Gastrinoma 40% 10y230 Gastrin
Glucagonoma , 1% Glucagon
VIP producing , 1% Vasoactive intestinal 

polypeptide
Nonfunctioning and PPoma 40%-80% 12y460 Pancreatic polypeptide

Stomach Type II gastric carcinoid 10% 31y230 None
Thymus Carcinoid 2% 16y254 ACTH, GH-releasing 

hormone, or none
Bronchus Carcinoid 2% 15y230 None
Adrenal Adrenocortical adenoma 40% 25230 Cortisol, aldosterone, 

or none
Pheochromocytoma , 1% Metanephrines/ 

catecholamines
Skin Angiofibromas 85%

Collagenomas 70%
Lipomas 30%

CNS Meningiomas 8%
Ependymomas 1%

Uterus Leiomyomas Rare

TABLE 14-4 Characteristic Tumors and Associated Abnormalities in MEN1

*Percentage of patients that eventually develop these clinical manifestations.153,216,217,273

†This patient had a mammosomatotroph tumor, co-secreting prolactin, and growth hormone.

with MEN1 represent de novo mutations.222,224,228 More 
than 90% of tumors from MEN1 patients have loss of 
heterozygosity due to a subchromosomal rearrangement 
or deletion of the entire chromosome; other mechanisms 
for the second hit include point mutations, small dele-
tions or insertions within the MEN1 gene.214,215,224 There 
have been more than 1100 germline mutations of the 
MEN1 gene characterized thus far, and these mutations 
occur via multiple mechanisms and are distributed 
throughout the MEN1 gene.214,215,222,224,228 Testing by 
direct DNA sequencing identifies most MEN1 muta-
tions, but approximately 5% to 10% of people with 
MEN1 do not have a mutation in the coding region or 
splicing sites of MEN1.217,224 Such patients may represent 
a phenocopy (see the section on MEN4), or they may 
harbor a mutation in untranslated regions or introns or a 
large gene deletion, which requires other technologies 
such as multiplex ligation-dependent probe amplification 
(MLPA) to detect.229

Clinical Presentation and Management

The clinical presentation of MEN1 is highly variable, 
even among members of the same kindred, and will  

depend on the location and functionality of the underlying 
tumor(s). Not surprisingly, functional tumors typically 
present 5 to 10 years earlier than nonsecretory neo-
plasms.230 There is almost complete penetrance of the 
phenotype, so MEN1 clinical and biochemical manifes-
tations will generally develop in 80% and . 98% of 
patients, respectively, by the fifth decade of life.153,228,230 
An age-related progression of the various endocrine tumors 
exists in MEN1.228,230 Penetrance of the phenotype in 
children with MEN1 is estimated to be , 1% before age 
5 years, 7% by age 10 years, 28% by age 15, and 52% by 
age 20 years228 (Figure 14-9). Prospective screening of 
asymptomatic MEN1 mutation carriers leads to an earlier 
age of diagnosis,228,230-235 and thus penetrance rates are 
likely to increase as clinical practice evolves. In contrast 
to MEN2, as described in the subsequent section, there 
are no clear genotype-phenotype correlations in MEN1, 
so a physician cannot rely on the specific mutation or 
family history to predict the age of onset, severity, or type 
of an MEN1 manifestation.215,228,230

In the absence of treatment, MEN1-associated endo-
crine tumors are associated with higher mortality (50% 
probability of death by the age of 50 years), and the cause 
of death in 50% to 70% of patients with MEN1 is usually 
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a malignant tumor process or sequelae of the disease.216,236,237 
In the current era, when medical management can ef-
fectively treat symptomatic gastrinoma, mortality due 
to the Zollinger-Ellison syndrome has declined. Cur-
rently, the greatest risk of mortality in MEN1 is chiefly 
from malignant enteropancreatic tumors and thymic 
carcinoids.216,230,236

The specific treatment for each type of MEN1-associated 
endocrine neoplasm is generally similar to that for the re-
spective sporadic tumors occurring in patients without 
MEN1. This section will therefore focus more on the 
unique aspects of these disorders as they relate to MEN1 
patients. As with most hereditary tumor syndromes,  
patients with MEN1 and their families should be man-
aged by a multidisciplinary team consisting of relevant 
specialists with experience in the management of endo-
crine tumors.216

Primary Hyperparathyroidism

Primary hyperparathyroidism (PHPT) is the most common 
and earliest endocrine manifestation of MEN1.216,226,230 
MEN1 patients usually have multigland hyperplasia rather 
than single-gland adenomas. Symptoms of PHPT are due 
to the underlying hypercalcemia and can be nonspecific in 
children, including polyuria, difficulty concentrating, fa-
tigue, headache, poor appetite, weight loss, abdominal pain, 
constipation, nausea, or emesis. Similar to adults, children 

can have end-organ damage (nephrolithiasis, nephrocalci-
nosis, acute pancreatitis, and bone involvement). Children 
with PHPT have been shown to have more severe symp-
toms, with 70% to 90% symptomatic compared with 20% 
to 50% of their adult counterparts.238-240 Prolonged expo-
sure to elevated PTH levels increases osteoclast activity, 
which can cause demineralization of bone, fractures, and 
eventually osteitis fibrosa cystica, the most severe skeletal 
manifestation of PHPT.241 Compared with patients who 
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FIGURE 14-9 n  Penetrance of the MEN1 phenotype. Age distribu-
tions (A) and age-related penetrance (B) of MEN1 clinical 
manifestations in 201 carriers of a mutated MEN1 gene. Group 
A patients presented with clinical symptoms at the age de-
picted. Group B patients were asymptomatic but had positive 
biochemical screening at the age depicted. Group C patients 
were asymptomatic with negative biochemical screening with 
the age of their last biochemical testing shown. Groups B and 
C were significantly younger than Group A patients (P , .001). 
The age-related penetrance (B) is the proportion of mutation 
carriers who have developed a clinical manifestation by a given 
age. (From Bassett, J. H., Forbes, S. A., Pannett, A. A., et al. (1998). 
Characterization of mutations in patients with multiple endocrine 
neoplasia type 1. Am J Hum Genet, 62, 232–244.)

FIGURE 14-8 n  “Two-hit hypothesis” of tumorigenesis in MEN1.1 
An affected parent passes a mutated MEN1 gene to an offspring, 
who inherits a normal gene from the other parent.2 Loss of 
heterozygosity in a somatic cell (a “second hit” that typically 
occurs via a subchromosomal rearrangement or deletion of the 
entire chromosome) deletes the remaining normal MEN1 gene.3 
The absence of menin tumor suppressor activity in a cell leads 
to tumor formation.



14  Pheochromocytoma and Multiple Endocrine Neoplasia Syndromes 549

have sporadic PHPT, patients with MEN1 have lower bone 
density, a 1:1 male:female ratio (versus 1:3), lower PTH 
levels, and earlier age of onset (average age 20 to 25 years 
versus 55 years).153,242,243 The youngest reported age of 
MEN1-associated PHPT is 8 years.216

The diagnosis of PHPT is based on an elevated calcium 
level in the setting of an inappropriately normal or frankly 
elevated PTH level. Because all parathyroid glands may be 
affected in MEN1 patients, preoperative imaging is gener-
ally not utilized.244 However, in the case of reoperation, 
localization studies can be helpful to the surgeon.245,246 
Imaging modalities primarily include ultrasound, nuclear 
scintigraphy using technetium (99mTc) sestamibi, and CT/
MRI.247,248 Technetium (99mTc) sestamibi scans have a sen-
sitivity of 85% to 100% in detecting single adenomas.246 
Sestamibi-SPECT imaging has a sensitivity of 90% for 
single adenomas, but only 55% for hyperplastic glands.249 
CT (sensitivity 50% to 70%), 4D-CT, or less commonly 
MRI, imaging can also help the surgeon preoperatively in 
those cases of reoperation.246,250

Surgical removal of the overactive parathyroid glands 
is the definitive treatment of PHPT in MEN1 patients, 
but the surgical approach remains controversial.251 Sub-
total (3.5 gland) parathyroidectomy with thymectomy or 
total (four gland) parathyroidectomy with thymectomy 
and parathyroid autotransplantation to the forearm are 
the primary options for surgical therapy. Resection of less 
than three glands results in the highest risk of persistent 
and recurrent disease (OR 3.11, 95% CI 5 2.00 to 
4.84).252,253 A meta-analysis found that there was no sig-
nificantly higher risk for persistent or recurrent HPT 
with a subtotal versus total procedure, but there was a 
significantly lower risk for permanent hypoparathyroid-
ism with subtotal parathyroidectomy.252,254 In studies that 
followed MEN1 patients beyond 10 years, the recurrence 
rates for either procedure range from 40% to 60%255; 
recurrent hypercalcemia can be as high as 50% in auto-
transplanted tissue.216 Concomitant transcervical thymec-
tomy is recommended to remove any potential ectopic 
parathyroid glands and to prophylactically remove the 
bulk of the thymus, which is at risk for the development 
of a thymic carcinoid.252,253,255,256

Surgical indications for treatment of asymptomatic 
PHPT in children with MEN1 are not clear,251 especially 
given the potential for permanent hypoparathyroidism. 
Factors such as surgical experience, patient or parent 
preference, and availability of long-term monitoring of 
calcium levels should be considered in the timing of sur-
gery.216 In select MEN1 patients with PHPT, medical 
treatment with the calcimimetic agent, cinacalcet, appears 
to be effective.257

Gastroenteropancreatic-Neuroendocrine 
Tumors (GEP-NETs)

Gastroenteropancreatic neuroendocrine tumors (GEP-
NETs) arise from neuroendocrine cells found in the pan-
creas, the gut, and its embryologic derivatives, including 
the thymus and bronchial tree. The term carcinoid is typi-
cally used to describe GEP-NETs arising in the gastroin-
testinal tract, lung, or thymus. Pancreatic NETs (pNETs), 
also known as pancreatic endocrine tumors (PETs), are 

GEP-NETs that originate in the neuroendocrine pancreas. 
The GEP-NETs most commonly encountered in MEN1 
arise from the duodenum (gastrinomas) and the pancreatic 
islet cells (insulinoma, nonfunctioning tumors).216,230

GEP-NETs are the second most common manifestation 
of MEN1, occurring in 30% to 80% of patients.153,216,230,258 
GEP-NETs can be functional or nonfunctional. Gastri-
nomas primarily occur in the duodenum (within the 
so-called gastrinoma triangle), whereas other hormon-
ally active tumors (such as insulinomas and VIPomas) 
arise from the pancreatic islet cells.259-261 Nonfunctional 
pNETs are not associated with clinical symptoms caused 
by hypersecretion, but they can overproduce clinically 
silent hormones, such as pancreatic polypeptide and 
chromogranin A.5,260,262-264

Imaging modalities are similar for all GEP-NETs. 
Because GEP-NETs are often small and grow slowly, 
localization can be challenging and often multiple tech-
niques are employed. Guidelines from the National 
Comprehensive Cancer Network (NCCN) recommend 
multiphasic CT or MRI as the first line for evaluation of 
pNETs, and MEN1 guidelines add endoscopic ultra-
sound as another modality.216,262,265 The sensitivity for 
CT/MRI for pNET is 14% to 77% versus endoscopic 
ultrasound at 79% to 100%.266 Endoscopic ultrasound 
(EUS) is especially helpful in the preoperative setting.267 
GEP-NETs generally possess somatostatin receptors. 
Thus, somatostatin receptor scintigraphy (i.e., an  
“octreotide scan”) can be used as a second-line proce-
dure.262,268 FDG-PET is not routinely recommended 
due to the low proliferation rate of these neoplasms, but 
poorly differentiated tumors can be localized with FDG-
PET.262,269,270 Selective arterial injection of calcium or 
secretin with angiography or hepatic venous sampling 
can be helpful in tumor localization prior to surgery  
or identifying a functioning tumor among multiple non-
functioning GEP-NETs. 271-273 A diagnosis of a malig-
nant GEP-NET would be extraordinarily rare in child-
hood; guidelines regarding therapeutic approaches to 
malignant disease are available. 262

Gastrinoma.   Nearly 50% of GEP-NETs in MEN1 
are gastrinomas, and 60% to 95% arise in the duode-
num.216,274 Gastrinomas are usually multiple, small 
(, 1 cm) tumors that result in elevated gastric acid 
production and recurrent peptic ulcer disease, referred 
to as the Zollinger-Ellison syndrome (ZES). Other 
symptoms can include diarrhea and steatorrhea.216,266 
The risk of malignancy to peripancreatic lymph nodes 
or, rarely, the liver is 50% to 60%.255,266 The youngest 
reported age of diagnosis is 10 years old, but usually 
patients are older than 30 years, which is a decade ear-
lier than sporadic cases.230,275,276

The diagnosis is established by an increased serum 
fasting gastrin concentration (usually . 1000 pg/mL) 
and elevated basal gastric acid secretion (gastric pH  
, 2).5,262,277,278 Patients with borderline hypergastrinemia 
should be considered for the secretin stimulation test; 
after a 2 U/kg intravenous bolus,279 a rise in gastrin 
$ 120 pg/mL from baseline affords the highest diagnos-
tic sensitivity and specificity.280 False-positive elevations 
of gastrin can occur due to use of proton pump inhibitors 
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or antacids, conditions of autoimmune chronic atrophic 
gastritis with achlorhydria, or chronic renal insuffi-
ciency.281,282 Patients should therefore be off proton-pump 
inhibitors for at least 1 week, but this may not be possible 
in highly symptomatic patients.262,278 Hypercalcemia can 
also stimulate gastrin secretion.278

Medical therapy with a potent oral proton pump in-
hibitor is the primary treatment of gastrinoma in MEN1 
patients. Higher doses are generally needed compared 
with standard peptic ulcer disease.216,273,283 Some patients 
may also require the addition of an H2 receptor antago-
nist. The role of surgery in treating MEN1 patients with 
gastrinoma is controversial. Tumors are generally multi-
ple and in the duodenum, so cure is less likely. If surgery 
is performed, both duodenal inspection and lymph node 
dissection are required.259 For pancreatic gastrinomas or 
lesions . 2 cm, surgery should be considered to reduce 
risk of lymph node or hepatic metastasis.

Insulinoma.   Insulinomas, b-islet cell tumors that over-
secrete insulin, are the second most frequent functioning 
GEP-NET in MEN1. Most insulinomas are benign and 
occur in younger individuals as compared with sporadic 
cases.216,275,284,285 Patients present with hypoglycemic 
symptoms that improve with glucose intake. The gold 
standard diagnostic test is a 72-hour fast. Diagnosis  
is established if serum glucose , 55 mg/dL with a 
concomitant insulin $ 3 µU/ml by immunochemilumi-
nescent assay [ICMA], C-peptide $ 0.2 nmol/L and no 
detectable oral hypoglycemia in the blood.286 One third 
of in sulinoma patients will develop hypoglycemia at  
12 hours, 80% at 24 hours, 90% at 48 hours, and 100% 
by 72 hours.287

Medical treatment with frequent carbohydrate meals, 
diazoxide, or octreotide is not always successful. Surgery 
is therefore considered the standard treatment.287-289 In 
10% of MEN1 patients, concomitant nonfunctioning 
pNETs are present, so preoperative localization can im-
prove the success of surgery.289 In addition to imaging 
modalities noted earlier for all GEP-NETs, intraopera-
tive direct pancreatic ultrasonography is also likely to 
improve surgical success.287 In contrast to other function-
ing GEP-NETs, insulinomas have a lower malignant 
potential, ranging from 0% to 20%.275

Glucagonoma.   Glucagonomas secrete glucagon and are 
malignant in more than 70% of cases.153 The syndrome 
produced is characterized by a skin rash in the groin and 
extremities (necrolytic migratory erythema) in 70% of 
patients, mild diabetes mellitus in 87%, weight loss in 
almost all patients, stomatitis, and anemia.263 Glucagono-
mas commonly occur in the tail of the pancreas with liver 
metastases in 90% and lymph node metastases in 30% of 
cases.262,263 Surgical resection is the treatment of choice 
but can be challenging given a metastatic presentation at 
diagnosis in 50% to 80% of cases.284

VIPoma.   VIPomas are very rare tumors that secrete 
vasoactive intestinal peptide (VIP) and are associated 
with the Verner-Morrison syndrome of watery diar-
rhea, hypokalemia, and achlorhydria (i.e., pancreatic 
cholera).263,290 Less frequent symptoms include glucose 

intolerance, hypercalcemia with normal parathyroid 
hormone levels, and episodes of cutaneous flushing. 
There can be co-secretion of VIP with calcitonin, sero-
tonin, substance P, and some of the prostaglandins.5 
VIPomas are diagnosed by confirming plasma VIP levels 
. 60 pmol/L and stool volume . 0.5 to 1 L/day during 
a fast.216 VIPomas are located usually in the tail of the 
pancreas. Surgical resection can be curative. However, 
VIPomas are often . 3 cm at presentation and meta-
static spread to liver more than lymph nodes is present 
in about 50% at diagnosis, which may require systemic 
therapy or hepatic embolization.5,291

Nonfunctioning Pancreatic Neuroendocrine Tumors 
(NFpNETs).   Nonfunctioning PETs (NFpNETs) were 
previously reported to occur in approximately 20% to  
40% of MEN1 patients, but a prospective endoscopic 
ultrasound study found an incidence of almost 55%.5,292 
Thus, NFpNETs are becoming recognized as the most 
frequent GEP-NET in MEN1 patients. They are often 
sporadic with numerous microadenomas spreading 
throughout the pancreas,293 and they have a significant 
potential for malignancy, especially with larger tumor 
size. Epidemiologic studies have shown as high as 27% 
of patients with NFpNETs between 2.1 to 3 cm have 
metastasis, compared with 11% of those # 2 cm.294 
More important, NFpNETs are now reported to con-
fer increased risk of death in MEN1 patients, compa-
rable to thymic tumors and functioning NETs, except 
insulinomas.236,237,295

There is controversy on indications for surgical treat-
ment. General consensus is that tumors $ 2 to 3 cm 
should be considered for resection because of increased 
risk of death and metastasis. Life expectancy of patients 
with NFpNETs # 2 cm compared to MEN1 patients 
without pNET is not clearly different, so surgery may 
not be beneficial for smaller lesions.294

Pituitary Adenomas

Pituitary tumors occur in 15% to 50% of patients with 
MEN1.296,297 The earliest reported age is 5 years old 
with a mean age of onset being 38 6 15.3 years.297,298 
The clinical manifestations and treatment of pituitary 
tumors in MEN1 patients are similar to that for non-
MEN1 patients. In MEN1, however, there does seem to 
be higher prevalence in women, higher rate of invasive-
ness and macroadenomas, more pluripotent tumors, and 
an overrepresentation of prolactinomas.296,297,299 Approxi-
mately 60% of pituitary tumors in MEN1 patients secrete 
prolactin, , 25% secrete GH, , 10% are co-secreting, 
5% secrete ACTH, and the remaining are nonfunc-
tioning.297,299 There is no increased prevalence of pitu-
itary carcinoma or increased risk of death from having 
pituitary tumor.236,299 Hypersecreting MEN1-associated 
pituitary tumors are reported to be more resistant to  
standard medical therapies.297,299

Other Clinical Manifestations

Carcinoid Tumors.  In MEN1 patients, carcinoid tumors 
may be located in the bronchi, gastrointestinal (GI) tract, 
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or thymus. Carcinoids are generally diagnosed in the fifth 
decade of life, but the youngest reported case of thymic 
carcinoid in an MEN1 patient occurred in a patient who 
was 16 years old.256 Thymic carcinoids are more prevalent 
in smokers and males (male:female ratio 20:1), whereas 
bronchial carcinoids are more prevalent in women 
(male:female ratio 1:4).243,300 Bronchial carcinoids tend to 
behave indolently, whereas thymic carcinoids carry a  
significant increased risk for death in MEN1 patients.236 
Thymic carcinoids can still occur despite previous prophy-
lactic transcervical thymectomy, presumably because the 
entire thymus is not removed via a cervical approach.256

Patients with thymic and bronchial carcinoids are 
generally asymptomatic at presentation, although thy-
mic carcinoids have been associated with ectopic growth 
hormone releasing hormone and ACTH secretion.301,302 
CT (95% sensitivity) and MRI (100% sensitivity) are 
generally used for prospective screening, and MRI may 
be the preferred modality to avoid excessive exposure  
to ionizing radiation in a population already prone to 
tumor development.256,303,304 Surgical resection is the 
treatment of choice.303,305

Type II gastric carcinoids are well-differentiated tumors 
with malignant potential that arise secondary to hypergas-
trinemia.306-308 The incidence in patients with MEN1/ZES 
is as high as 30%.309,310 Lesions are usually multiple, , 1 
cm, and found by endoscopic surveillance. Treatment can 
include high doses of proton-pump inhibitors, removal of 
the gastrinoma as indicated, somatostatin analogs, and en-
doscopic excision for lesions , 1 cm or surgical resection 
for larger tumors.306,311,312,306-308,310-314

Adrenocortical Tumors.   Unilateral and bilateral adre-
nocortical tumors are reported in 20% to 40% of MEN1 
patients.217,315,316 Adrenal hyperplasia, cortical adenomas, 
multiple adenomas, cysts, and adrenocortical carcinoma 

are the types of adrenal lesions reported. Most of these 
tumors are nonfunctioning, with 8% to 15% presenting 
with hypersecretion of aldosterone or cortisol.315 The 
incidence of adrenocortical carcinoma is approximately 
1% in MEN1 patients, but it increases to 13% for tumors 
larger than 1 cm.254,315,316

Cutaneous  Manifestations.   Often underappreciated 
as a component of the MEN1 phenotype, skin manifes-
tations commonly occur in older MEN1 patients317,318 
(Figure 14-10). Multiple facial angiofibromas, benign 
tumors of blood vessels and connective tissue similar  
to those seen in tuberous sclerosis, occur in up to 88% 
of patients; other common cutaneous manifestations 
include collagenomas in 72% and lipomas in 34%.317 
Collagenomas are skin-colored cutaneous nodules, ar-
ranged symmetrically on the trunk, neck, and upper 
limbs. In general, these lesions do not require treat-
ment, although lipomas can grow quite large and may 
need to be resected due to local symptoms.

Genetic Testing and Presymptomatic 
Screening

Many centers employ an integrated program of both 
genetic counseling and testing of at-risk individuals and 
clinical screening to detect the development of tumors 
in presymptomatic MEN1 mutation carriers, with the 
hope that earlier diagnosis and treatment of these tu-
mors may help to reduce morbidity and mortality.216,319 
However, at the present time, there is no specific treat-
ment that will prevent an MEN1-associated disease, nor 
do any prophylactic therapies appear to be warranted. In 
addition, earlier identification of asymptomatic disease 
may potentially lead to earlier, possibly unnecessary 
treatment that may in fact have a negative long-term 

FIGURE 14-10 n  Skin manifestations of MEN1. Angiofibromas (left panel) and collagenomas (right panel) are identified in the majority 
of adults with MEN1. Angiofibromas are telangiectatic papules characterized by fibrous tissue and vascular proliferation and distrib-
uted primarily on the nose and adjacent cheeks. Collagenomas are cutaneous stromal lesions that represent areas of excess collagen 
and tend to occur on the upper torso, neck, and shoulders. (This image can be viewed in full color online at ExpertConsult.)

http://www.ExpertConsult.com
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impact. Thus, the goal of screening in MEN1 is primar-
ily to detect a clinical manifestation at an earlier stage, 
specifically so that treatment can be rendered before 
malignancy develops in high-risk organs or serious ram-
ifications from excess hormone secretion occur. Because 
of the long latency for disease manifestations, many  
unaffected individuals will potentially undergo years of 
episodic testing, which may have psychosocial and finan-
cial consequences, and this must be kept in mind as a 
prospective screening program is planned for any given 
MEN1 patient.

MEN1 germline mutation testing through an accred-
ited clinical genetics laboratory should be offered to all 
index patients and first-degree relatives of those individ-
uals with a known MEN1 gene mutation, regardless 
of symptomatology.216 Because relevant MEN1 disease 
has been diagnosed in children as young as 5 years of age 
(see Table 14-4), current practice is to offer testing at the 
earliest opportunity, but only after extensive genetic 
counseling. Mutational testing is also beneficial for the 
family members who do not end up carrying the mutation, 
so they can avoid unnecessary surveillance and relieve the 
burden of disease from their progeny.

Once an MEN1 mutation is identified, the optimal 
ages to begin screening for disease have not been clearly 
established. MEN1 clinical practice guidelines based on 
systematic reviews of the medical literature and expert 
opinions were initially introduced in 2001 and updated 
in 2012.153,216 Table 14-5 summarizes a suggested MEN1 
screening program derived from the medical literature. 
Although most clinical centers employ annual laboratory 
evaluation, not all centers order radiographic screening 
for presymptomatic children and young adults as the 
guidelines have proposed, and the frequency of prospec-
tive radiographic imaging is an important area that war-
rants further research. In all cases, patient/parent prefer-
ence, risk of screening (e.g., radiation exposure with 

CT), local resources, and clinical judgment should be 
considered.

Multiple Endocrine Neoplasia 2 (MEN2)

The original description of MEN2A is attributed to Sipple, 
when he reported the case of a 33-year-old man who died 
of intracranial hemorrhage and was found on autopsy to 
have bilateral pheochromocytomas, bilateral MTC, and 
probable parathyroid hyperplasia.320 In 1962, Cushman 
proposed an association between these endocrine tumors,321 
and MEN2 was subsequently named as a distinct clinical 
syndrome.322 Linkage analysis studies in large MEN2 
kindreds led to the localization of the putative gene to 
chromosome 10.323,324 Ultimately, mutations in the RET 
proto-oncogene were found to cause MEN2A.137,138

The original characterization of the MEN2B pheno-
type in the English literature was made by Williams and 
Pollock in 1966,325 and MEN2B was further distinguished 
as a variant of hereditary MTC with a mucosal neuroma 
phenotype.326 In 1994, MEN2B was reported to also be 
secondary to activating mutations in RET.139,140

As a result of the initial collaborative efforts of the  
International RET Mutation Consortium, it quickly became 
apparent that only a limited number of mutations were as-
sociated with MEN2 and that strong genotype-phenotype 
correlations were present327(see Figure 14-5). Because of 
the high penetrance of MTC in individuals with a RET 
mutation, there was a rapid incorporation of genetic testing 
into management algorithms for patients with MTC and 
their families. Predictive genetic testing thus ushered in  
the era of performing total prophylactic thyroidectomies 
for presymptomatic individuals carrying a high-risk RET 
germline mutation.146 As a result, much of the decision 
making and counseling of affected children and their fami-
lies falls into the hands of the pediatric provider.328,329

Tumor
Age to Begin  
(years) Biochemical Test Annually Imaging Test*

Parathyroid 8 Intact PTH, calcium None
Pituitary 5 Prolactin, IGF-1 MRI (every 3-5 years)
Enteropancreatic NET

Gastrinoma 20 Gastrin None
Insulinoma 5 Fasting glucose, insulin None
Other pNETs < 10 Chromogranin-A, pancreatic 

polypeptide, glucagon, VIP
MRI, CT, or EUS (every 1-3 years)

Carcinoid
Gastric NA None Gastric endoscopy (every 3 years if ZES present)
Thymic 15 None CT or MRI chest (every 1-3 years)
Bronchial 15 None CT or MRI chest (every 1-3 years)

Adrenal < 10 If symptoms of functioning  
tumor or > 1 cm on imaging

CT or MRI abdomen (every 3 years)

TABLE 14-5  Suggested Biochemical and Radiologic Screening for Asymptomatic MEN1 Patients 
(derived from references 216, 230, 256)

*If available, MRI is the preferred screening modality to decrease lifetime exposure to ionizing radiation. Some centers will image less 
frequently than the above published recommendations and use individual risk factors for rarer MEN1 manifestations to guide imaging 
frequency.
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MEN2A

MEN2A accounts for 90% to 95% of MEN2 cases and  
is a highly penetrant, autosomal-dominant endocrine 
tumor syndrome characterized by the development of 
MTC in . 90% of RET mutation carriers. Depending 
on the specific mutation, pheochromocytoma or primary 
hyperparathyroidism occurs in 0% to 50% and 0% to 
20% of individuals with MEN2A, respectively.330 Fur-
thermore, activating mutations in RET are also associated 
with Hirschsprung disease331-333 and cutaneous lichen 
amyloidosis,334,335 a dermatologic disorder of intense pru-
ritus and secondary skin changes that is typically located 
in the interscapular region of the back.

In MEN2A, mutations are located mostly in the 
extracellular cysteine-rich domain of the RET proto-
oncogene, usually in exon 10 (codons 609, 611, 618, or 
620) or exon 11 (codon 634)160,327,336,337 (see Figure 
14-5). Mutations in RET codon 634 account for ,50% 
of RET-positive MEN2A cases, whereas exon 10 muta-
tions account for about 16%.160,336 As molecular test-
ing becomes widespread in patients with MTC, more 
RET mutations and DNA variants are being identified, 
which is contributing to an everchanging spectrum of 
the MEN2A genotype and phenotype.338,339

MTC in MEN2A.   MEN2A-related MTC, when iden-
tified during childhood, is usually diagnosed after early 
thyroidectomy directed by genetic testing results and is 
usually a microcarcinoma , 1 cm in size.150,169,170 Most 
children with MEN2A will have a positive family history; 
de novo RET mutations represent only 2% to 9% of 
cases.340,341 A strong genotype-phenotype relationship is 
present, such that the rapidity with which a mutation car-
rier will develop MTC can be estimated.2,327,330,339,342,343 
Patients with mutations in RET codon 634 have the high-
est risk of malignant C-cell disease followed by those 
with mutations in codons 609, 611, 618, 620, or 630, 
whereas mutations in codons 768, 790, 804, or 891 im-
part the lowest risk for clinically aggressive MTC.141,330 
However, the natural history of MTC in MEN2A re-
mains highly variable.

Pheochromocytoma  in MEN2A.   PHEO arising within 
the context of MEN2A is an adrenergic tumor that usually 
arises within a background of adrenal medullary hyper-
plasia.147,344-347 The risk for PHEO is highest in codon 
634 mutations and to a much lesser degree with mutations 
in codons 609, 611, 618, and 620. 327,348-350,351,352 Diagnosis 
is most likely during the fourth and fifth decades of 
life,66,344,348,353,354 but PHEO have been rarely reported to 
occur in children , 10 years of age.141,153 Typically, a PHEO 
develops only after MTC is identified or is diagnosed at the 
same time as the MTC, but in up to 30% of cases, it may be 
the initial clinical presentation.344,347,352,354,355 Guidelines 
published in 2009 have given clear recommendations for 
screening of pheochromocytoma in children with MEN2,141 
but some centers screen children with high-risk RET muta-
tions annually starting at the age of 5 years.2,31

Primary  Hyperparathyroidism  in  MEN2A.   Patients 
with MEN2A are at risk of developing PHPT due to  

parathyroid adenomas and hyperplasia. PHPT is chiefly 
associated with codon 634 mutations and less commonly 
described in other RET mutations (see Figure 14-1).141,356,357 
Onset during childhood is extraordinarily rare but has been 
described in children as young as 5 years of age.358

MEN2B

MEN2B is a highly penetrant disease with an autosomal 
dominant pattern of inheritance that accounts for 5% to 
10% of MEN2 cases.160 MEN2B is almost always (. 95%) 
due to a single mutation in exon 16 (M918T, which results 
in an amino acid substitution from methionine to threo-
nine at codon 918) that is located in the intracellular tyro-
sine kinase domain of RET327,336,337 (see Figure 14-5). Rare 
MEN2B cases can be attributed to double RET muta-
tions involving codon 804359 or a mutation in codon 883 
(Ala883Phe, exon 15), which may be less aggressive than 
the Met918Thr mutation.360 Unlike MEN2A, most cases 
of MEN2B arise as a result of a de novo mutation, with the 
child having unaffected parents.152,361 For this reason and 
due to the rarity of the syndrome, the diagnosis of MEN2B 
is almost always delayed, even in the presence of obvious 
clinical features.152

MEN2B is characterized by the development of MTC 
(100% of cases), PHEO (up to 50% of cases), and a 
highly penetrant and characteristic clinical phenotype 
(100% of cases).141,362-371 Although the clinical phenotype 
is present in all patients, individual manifestations have a 
variable presentation and are age dependent.366 Ganglio-
neuromas are a major clinical manifestation and occur on 
the lips, tongue (Figure 14-11), or conjunctiva (“mucosal 
neuromas”), in addition to the urinary system and gastro-
intestinal tract. The symptoms of intestinal ganglioneu-
romatosis include constipation and feeding problems in 
infancy and the development of megacolon. A second 
component of the MEN2B phenotype is the presence of 
musculoskeletal abnormalities, including a Marfanoid 
body habitus (Figure 14-12), narrow long facies, pes 
cavus, pectus excavatum, high-arched palate, scoliosis, or 
slipped capital femoral epiphysis. Other clinical features 
include joint laxity, hypotonia or proximal muscle weak-
ness, thickened lips, ophthalmologic findings (inability to 
make tears in infancy; thickened and everted eyelids; mild 
ptosis and prominent corneal nerves), and pubertal delay. 
The oral manifestations of MEN2B (see Figure 14-11) 
are highly penetrant and often lead to the clinical diag-
nosis. Primary hyperparathyroidism is not a feature of 
MEN2B.

MTC  in  MEN2B.   MTC that occurs in MEN2B is a 
highly aggressive malignancy with very early onset of 
metastasis (lymph node metastases have been documented 
within the first year of life171), a high cancer stage (defined 
by the TNM classification system) at diagnosis, and an 
average age of MTC onset (second decade of life) that is 
about 10 years earlier than that observed in MEN2A  
cases.150,153,348,366,372 Earlier MTC onset is observed in chil-
dren with MEN2B who have severe intestinal manifesta-
tions, who also seem to have a poorer prognosis than those 
without these intestinal manifestations.367 Morbidity and 
mortality rates are much higher in MEN2B, although the 
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higher mortality rate may reflect the more advanced  
tumor stage at presentation rather than an intrinsically 
more aggressive carcinoma.141,151

Pheochromocytoma  in MEN2B.   Compared with the 
more heterogenous MEN2A population, patients with 

MEN2B have a higher lifetime risk (50%) of developing 
pheochromocytoma.352 The clinical phenotype of the 
disease is not different than that seen in MEN2A. De-
spite an aggressive MTC phenotype and a constitutively 
activated RET tyrosine kinase, the rate of the develop-
ment of malignant pheochromocytoma in patients with 
MEN2B does not seem higher,125 nor does the age 
of onset seem different from patients with MEN2A,  
although some studies have suggested an earlier age of 
diagnosis.347 Two notable differences between MEN2A 
and MEN2B are that PHEO is even less likely to be  
diagnosed before MTC and that historical mortality from 
PHEO is lower compared with death from MTC.344,352

Timing of Thyroidectomy in MEN2

The use of genetic testing to determine the timing of 
thyroid surgery in MEN2 has become increasingly com-
plicated due to an improved understanding of the  
variable aggressiveness of MTC, even among family 
members with the same RET mutation.373 Furthermore, 
novel and rare RET DNA variants that have not yet been 
fully established as pathogenic (the so-called variants of 
unknown significance) have been identified.339,374,375 
These considerations, plus the addition of routine ultra-
sonography and calcitonin screening,141 have led to the 
contemporary dilemma of determining the optimal tim-
ing of prophylactic thyroidectomy for any individual 
patient. In any event, it is imperative for providers who 
care for children with MEN2 to recognize who needs 
early intervention to prevent morbidity and mortality 
from MTC and not to overtreat those children who  
are unlikely to develop clinically relevant disease over 
the short term.

In general, there is widespread agreement that the 
therapeutic goal in a child with MEN2 is to remove the 
at-risk thyroid before incurable MTC metastasis occurs 

FIGURE 14-12 n  Patient with typical features of MEN2B. Note the 
Marfanoid body habitus, thickened lips, and abdominal scars 
that reflect surgery for pheochromocytoma. (From Melvin, K. E., 
Tashjian, A. H., Jr, & Miller, H. H. (1972). Studies in familial (medul-
lary) thyroid carcinoma. Recent Prog Horm Res, 28, 399–470.)

FIGURE 14-11 n  Typical MEN2B facies. The typical MEN2B facies includes a narrow long face, eyelid eversion, thickened lips, and oral 
mucosal neuromas as demonstrated in several affected members of a single kindred. (From Sizemore, G. W., Health, H., 3rd, & Carney, 
J. A. (1980). Multiple endocrine neoplasia type 2. Clin Endocrinol Metab, 9, 299–315.)
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while minimizing potential medical and surgical mor-
bidity. In experienced surgeons’ hands, children who 
have a total thyroidectomy performed prior to the onset 
of metastatic disease have an excellent chance of  
remaining disease-free.149,150,169,170,376-378 Cure is also 
possible even for children with high risk MEN2 despite 
surgery not being performed at the earliest prescribed 
ages.*

In the era before RET genetic testing, calcitonin re-
sponse to the intravenous administration of potent calci-
tonin secretagogues (calcium, pentagastrin)173,380 was 
used to identify mutation carriers and determine the tim-
ing of surgery. After the identification of RET as the 
gene responsible for MEN2, recommendations regard-
ing the appropriate age for surgery were made on the 
basis of the specific RET mutation and the earliest age 
at which clinically relevant disease had been described  
for that particular mutation.146,153 Arising from the 
7th International Workshop on MEN in 1999, a consen-
sus statement published in 2001 was the first to classify 
RET proto-oncogene mutations into three risk levels.153 
In 2009, the American Thyroid Association (ATA) pub-
lished guidelines that expanded the previous consensus 
document, incorporating updated data on RET muta-
tions and phenotypes and recognizing codon 634 muta-
tions within a separate risk level (see Figure 14-5).141 The 
ATA guidelines stratified all known RET mutations into 
one of four risk levels (ATA risk levels A through D), and 
the concept of safely delaying prophylactic thyroidec-
tomy while offering careful expectant monitoring in 
children with lower risk level A and B mutations was  
introduced. The approach to care is evolving to incor-
porate knowledge regarding the RET genotype and 
clinical data such as thyroid ultrasound and calcitonin 
levels.2,377,381,382

Multiple Endocrine Neoplasia 4 (MEN4)
Multiple endocrine neoplasia type 4 (MEN4) is a newly 
recognized syndrome of multiple endocrine tumors that is 
caused by germline mutations in the CDKN1B gene on 
chromosome 12p13, which encodes the cell cycle inhibi-
tor p27 and plays a critical role in regulating cell prolif-
eration.383 Homozygous mutations in CDKN1B were 
originally identified to cause MENX, a multitumor syn-
drome in the rat that has phenotypic features of both 
MEN1 and MEN2.383,384 Subsequently, studies in humans 
without a proven MEN1 mutation confirmed that hetero-
zygous mutations in the human homologue CDKN1B are 
also associated with an MEN1-like phenotype, subse-
quently called MEN4. Individuals with a germline  
CDKN1B mutation are at risk for developing tumors of 
the pituitary, parathyroid glands, adrenals, or GI neuro-
endocrine system, among others.383-386 Although MEN4 
is a rare cause of multiple endocrine neoplasia, mutational 
screening of the CDKN1B gene should be considered in 
patients with a clinical diagnosis of MEN1 but negative 
MEN1 genetic testing.216

Von Hippel-Lindau Disease
VHL is an autosomal dominantly inherited disorder 
caused by germline mutations in the VHL tumor sup-
pressor gene, first identified in 1993387 and characterized 
by a clinical phenotype with variable penetrance that  
includes hemangioblastomas of the retina (also called 
retinal angiomas) and central nervous system; renal cysts 
and clear cell renal cell carcinoma; noradrenergic PHEO/
PGL; pancreatic cysts, cystadenomas, and pancreatic 
NETs; endolymphatic sac tumors; and cystadenomas of 
the epididymis in males and broad ligament of the uterus 
in females.388,389,390 About 20% of patients with VHL 
harbor a de novo mutation, and genetic testing is highly 
reliable, identifying a germline mutation in almost all 
clinically affected individuals.390,391 The majority of VHL 
mutations are small deletions/insertions or point muta-
tions, but about 25% are due to partial or whole gene 
deletion of the VHL gene, underscoring the importance 
of utilizing both sequence analysis and deletion/duplica-
tion analysis when performing genetic testing for VHL.390

PHEO/PGL occur in 10% to 20% of VHL patients,388 
(see Figure 14-1) primarily in individuals with missense 
mutations of the VHL gene.388,389,392 PHEO/PGL can be 
one of the earliest clinical manifestations of VHL, having 
been diagnosed in patients as young as age 2 years,393 and 
it can also be the sole clinical manifestation of VHL, as 
seen in VHL type 2C.388,390,394 Prospective screening is 
generally recommended to commence by the age of  
5 years in children with missense mutations or a family 
history of PHEO/PGL.31,390,395 Although almost all VHL-
related PHEO/PGL are functional noradrenergic tumors 
(see the previous section on PHEO and PGL), nonfunc-
tional parasympathetic PGL occurring in the context of 
VHL have been described.43,396,397

Pancreatic NETs (pNETs) develop in 15% of VHL 
patients.398 These tumors are clinically nonfunctional, 
although they can be malignant, especially with lesions  
. 3 cm, a mutation in exon 3, or a fast tumor doubling 
rate.399,400 Prospective screening for pNET is performed 
as a component of screening for other intra-abdominal 
manifestations and includes intermittent ultrasound or 
MRI starting at age 16.389,390,394

Finally, testosterone-secreting lipid cell tumors have 
been described and so should be considered in women 
with VHL who present with an adnexal mass, amenor-
rhea, or hirsutism.401

OTHER TUMOR SYNDROMES ASSOCIATED 
WITH ENDOCRINE NEOPLASIA

APC-Associated Polyposis
The APC-associated polyposis disorders result from 
dominantly inherited germline mutations in the APC 
(adenomatous polyposis coli) tumor suppressor gene and 
include the clinical syndromes of familial adenomatous 
polyposis (FAP), attenuated FAP, Gardner syndrome, and 
Turcot syndrome.402 Patients with an APC mutation are 
at greatest risk for colon cancer but may also develop 
endocrine neoplasia. Adrenocortical tumors (ACT) are 
two to four times as high in the APC-associated polyposis *See references 149, 150, 168-170, 329, 360, 366, 371, 377, and 379.
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syndromes compared with the general population.403,404 
Similar to sporadic adrenal neoplasia, APC-associated 
ACTs may be hormonally active or nonfunctioning and 
may rarely be malignant.405 Patients with an APC muta-
tion also have a 1% to 2% lifetime risk for thyroid malig-
nancy,403 with some studies suggesting a prevalence in 
FAP patients as high as 12%.406 The primary subtype is 
papillary thyroid carcinoma, typically the cribriform-
morular histologic variant, and it is a diagnosis almost 
exclusively made in young women during the third decade 
of life.406-409

Beckwith-Wiedemann Syndrome
The Beckwith-Wiedemann syndrome (BWS) is a congeni-
tal overgrowth disorder associated with abnormal regula-
tion of gene transcription in an imprinted domain on 
chromosome 11p15.5 (also known as the BWS critical  
region).410,411 Major findings include macrosomia and hemi-
hyperplasia, macroglossia, visceromegaly, embryonal tu-
mors (e.g., Wilms tumor, hepatoblastoma, neuroblastoma, 
pancreatoblastoma, and rhabdomyosarcoma), omphalocele, 
neonatal hypoglycemia, ear creases/pits, adrenocortical 
tumors/cytomegaly, and renal abnormalities (e.g., medul-
lary dysplasia, nephrocalcinosis, medullary sponge kidney, 
and nephromegaly) (see Chapter 6). A variety of benign 
and malignant tumors, typically restricted to childhood 
onset, have been associated with BWS and occur in up to 
7.5% of all cases.411 ACTs, both benign and malignant, are 
among the more common neoplasia identified in BWS, 
representing up to 8% of benign and 7% of malignant 
tumors.412 Fetal adrenocortical cytomegaly (a component 
of the underlying visceromegaly) and adrenal cystic lesions 
also occur.412,413 Pheochromocytoma and thyroid carci-
noma have also been reported,412 but given only isolated 
cases, it remains unclear if these are truly associated  
with BWS.

Carney Triad
The Carney triad was originally described in 1977 as the 
association of gastric epithelioid leiomyosarcoma (later 
renamed GIST), paraganglioma, and pulmonary chon-
droma.414 Over time, the phenotype has expanded to 
include clinically nonfunctioning adrenocortical tumors 
and esophageal leiomyomas.415,416 The Carney triad 
affects primarily young women (85%) with a mean age 
of onset of 20 years.7-48,416 Although it has been accepted 
to be a genetic disorder, the responsible gene(s) remains 
unknown. Due to incomplete expression of the pheno-
type, PGL is not present in all patients suspected to have 
the Carney triad.415 When it occurs, PGL presents with 
catecholamine excess or due to tumor mass effects. 
PHEO can occur in a minority of patients, and the aor-
topulmonary body is a common site for development of 
PGL, although instances of PGL occur equally in the 
head and neck, thorax, and abdomen.416

Li-Fraumeni Syndrome
Li-Fraumeni syndrome (LFS) is a highly penetrant 
cancer-predisposition syndrome caused by dominantly 

inherited germline mutations in the tumor suppressor 
gene TP53 (tumor protein p53).417 Soft tissue and bone 
sarcomas, premenopausal breast cancer, adrenocortical 
carcinoma, and brain tumors represent the core tumors 
of LFS.418,419 The major endocrine tumor associated 
with LFS is ACT, although several cases of thyroid 
carcinoma have also been reported.420 The adrenal 
cortex is the third most common site of neoplasia de-
velopment in LFS.418,421 ACT have a very early age 
of onset, with the diagnosis most common in young 
children, who may represent the proband for a LFS 
kindred.418,422,423 In southern Brazilian families, the 
TP53 mutation Arg337His is associated with a higher 
susceptibility to isolated ACT in children (median age 
of diagnosis 3 years; range 4 months to 13.5 years).424 
Young children with an ACT typically present with 
virilization,422,424 but at all ages, these tumors can pre-
sent with other signs/symptoms of adrenocortical hyper-
function (such as Cushing syndrome) or with symptoms 
due to tumor mass effect, particularly in the case of 
nonfunctioning tumors.

Neurofibromatosis Type 1
Neurofibromatosis type 1 (NF1) is an autosomal 
dominant disorder caused by mutations in the NF1 
gene, a tumor suppressor gene located on chromo-
some 17.425 Café-au-lait macules, neurofibromas, axil-
lary and inguinal freckling, optic pathway gliomas, 
skeletal dysplasia, and Lisch nodules of the iris are the 
main clinical features.

NF1 patients are at an increased risk of developing 
PHEO/PGL and GEP-NETs. A catecholamine- 
producing tumor is diagnosed in 2% to 6% of NF1 
patients.275,426 PHEO (10% bilateral) represent the 
majority of NF1-associated cases, but intraabdominal 
and pelvic PGL are diagnosed in up to 6%.426,427 Onset 
is typically in adulthood (mean age of presentation  
41.6 years427), and NF1-associated PHEO are charac-
terized by an adrenergic phenotype.428 Malignancy is 
uncommon but does occur in about 10% of cases.427 
Rarely, a composite PHEO (a mixed tumor comprised 
of PHEO and neuroblastoma, ganglioneuroma, or gan-
glioneuroblastoma) may occur in the setting of NF1.429 
GEP-NET occur in , 10% of NF-1 patients and are 
almost exclusively duodenal somatostatinomas that  
occur in the periampullary region.275,430 NF1-associ-
ated somatostatinomas are typically diagnosed during 
the fifth decade of life.430 Other types of GEP-NETs 
that have been reported in NF1 patients include insuli-
nomas, gastrinomas, and nonfunctioning pancreatic 
endocrine tumors.275,431,432

Several case reports of primary hyperparathyroid-
ism due to benign and malignant parathyroid tumors 
and adrenocortical tumors have also been reported  
to occur in NF1.405,433,434 However, it is unclear if 
mutations in the NF1 gene are directly involved in the 
pathogenesis of these tumors. Finally, a unique endo-
crinopathy associated with NF1 in children with infil-
trating optic pathway gliomas is the clinical syndrome 
of gigantism due to unregulated growth hormone  
secretion.435
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Peutz-Jeghers Syndrome
Peutz-Jeghers syndrome (PJS) is an autosomal domi-
nant syndrome characterized by hamartomatous polyps 
in the gastrointestinal tract and mucocutaneous hyper-
pigmentation.436,437 It is caused primarily by inactivat-
ing mutations in the STK11 (LKB1) gene. Individuals 
with PJS are at an increased risk for various malignan-
cies over the course of their lives,438 chiefly luminal 
gastrointestinal cancers and breast cancer, followed by 
pancreatic cancer, cervical and ovarian malignancies, 
and lung cancer. Several case reports of differentiated 
thyroid cancer have been reported,439 but it remains 
unclear if this is a random occurrence or a direct asso-
ciation with PJS.

Patients with PJS are at risk for unique gonadal  
tumors that may clinically present with an endocri-
nopathy during childhood: Sertoli cell tumors of the 
testis in males and ovarian sex cord tumors with annu-
lar tubules (SCTATs) in females. Testicular Sertoli cell 
tumors in PJS are clinically benign lesions that typi-
cally occur in prepubertal boys (mean age 6.8 years) 
who present with gynecomastia and bilateral (rarely 
unilateral) testicular enlargement.189 The microscopic 
findings are distinctive and the term intratubular large 
cell hyalinizing Sertoli cell neoplasia has been proposed.189 
Calcifications are unusual and not extensive in these 
lesions, although large-cell calcifying Sertoli cell  
tumors (similar to those identified in the Carney com-
plex) can also occur within the PJS spectrum.440 The 
gynecomastia is due to estrogen overproduction sec-
ondary to high levels of aromatase activity,189 making 
the use of an aromatase inhibitor a rational approach to 
medically treating the gynecomastia in such cases.441 
SCTAT is a distinctive neoplasm that has morphologic 
features that lie between those of a Sertoli cell tumor 
and a granulosa cell tumor.442 When occurring in the 
PJS, these tumors are typically small, calcified, multifo-
cal and bilateral lesions, as compared with non-PJS 
SCTATs. SCTAT is almost always a benign neoplasm 
with a mean age of diagnosis of 27 years (range 4 to 57 
years).442 Clinical presentation is often due to estrogen 
overproduction and manifested by menstrual irregular-
ity in postmenarchal women and sexual precocity in 
prepubertal girls. Abdominal pain and a palpable ad-
nexal mass can also be presenting features, and SCTAT 
can also be an incidental finding.442

PTEN Hamartoma Tumor Syndrome
The PTEN hamartoma tumor syndrome (PHTS) results 
from germline mutations in the PTEN (phosphatase and 
tensin homologue) tumor suppressor gene and is inherited 
in an autosomal dominant manner. The PHTS encom-
passes the clinical phenotypes of Cowden syndrome, 
Bannayan-Riley-Ruvalcaba syndrome, PTEN-related 
Proteus syndrome, and Proteus-like syndrome.337,443,444 
Cowden syndrome (CS), the most common PHTS  
phenotype, is a multiple hamartoma syndrome with an 
increased risk for both benign and malignant tumors 
arising from the thyroid follicular cell and, in women, the 
breast and endometrium.337 Macrocephaly is a consistent 

finding, occurring in 94% of patients with a PTEN 
mutation,445 and common skin manifestations include 
papillomatous papules, trichilemmomas, and acral kera-
toses. Thyroid neoplasia occurs in the majority of  
individuals with CS and primarily includes multiple  
adenomatous nodules, follicular adenomas, and differen-
tiated thyroid carcinoma (papillary and follicular thyroid 
carcinomas).446-448 Follicular thyroid carcinoma appears 
to be overrepresented in PTEN mutation positive 
patients, but papillary carcinomas are also common.447-449 
The risk of thyroid neoplasia begins during early child-
hood, with a reported case of follicular thyroid carcinoma 
as young as age 7 years.447

Tuberous Sclerosis Complex
The tuberous sclerosis complex (TSC) is an autosomal 
dominant, multiorgan hamartomatous disorder char-
acterized by abnormalities of the skin (hypomelanotic 
macules, facial angiofibromas, shagreen patches, fi-
brous facial plaques, ungual fibromas); brain (cortical 
tubers, subependymal nodules and subependymal  
giant cell astrocytomas, seizures, intellectual disability/ 
developmental delay); kidney (angiomyolipomas, cysts, 
renal cell carcinomas); heart (rhabdomyomas, arrhyth-
mias); and lungs (lymphangioleiomyomatosis).450 The 
two known genes that cause the TSC include TSC1 
and TSC2, which encode for the proteins hamartin and 
tuberin, respectively.451,452 Various endocrine neo-
plasms occurring within the context of the TSC have 
been reported, including functional pituitary adeno-
mas, parathyroid hyperplasia and adenomas, GEP-
NETs, and a single case report of a PHEO.453 The 
pNETs can be benign or malignant and functioning  
or nonfunctioning, with a large proportion of cases 
associated with TSC2 gene mutations.454 Insulinomas 
appear to be overrepresented in TSC patients, so a low 
threshold should exist for clinical evaluation in those 
with classic signs or symptoms of hypoglycemia or 
worsening neurologic symptoms.453

SUMMARY AND FUTURE DEVELOPMENTS

Although rare, neuroendocrine tumors diagnosed dur-
ing childhood, especially PHEO and MTC, are fre-
quently associated with a known tumor predisposition 
syndrome. Advances in genomic medicine have im-
proved our understanding of the etiology and patho-
physiology of these disorders, which in turn has changed 
the way physicians manage patients with the diseases 
discussed in this chapter. Because it is a rapidly evolving 
field, the reader should continue to seek the most cur-
rent information for important clinical decisions regard-
ing individual patient care. Future research will add to 
our knowledge regarding genotype-phenotype correla-
tions, optimal screening strategies for asymptomatic 
children known to carry a disease-causing mutation, 
timing of interventions such as early thyroidectomy  
in MEN2 and parathyroidectomy in MEN1, and the 
treatment of advanced or inoperable disease with newer 
targeted therapies.
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QUESTIONS

 1. A previously healthy 2-year-old boy presents with 
gonadotropin-independent precocious puberty. Pubic 
hair is Tanner 3, penis is enlarged, and testes are pre-
pubertal.Congenital adrenal hyperplasia is ruled out 
with cosyntropin stimulation testing, and there is no 
known exogenous testosterone exposure. Adrenal 
neoplasia is suspected. Which of the following state-
ments is correct?
 a. Adrenal imaging is likely to be negative.
 b. Ophthalmologic examination might reveal retinal 

angiomas.
 c. Genetic testing for a TP53 mutation should be 

undertaken.
 d. A GnRH agonist is the treatment of choice.
 e. There is likely to be a family history of thyroid 

cancer.
Answer: c

 2. A 10-year-old boy presents for evaluation of thyroid 
nodules:

 4. An 8-year-old boy with a history of ADHD is found 
to be hypertensive at a routine office visit. A pheo-
chromocytoma is diagnosed after elevated plasma 
metanephrines are documented and a 3-cm left ad-
renal mass is identified on imaging. Which of the 
following genes is most likely to be mutated in this 
patient’s case?
 a. MEN1
 b. SDHB
 c. NF1
 d. RET
 e. VHL

Answer: e

 5. The management of a child with a pheochromocy-
toma includes all of the following except:
 a. Consultation with a genetic counselor
 b. Biopsy to confirm the diagnosis prior to surgery
 c. Long-term follow-up to assess for recurrence and 

the development of metachronous tumors 
 d. Fluid expansion via salt loading prior to surgery
 e. Treatment with an a-adrenergic receptor blocker 

prior to surgery
Answer: b

 6. The management of a child with medullary thyroid 
carcinoma includes all of the following except:
 a. Consultation with a genetic counselor
 b. Surgery performed by an experienced thyroid cancer 

surgeon
 c. Thyroid-stimulating hormone (TSH)-suppressive 

therapy
 d. Periodic assessment of calcitonin and CEA levels
 e. Testing for a germline mutation in the RET 

proto-oncogene
Answer: c

 7. Which of the following hereditary tumor syndromes 
are associated with endocrine neoplasia?
 a. Beckwith-Wiedemann syndrome
 b. Tuberous sclerosis complex
 c. Neurofibromatosis type 1
 d. None of the above
 e. All of the above

Answer: e

Which of the following statements is incorrect?
 a. The lifetime chance of developing primary hyper-

parathyroidism is ,20%.
 b. Postoperative ileus may be problematic in this patient.
 c. His parents are unlikely to have the same diagnosis.
 d. The patient may have a history of failure to make 

tears and feeding difficulties.
 e. The patient is likely to have an activating mutation 

in codon 918 (M918T) of the RET proto-oncogene.
Answer: a

 3. A 15-year-old girl is diagnosed with primary hyper-
parathyroidism (PHPT). Family history is positive for 
PHPT and prolactinoma in the mother and a maternal 
uncle with PHPT, a nonfunctioning pituitary ade-
noma, and a gastroenteropancreatic neuroendocrine 
tumor (GEP-NET). Which of the following statement 
is incorrect?
 a. The patient has a higher likelihood of developing 

a GEP-NET than a pituitary tumor.
 b. The chance of finding a mutation is . 80%.
 c. She should be screened for other endocrine neoplasia, 

even if asymptomatic.
 d. An activating mutation in MEN1 is likely responsible.
 e. Her children have a 50% chance of having the 

same condition.
Answer: d



569

C H A P T E R  1 5

Puberty and its Disorders  
in the Female

Robert L. Rosenfield, MD • David W. Cooke, MD • Sally Radovick, MD

INTRODUCTION

Puberty is the stage of development during which second-
ary sexual characteristics appear and there is a transition 
from the sexually immature to the sexually mature stage. 
Adolescence is widely used as a generally synonymous term 
for puberty, but it is often used to convey an added cultural 
connotation as a psychosocial coming of age.

By the mid-1960s, a general concept of the major factors 
involved in the initiation of puberty was established (Figure 
15-1).1,2 A decrease in sensitivity of the brain “gonadostat” 
to sex hormone negative feedback was thought to be the 
primary event. This signaled the hypothalamus to dis-
charge neurohumors (then unidentified), which in turn 
stimulated the pituitary to release gonadotropins. The re-
sultant rise in secretion of the gonadotropins, luteinizing 
hormone (LH) and follicle-stimulating hormone (FSH), 
was thought to account directly for increased estrogen 
production by the ovary. A mature relationship was thought 
to develop in which the blood levels of estrogen and  
gonadotropins were regulated reciprocally via the gonad-
ostat,3 much as a furnace is regulated by a thermostat. 
The pineal was identified as having gonadal suppressive 
properties. The increased adrenocortical secretion of 
17-ketosteroids (17-KS), which becomes apparent at about 
the time of puberty (“adrenarche”), was thought to be due 

to a pituitary factor stimulating adrenal androgens in  
synergism with adrenocorticotropic hormone (ACTH).4

The rapid scientific advances since 1965 have permitted 
this concept to be tested in increasingly sophisticated ways. 
In the subsequent decade, radioimmunoassay (RIA), origi-
nally developed by Yalow and Berson, was applied to  
the measurement of gonadotropins and sex steroids; the 
gonadotropin-releasing hormone (GnRH) for both  
LH and FSH was isolated, identified, and synthesized by 
Guillemin’s and Schally’s groups. Cyclic adenosine-39,59-
monophosphate (cAMP), postulated by Sutherland to me-
diate the action of peptide hormones, was found to mediate 
gonadotropin effects on the ovarian follicle. Jensen, Gorski, 
and their groups defined the initial steps in the mechanism 
of action of steroid hormones. The awarding of Nobel 
Prizes in medicine to Sutherland in 1971 and to Yalow, 
Schally, and Guillemin in 1977 marked the recognition of 
the landmark nature of many of these discoveries.

Our present view of the mechanisms controlling puberty 
is more refined and complex than it once was, although the 
previously discussed schema is correct in a general sense. 
The gonadostat is a patently oversimplistic concept for a 
complex system that regulates the hypothalamic GnRH 
pulse generator, a functionally interconnected and synchro-
nized network of GnRH neurons.5 The gonadostat setting 
seems to change throughout childhood in a biphasic  
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highly sensitive until mid-childhood, at which time GnRH 
pulse generator activity is minimal. During late prepuberty 
the gonadostat begins to relinquish its inhibition. This per-
mits the onset of puberty. The changing set point initially 
permits increasing, episodic secretion of GnRH. Increasing 
sensitivity of the pituitary gonadotropic cells to GnRH  
follows. The change in LH and FSH secretion is first  
detectable during sleep. Gradually the gonads become  
increasingly sensitized to gonadotropin stimulation, grow at 
an increased rate, and bring about sustained rises in plasma 
sex steroid hormone levels. Some of these phenomena syn-
ergize with others, so that autoamplification occurs and  
the pace of change accelerates. Eventually the set point for 
gonadotropin release comes to vary sufficiently to encom-
pass a positive feedback mechanism.

The data on which this model is based are presented 
here. The most recent data on the hormonal milieu and 
accompanying physical stages of normal puberty are then 
presented. Abnormal puberty is subsequently discussed: 
the causes, differential diagnosis, and management.

DEVELOPMENT OF THE FEMALE 
REPRODUCTIVE SYSTEM
Maturation of the Neuroendocrine-
Ovarian Axis
Fetus

Neuroendocrine Unit.  The anterior lobe of the pitu-
itary gland, of stromal ectodermal origin, and the poste-
rior lobe, of neural origin, differentiate by 11 weeks’ 
gestational age.8 By this time, GnRH neurons have mi-
grated from the olfactory placode into place in the medial 
basal hypothalamus.9 Hypothalamic GnRH subsequently 
rises in parallel with fetal pituitary and serum LH and 
FSH.10 All peak at about 20 to 24 weeks, as the connec-
tions of the pituitary portal system become complete, to 
levels not again seen until menopause.11

FIGURE 15-1 n   Schematic representation of the neuroendocrine-
ovarian axis involved in normal pubertal development. ACTH, 
adrenocorticotropic hormone; CRF, corticotropin-releasing factor; 
GnRH, gonadotropin-releasing hormone; FSH, follicle-stimulating 
hormone; LH, luteinizing hormone.

FIGURE 15-2 n The changing pattern of serum gonadotropins and sex hormones from fetal life to maturity in relationship to the 
apparent sensitivity of the central nervous system “gonadostat” to the negative feedback effect of sex hormones and the underlying 
hormonal events. FSH, follicle-stimulating hormone; GnRH, gonadotropin-releasing hormone; LH, luteinizing hormone. (Modified 
from M. Grumbach, C. Grave, & F. Mayer (Eds.), The control of the onset of puberty. New York: John Wiley & Sons.)

manner. This concept is illustrated in Figure 15-2.6,7 
During fetal and perinatal life, the gonadostat is insensitive 
to negative feedback by sex steroid hormones; at this time 
the nascent neuroendocrine-gonadal axis functions at a pu-
bertal level. The gonadostat becomes increasingly sensitive 
to negative feedback during infancy, but it does not become 
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Serum LH and FSH levels are higher in human  
female than male fetuses.11 In rats, GnRH-containing 
neurons develop earlier in females than in males,12 and 
there are sexual dimorphisms in the degree of synapsing 
of specific tracts with dendritic spines in the preoptic 
nucleus, one of the major GnRH-containing areas of the 
hypothalamus.13,14 These differences may be determined 
by gonadal sex steroid hormone output. In all species 
studied, fetal secretion of LH, particularly LH pulse  
frequency, is permanently desensitized to estradiol (E2)- 
progesterone negative feedback by fetal virilization.15 
In the rat this has been demonstrated to be mediated by 
permanent impairment of estradiol-induced progesterone 
receptor gene expression.16

In late gestation, fetal hypothalamic GnRH and pitu-
itary gonadotropin secretion fall to low levels. These 
changes are likely explicable by the negative feedback effect 
of the high sex steroids produced by the fetoplacental unit. 
Meanwhile, maturation of the central nervous system 
(CNS) tracts that inhibit hypothalamic GnRH secretion 
and mediate gonadal negative feedback signals appears to 
progress throughout gestation.17,18

The production of gonadotropins by the fetal pituitary 
seems to facilitate normal ovarian development. Hypo-
physectomy of rhesus fetuses has been reported to reduce 
the number of germ cells and oocytes as well as the integrity 
of the rete ovarii.19 Therefore, it seems that the survival of 
gametes depends on the secretions of the fetal pituitary.

Ovary.  The ovaries differentiate in the urogenital ridge 
adjacent to the anlage of the adrenal cortex and the  
kidney. The granulosa cells are the homologues of the 
Sertoli cells of the testes. The theca, interstitial, and hilus 
cells are the homologues of the Leydig cells; hilus cells 
may even contain crystalloids like Leydig cells. Adreno-
cortical rests occasionally have been found in the hilus of 
the ovary.20 Conversely, ovarian rests have been identified 
in the adrenal glands.21

The primitive germ cells migrate into the ovary from 
the yolk sac endoderm during the first month of gestation. 

The ovaries begin to become distinguishable from testes 
by 8 weeks of gestation22 in the absence of testicular devel-
opment being switched on by signaling cascade initiated 
by the SRY gene on the Y chromosome.23 Wnt-4 and fork-
head (Fox) family transcription factor signaling by germ 
cells are critical for ovarian differentiation by sustaining 
oocyte and granulosa cell development and suppressing 
Sertoli and Leydig cell differentiation; they also support 
later aspects of follicle develoment.24 Steroidogenic 
factor-1 (SF-1) WT-1, LIM-1, and possibly DAX-1 genes 
play roles in the formation of the ovaries.25 Germ cell bone 
morphogenetic proteins (BMPs) are necessary for primor-
dial germ cell proliferation. Mitotic division of oogonia is 
maximal before the third month and comes to an end by 
the seventh month. Oogonia then undergo oogenesis, 
entering the prophase of meiosis to become primary  
oocytes during the final 5 to 6 months of gestation.26 The 
number of oocytes reaches a peak at the fifth month when 
there are 6.8 million germ cells, of which 80% appear to 
be viable (Figure 15-3).27 When oocytes enter the diplo-
tene stage of meiotic prophase, they must be furnished 
with granulosa cells to form a primordial follicle, or else 
they undergo atresia.28

Primordial follicles appear in the fourth month, 
when the epithelium of the secondary sex cords pro-
vides granulosa cells to the oocytes, and they peak in 
number between the fifth and ninth months. They be-
come primary follicles when the encircling granulosa 
cells become cuboidal. Primordial and small primary 
follicles (Figure 15-4)29,30 are resting follicles, which are 
the major repository of germ cells.31 This stock of germ 
cells is depleted only very slowly during childhood (see 
Figure 15-3). Secondary follicles and preantral follicles, 
characterized, respectively, by organization of theca  
and a larger granulosa cell population, then appear  
successively. After the seventh month, antral (graafian) 
follicles appear and those granulosa cells enveloping the 
oocyte become the cumulus.30,32,33 Typically one or two 
antral follicles of 1 to 2 mm in diameter are present in 
the ovary by term, at which time the number of small 

FIGURE 15-3 n   The development of ovarian follicles from fetal life to maturity. Curves for total number of viable germ cells (thick line) 
and large antral follicles (thin line) smoothed from the data of Baker and Block. The number of germ cells is maximal at the fifth 
month of fetal life. The loss of germ cells is exponential throughout postnatal life. At puberty, a marked shift occurs in the pattern of 
development of follicles. An increased fraction grows to large antral size.
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preantral follicles is at its peak. At term, ovarian follicle 
development is complete,30,32,33 and the complement of 
ova is greater than at any other time during postnatal 
life (see Figure 15-3), totaling 2 million, of which half 
appear atretic.27,34

Both X chromosomes are active in oocytes,35 and 
these are necessary for the induction of the granulosa cell 
layer necessary for oocyte survival.32,36 Several oocyte 
transcription factors then mediate the transition from 
primordial to primary follicles.24 Growth differentiation 
factor-9 is critical for signaling the granulosa cells of 
primary follicles to induce the theca cell layer. Other 
autosomally determined paracrine factors, prominently 
involving TGF-b superfamily signaling, are necessary for 
the survival of oocytes and the further differentiation and 
growth of follicles. The forkhead transcription factor 
FOXL2, expressed specifically in granulosa cells, both 
mediates the GDF9 effect and restrains it from prema-
turely activating oocytes.37

Follicle number is determined by the balance between 
the number of ovarian germ cells and the rate of atresia. 
The endowment of ovarian germ cells has been thought 
to be determined during fetal life, as the germ cells of the 
ovary, unlike those of the testes, seem to be a non-renewing 
population; however, this concept has been challenged by 
research with germline stem cells that suggests a process 
of slow neogenesis.38 Regardless, the regulation of atresia 

by the balance of cell survival and programmed cell death 
signals is a critical determinant of follicle number.39 The 
endowment of follicles may be influenced by environ-
mental factors, such as toxins,40 thymic factors,41 and 
placental insufficiency.42 Fetal undernutrition has been 
suspected of temporarily or permanently altering ovarian 
follicular development.43-45

Theca-interstitial cells of the fetal primordial fol-
licle form androstenedione and dehydroepiandros-
terone as early as 3 months gestation in humans,  
but E2 formation probably does not occur until antral 
follicular development begins at 34-38 weeks gesta-
tion.18,22,46 Thus, the contribution of the ovaries to 
fetal sex steroid levels is probably relatively low.

Placenta.  The fetoplacental unit becomes the major 
source of sex hormones in the female fetus in the latter 
half of pregnancy: the fetal adrenal gland provides 
17-ketosteroids as substrate for the formation of potent 
sex steroids by the placenta. Excess androgen, from any 
source, in the female fetus masculinizes genital differen-
tiation, as discussed in other chapters. This also pro-
grams for LH elevation and insulin resistance in adult 
life.15 Placental insufficiency, via hypoxemia and the 
resultant overactivation of fetal prostaglandin production 
and cortisol secretion, is another factor predisposing to 
postnatal insulin resistance.47

FIGURE 15-4 n   The human ovary. The lower portion of the figure shows the classification of follicles. Preantral follicles contain as 
many as 300 granulosa cells, and their diameter ranges from 50 to 200 mm. The oocyte diameter increases from 25 or less to 80 mm. 
Antral (graafian, tertiary, or vesicular) follicles have a fluid-filled antrum and a full-grown oocyte, are lined with more than 300 
granulosa cells, and have a well-developed theca. They are greater than 200 mm in diameter. The dimensions of the mature ovary 
are approximately 1.25 3 2.75 3 4 cm. The upper portion of the figure illustrates the histologic appearance of the perimenarcheal ovary. 
(Photomicrographs of ovarian details are reproduced from Peters, H. (1979). The human ovary in childhood and early maturity. 
Eur J Obstet Gynecol Reprod Biol, 9, 137; modified from Ross, G. T., Schreiber, J. R. (1978). The ovary. In S. S. C. Yen, & R. Jaffe (Eds.), 
Reproductive endocrinology (p. 63). Philadelphia: WB Saunders.)
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Infant and Child

Neuroendocrine Unit. The hypothalamic-pituitary-gonadal 
axis is transiently active during the neonatal period. This is 
sometimes termed the minipuberty of the newborn; unlike true 
puberty the clinical manifestations are only nascent and do 
not progress. The regulation of neonatal gonadotropin secre-
tion, like that during puberty, is incompletely known.

Serum FSH and LH are low in cord blood and remain 
low until estrogen concentrations fall from inhibitory 
levels upon disruption of the fetoplacental unit at birth. 
Then the LH and FSH levels of neonates promptly begin 
to rise in pulsatile fashion to early pubertal levels in the 
first week of life (Figure 15-5).7,11,48-51 This pituitary 

activity wanes in older infants, which may be related to  
the maturation of neural tracts that conduct inhibitory 
signals from the CNS.

Serum LH and FSH levels rise higher in female than 
male premature infants, reaching into the postmenopausal 
range.17,52 This sexual dimorphism seems to be related to 
a lack of negative feedback due to lagging ovarian follicular 
development: antral follicle development begins near term 
gestational age.18 There is parallel hyperprolactinemia 
without sexual dimorphism.53

By 40 weeks’ gestational age, serum gonadotropins 
and LH/FSH ratios fall to lower levels in girls than  
in boys,17 apparently because girls lack androgen-
programmed accentuation of GnRH pulsatility.16,54,55 
Responses to GnRH and GnRH agonist are similar to 
those of early puberty (Figure 15-6).56-59 In congenital 
agonadism, gonadotropins reach postmenopausal levels 
during the neonatal period.60

After about 4 months of age, gonadotropin and prolac-
tin levels gradually begin to fall into the prepubertal range 
(see Figure 15-5). FSH is higher in girls than in boys, a 
tendency that tends to persist into early childhood.48,61 
This appears in part related to negative feedback by the 
higher activin-A and lower inhibin-B serum levels of girls 
than boys.62 GnRH secretion also appears to be greater in 
girls than in boys at this time.63

The subsequent decline in gonadotropins may be 
related to an increase in hypothalamic sex steroid  
receptors. Hypothalamic estrogen receptors increase 
in a pattern reciprocal to the fall in serum gonadotro-
pins in the rat (Figure 15-7),64 as do hypothalamic 
dihydrotestosterone (DHT) receptors.65 Increasing 
sensitivity of the hypothalamus to sex steroid hormone 
negative feedback could account for the inhibitory  
effect of the small amounts of circulating E2 and  
testosterone.

A nadir in both serum gonadotropins occurs by about 
6 years of age (see Figures 15-2 and 15-5). At this age the 
LH and FSH response to GnRH is minimal, apparently 

FIGURE 15-6 n   Basal and peak responses to the gonadotropin-releasing hormone agonist nafarelin (1 mg/kg subcutaneously) during 
development. Lines connect the basal and peak responses in control children. The responses are related to bone age in children and 
chronologic age in adults. Note the biphasic pattern of the responses. They are high in infancy, lower in mid-childhood, and rise 
again during puberty. The peak gonadotropin responses occur at approximately 4 hours, and peak estradiol responses occur at  
20 hours. FSH, follicle-stimulating hormone; LH, luteinizing hormone. (From Rosenfield, R. L., Burstein, S., Cuttler, L., et al. (1989). Use 
of nafarelin for testing pituitary-ovarian function. J Reprod Med, 34, 1044.)

FIGURE 15-5 n   The distribution of serum gonadotropin levels ac-
cording to early generation radioimmunoassays from birth to 
adulthood (age in years) Left, Follicle-stimulating hormone 
(FSH). Right: Luteinizing hormone (LH). Umbilical cord level of 
LH measured by beta-subunit-specific radioimmunoassay. 
Standard LER-907: 100 ng equivalent to 2 mIU FSH and  
6 mIU LH of the First International Reference Preparation of  
human pituitary gonadotropin for bioassay. (Data from Winter, J., 
Faiman, C., Hobson, W., et al. (1975). Pituitary-gonadal relations in 
infancy: I. Patterns of serum gonadotropin concentrations from birth 
to four years of age in the human and the chimpanzee. J Clin Endo-
crinol Metab, 40, 545; from Kaplan, S., Grumbach, M., & Aubert, M. 
(1976). The ontogenesis of pituitary hormones and hypothalamic fac-
tors in the human fetus. Recent Prog Horm Res, 32, 161.)
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from lack of GnRH stimulation. Furthermore, at this 
stage agonadism is seldom reflected in a rise in serum 
gonadotropins or gonadotropin reserve.60

However, gonadotropin production is not completely 
suppressed in mid-childhood. Gonadotropins have been 
detected in the urine of young prepubertal children, at 
the limits of sensitivity of classic bioassays: LH excretion 
averaged 3% and FSH 15% of the adult amounts.66 
Specific monoclonal antibody-based assays have revealed 
that LH falls to less than 0.2 U/L during the day, whereas 
FSH remains detectable, and that the gonadotropins 
produced at this stage are secreted in micropulses that 
approximately double in association with sleep.67 The 
gonadotropins also appear to be bioactive judging from 
their sensitivity to E2 negative feedback in the primate68 
and the active formation of antral follicles during 
childhood, which indicates gonadotropin stimulation, as 
discussed in the following section on the adult.

Between 7 and 10 years of age, even prepubertal girls 
experience subtle but significant increases in gonadotropin 
levels.69 This change corresponds with rising secretion of 

GnRH.63 These data indicate that the hormonal secretory 
pattern of the prepubertal 10-year old child is different 
from that of the 7-year old and indicate that the hormonal 
changes signaling the development of puberty are found 
late in the first decade of life, antedating by some time the 
development of secondary sex characteristics.

Ovary. The ovary of the infant and child is not quiescent. 
Initiation of growth and development of resting follicles 
occurs throughout childhood. The neonatal ovary typi-
cally contain an antral follicle with thecal luteiniza-
tion,70,71 and the number of antral follicles approximately 
doubles over that in infancy by 7 years and quadruples  
by 9 years (see Figure 15-3).28 All these antral follicles 
normally undergo atresia in childhood, and this augments 
the amount of stroma.28 As a result, by mid-childhood the 
ovaries of normal girls have up to 5 antral follicles 4 to  
9 mm in diameter, and ovarian volume increases up to 
approximately 3.5 cc. Ovarian morphologic development 
begins to accelerate just before the onset of puberty.28,72-76 
Small follicle growth is reflected in serum anti-Müllerian 
hormone (AMH), which achieves adult levels by the time 
puberty begins.77

During the first few months of life, early pubertal 
blood levels of ovarian hormones are found as part of the 
transient activation of the hypothalamic-pituitary- 
gonadal axis that occurs in the newborn. Serum E2 and 
inhibin-B levels parallel those of FSH. In the neonatal 
period they begin rising to early pubertal levels, remain 
there for the first few months of life, and fall gradually 
thereafter (Figure 15-8).56,59 In premature infants ovar-
ian function is delayed until near term gestational age, 
and it is then exaggerated and prolonged.18 The high 
gonadotropins of prematurity sometimes cause ovarian 
hyperstimulation in preterm infants.78 Breast diameter 
peaks at 2 to 4 weeks of age in term infants, later in  
premature infants, and commonly persists for several 
months.79 According to an ultrasensitive recombinant 

FIGURE 15-7 n   Relationship of maturation of hypothalamic estro-
gen receptors (top) to serum gonadotropin levels (bottom) in 
the developing female rat. FSH, follicle-stimulating hormone; 
LH, luteinizing hormone. (From Rosenfield, R. L. [1977]. Hormonal 
events and disorders of puberty. In J. R. Givens (Ed.), Gynecologic 
endocrinology. Chicago: Year Book Medical. By permission of 
Mosby-Year Book.)

FIGURE 15-8 n   The distribution of plasma estradiol levels in in-
fant females compared with pubertal and adult female levels. 
The columns represent the normal ranges for the various stages 
of puberty. The area between 10th and 90th percentiles is dark. 
Stage P1 includes all prepubertal girls older than 2 years. The 
values between the ordinates were found between 2 and 5 days 
of age. (From Bidlingmeier, F., & Knorr, D. (1978). Oestrogens: 
physiological and clinical aspects. Pediatr Adolesc Endocrinol, 4, 43.)
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cell bioassay, girls’ estrogen levels in late infancy are 
several-fold greater than those of boys, averaging 1 pg/mL 
and ranging up to 3 pg/mL.80 On occasion there may be 
subclinical but detectable estrogen effects on urogenital 
cytology.81

In mid-childhood, gonadotropin secretion in re-
sponse to GnRH agonist testing elicits a prompt small 
rise in E2 secretion.82,83 As girls begin to experience 
increasing diurnal production of gonadotropins in late 
prepuberty, E2 levels rise in diurnal fashion to approxi-
mate 10 pg/mL in midmorning.69,84

Adolescent

The endocrinologic changes of puberty actually begin in 
late preadolescence before secondary sex characteristics 
appear, as just reviewed. The underlying basic event is 
increasing secretion of hypothalamic GnRH. Puberty is 
the consequence of the hypothalamus releasing GnRH 
with increasing frequency and amplitude, first only at 
night, then gradually throughout the day.

Increased GnRH secretion in humans was initially 
deduced when Kastin, Job, Grumbach, and their collabo-
rators demonstrated that preadolescent children had 
GnRH-releasable pituitary stores of LH and FSH  
(Figure 15-9; see Figure 15-6).85 Subsequently, it was 

reported that in humans the output of an immunoreactive 
fragment of GnRH increases to adult levels during pu-
berty.63,86 Studies in the rat suggest that hypothalamic 
GnRH increases through puberty.87

Knobil subsequently showed that puberty can be in-
duced in the immature female rhesus monkey by admin-
istering GnRH in hourly pulses that yield blood levels of 
about 2000 pg/mL.88 Prolonged administration of GnRH 
according to this regimen first gradually brings about 
transient increases in LH and FSH. This then induces 
cyclic follicular development. The resultant moderate E2 
surge is of such magnitude as to result in menarche due to 
withdrawal menstrual bleeding in an anovulatory cycle 
(Figure 15-10). Continuation of the same GnRH regimen 
leads to the development of normal monthly ovulatory 
menstrual periods. Physiologic pulses of GnRH in hu-
mans probably attain lower concentrations (200 pg/mL) 
and occur at slightly wider intervals than in monkeys.89 
Consequently, LH pulses in mature women occur at in-
tervals of approximately 1 to 1.5 hour during the follicular 
phases, slowing during the luteal phase.90

Puberty begins when GnRH secretion increases. 
Serum LH then begins to rise disproportionately to 
FSH; this LH-FSH disparity is particularly evident 
during sleep, which is reflected in responses to GnRH 
or GnRH agonist (Table 15-1). Puberty becomes clini-
cally apparent as thelarche when E2 levels are sustained 
. 10 pg/mL.83 It seems likely that a rise in inhibin-B as 
increasing ovarian follicles develop plays a key negative-
feedback role in limiting further increase in FSH levels 
during puberty. FSH levels become less GnRH depen-
dent during puberty.67 The mechanisms for differential 
regulation of FSH and LH are discussed later in this 
chapter.

Pubertal gonadotropin cycles seem to develop well 
before menarche7,91 and are capable of inducing cyclic 
estrogen production.81,91 Our working model of the 
nature of pituitary-ovarian dynamics in early puberty is 
illustrated in Figure 15-11.

Puberty progresses as LH rises. Whereas serum FSH 
levels rise about 2.5-fold over the course of puberty,  
LH levels rise 25-fold or more.67 The initial change in 
LH secretion at the beginning of puberty is a nightly 
increase in LH secretion that begins within 20 minutes 
of the onset of sleep. Subsequently, LH increases more 
with the onset of sleep, stays up longer, and falls less 
during waking hours. As the child approaches men-
arche, the daytime LH levels continue to increase until 
the diurnal rhythm is typically lost. FSH levels follow a 
similar pattern, although the FSH changes are less 
striking. The gonadotropin diurnal rhythm during pu-
berty seems entirely related to sleep, unlike the cortisol 
circadian rhythm.92 There is a delay of about 12 hours 
between the peak LH level during sleep and the E2  
zenith, such that E2 levels are maximal between late 
morning and early afternoon.84,93 The gonadotropin 
and E2 rhythms in an early pubertal girl are shown in 
Figure 15-12.93

Augmentation of the bioactivity of serum LH occurs 
during pubertal progression. Plasma LH bioactivity rises 
nearly fivefold more during the course of puberty than does 
LH as measured by polyclonal RIA (Figure 15-13).94,95 

FIGURE 15-9 n   The luteinizing hormone (LH) and follicle-stimulating 
hormone (FSH) responses to gonadotropin-releasing hormone 
(GnRH) bolus (50 mg/kg/day) in males (M) and females (F) in 
prepuberty (age 5 to 6 years: F1, M1), early puberty (F2, M2), 
and later puberty (F5, M5). The responses to GnRH tend to prog-
ress with advancing puberty. However, early pubertal girls have 
a readily releasable FSH pool that is greater than that of more 
advanced adolescents. The peak responses of girls tend to be 
somewhat greater than those of boys at comparable stages. 
 (Data from Dickerman, Z., Prager-Lewin, R., & Laron, Z. (1976). 
Response of plasma LH and FSH to synthetic LHRH in children at 
various pubertal stages. Am J Dis Child, 130, 634.)
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FIGURE 15-10 n Induction of puberty in a 13-month-old prepubertal 
rhesus monkey by an unvarying pulsatile gonadotropin-releasing 
hormone (GnRH) regimen (1 μg/min × 6 min hourly). Luteinizing 
hormone (LH), follicle-stimulating hormone (FSH), estradiol (E2), 
and progesterone were undetectable before the GnRH infusion. 
On GnRH infusion, a rise in FSH was the first change detectable 
by midmorning sampling midway between GnRH pulses. A sub-
stantial E2 surge occurred approximately 1 month later. The 
subsequent LH surge was too modest to elicit ovulation, but 
menses (M) occurred a few days after subsidence of the week-
long E2 surge—menarche resulting from an anovulatory cycle. 
Continuation of the GnRH led to the sustained occurrence of 
ovulatory menstrual cycles at 28-day intervals. An identical out-
come results if an arcuate-lesioned adult animal undergoes this 
GnRH regimen. The third of the LH surges occurred 2 days after 
GnRH was discontinued. Progesterone secretion from the corpus 
luteum was blunted and transient in the absence of sustained LH 
secretion. A subsequent increase in plasma E2 produced by E2 
implantation subcutaneously failed to elicit a gonadotropin 
surge, indicating that the animal had reverted to an immature 
state. Menarche eventually spontaneously recurred in such ani-
mals at the usual age (approximately 27 months). Small vertical 
lines beneath data points indicate values below the sensitivity  
of the assay. Note that gonadotropins and E2 were often unde-
tectable (prepubertal range) during the induced puberty.  (From 
Knobil, E. (1980). The neuroendocrine control of the menstrual cycle. 
Recent Prog Horm Res, 36, 53.)

The change in bioactive LH is mirrored well by the “third 
generation” monoclonal antibody-based immunometric 
(“pediatric”) assays that have very high specificity for bioac-
tive LH epitopes. However, disparities in the ratio of bioac-
tive to immunoreactive LH (B/I) persist with these assays, 
for reasons related to the molecular microheterogeneity of 
gonadotropins, which is discussed later. Serum FSH rises 
during puberty according to immunoassay more so than by 
bioassay.96

E2 output increases rapidly in the year approaching 
menarche.97 This seems to be the result of a variety of 
autoamplification phenomena that facilitate puberty, 
maturation of the dominant follicle, and ovulation. 
These are summarized in Box 15-1.98-111 These phe-
nomena occur at all levels of the axis. The CNS is 
stimulated by preovulatory levels of E2 to increase 
GnRH pulse amplitude. At the pituitary level there is 
the self-priming effect of GnRH, whereby a pulse of 
GnRH sensitizes the pituitary to have a greater LH re-
sponse to a subsequent identical GnRH pulse. Critical 
patterns of E2 and progesterone secretion enhance the 
pituitary LH and FSH responsiveness to GnRH. At  
the gonadal level, the cascade of events is augmented by 
the FSH induction of aromatase activity and progestin 
production in granulosa cells, phenomena in which an-
drogens play a synergistic role. Furthermore, FSH 
stimulates granulosa cell mitosis and induces LH recep-
tors, phenomena in which E2 may play a synergistic 
role. Subsequently, LH is able to further enhance the 
aromatase and progesterone effects. Progesterone itself 
plays a synergistic role in stimulating granulosa cell pro-
gesterone and prostaglandin synthesis in concert with 

both FSH and LH. In the rat, ovarian GnRH receptor 
sites also diminish just before ovulation,112 and at about 
this time the ovary changes its pattern of metabolism so 
that the secretion of androstanediol-3b-monosulfate 
decreases to levels that are no longer inhibitory to LH 
secretion.113

The preovulatory gonadotropin surge occurs when  
all these cascading processes culminate in activation of  

BOX 15-1 Autoamplification Processes 
Involved in Pubertal Progression, 
Follicle Maturation, and Ovulation

Central nervous system GnRH secretion increases98,99 via 
the following:

• E2-induced progesterone receptors100

• Progesterone synergization with E2101

Pituitary LH and FSH responsiveness to GnRH increases 
via:

• GnRH self-priming102

• Critical patterns of E2 secretion-stimulating LH/FSH 
responsiveness103-105

• Progesterone synergization with E2104-106

• LH bioactivity increases94

Gonadal responsiveness to FSH and LH increases via:
• FSH-induced aromatase and progesterone in granulosa 

cells: androgens and progesterone synergization with 
this effect107-109

• FSH-stimulated granulosa meiosis31and FSH-induced 
granulosa LH receptors; IGF-1 synergization110,111

E2, estradiol; FSH, follicle-stimulating hormone; GnRH, gonadotropin-
releasing hormone; IGF-1, insulin-like growth factor-1; and  
LH, luteinizing hormone.
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LH (U/L) FSH (U/L)
Estradiol  
(pg/mL)

Estrone  
(pg/mL)

Testosterone  
(ng/dL)

Androstenedione 
(ng/dL)

DHEA  
(ng/dL)

17PROG  
(ng/dL)

17PREG  
(ng/dL)

DHEAS  
(mg/dL)

Baseline (8:00 a.m.)
Term infants, 1 day old — — 300-500 300-500 15-75 100-410 300-2600 150-850 110-3000 20-410
Children, 1-5 yr old ,0.15 ,0.15-3.5 ,10 ,20 ,20 10-50 20-130 5-115 10-105 5-35
Children, 6-10 yr old ,0.15-0.3 ,0.5-2.9 ,10 ,30 ,20 10-75 20-345 5-115 10-200 10-115
Premenarcheal pubertal, 

9-13 yr old
,0.15-7.2 1.1-9.0 ,10-55 10-35 10-35 40-175 40-600 15-220 35-350 35-130

Postmenarcheal,early 
follicular phase

1.5-5.6 3.6-7.9 20-85 20-50 20-60 50-200 100-850 #130b 55-360 75-255

Peak After ACTH1-24 (30-60 minutes after $10 mg/m2 IV)
Children, 1-5 yr old — — ,20 15-70 25-100 50-270 45-350 5-35
Children, 6-10 yr old — — ,20 25-100 70-320 85-300 60-650 10-115
Premenarcheal pubertal, 

9-13 yr old
— — 10-35 55-230 70-725 90-400 150-750 35-130

Postmenarcheal, early 
follicular phase

— — 20-60 60-250 250-1470 35-160b 150-1070 75-255

Peak After GnRH agonist (leuprolide acetate 10 mg/kg SC)
Prepubertal, 6-9 yr old 1.2-8.9 9.3-37 ,10-55 — ,20c 25-50c 25-70c ,25c — —
Premenarcheal pubertal, 

9-13 yr old
2.8-99 14-40 30-350 — 10-45c 25-165c 60-185c ,155c — —

Postmenarcheal, early 
follicular phase 

30-135 15-60 65-260 — 10-60c 50-180c 60-450c 30-145c — —

Conversion multipliers to 
SI units

3.67  
(pmol/L)

3.70  
(pmol/L)

0.0347  
(nmol/L)

0.0349  
(nmol/L)

0.0347  
(nmol/L)

0.0303  
(nmol/L)

0.0316  
(nmol/L)

0.0271  
(mmol/L)

TABLE 15-1  Typical Normal Ranges for LH, FSH, and Ovarian Steroids, at Baseline and in Response to ACTH and GnRH Agonist Testsa

a5th-95th percentile for third generation gonadotropin immunoassays and high-specificity assays after preparatory chromatography, except for DHEAS. Values differ slightly among laboratories.
b17-hydroxyprogesterone early follicular phase baseline levels. 130 ng/dL are found in women who are heterozygous for 21-hydroxylase deficiency, and they often have responses to ACTH 

greater than those shown. 17PROG begins rising during the late follicular phase and peaks as high as 400 ng/dL in the luteal phase of the cycle.
cAt 1600 hours after dexamethasone administration (0.5 mg po at 1200 hours) to blunt coincidental adrenocortical secretion.
dBaseline early morning serum LH: Prepubertal # 0.15 to 0.6, premenarcheal 0.1 to 7.2, postmenarcheal 1.4 to 5.3 U/L.
eBaseline early morning serum FSH: Prepubertal 0.5 to 2.9, premenarcheal 1.1 to 9, postmenarcheal 3.8 to 9.2 U/L.
DHEA, dehydroepiandrosterone; 17PREG, 17-hydroxypregnenolone; 17PROG, 17-hydroxyprogesterone.
Data from Rosenfield, R. L. (2007). Identifying children at risk of polycystic ovary syndrome. J Clin Endocrinol Metab, 92, 787–791; Rosenfield, R. L., Bordini, B., & Yu, C. (2013). Comparison of 

detection of normal puberty in girls by a hormonal sleep test and a gonadotropin-releasing hormone agonist test. J Clin Endocrinol Metab, 98, 1591–1601; Mortensen, M., Ehrmann, D. A., 
Littlejohn, E., & Rosenfield, R. L. (2009). Asymptomatic volunteers with a polycystic ovary are a functionally distinct but heterogeneous population. J Clin Endocrinol Metab, 94, 1579–1586; 
Forest, M. (1979). Function of the ovary in the neonate and infant. Eur J Obstet Gynecol Reprod Biol, 9, 145–160; de Peretti, E., & Forest, M. G. (1982). Pitfalls in the etiological diagnosis of 
congenital adrenal hyperplasia in the early neonatal period. Horm Res, 16, 10–22.
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FIGURE 15-11 n  Diagram depicting our working hypothesis of the hormonal patterns in girls during very early puberty. We conceptual-
ize this pattern as occurring both cyclically in the earliest stage of normal puberty and occasionally in unsustained sexual precocity 
(i.e., most U.S. cases of idiopathic premature thelarche). Daytime and nighttime serum concentrations of hormones (gonadotropins 
relative to the LER-907 standard) and the percentage of intermediate cells on vaginal smear are shown. The typical response to a 
gonadotropin-releasing hormone (GnRH) test is illustrated. Subclinical hormonal cycles lasting approximately 1 month result from 
a few days of increased follicle-stimulating hormone (FSH) and luteinizing hormone (LH) secretion. Because the drive to gonadotro-
pin release is relatively weak, FSH and LH production are suppressed promptly and for long periods of time by the resultant modest 
amounts of estradiol (E2) secretion. Estradiol is detectable in plasma for only a few days a month. Maturation of the vaginal mucosa, 
however, is detectable for approximately 2 weeks after E2 production has waned.

FIGURE 15-12 n   The patterns of serum luteinizing hormone (LH), 
follicle-stimulating hormone (FSH), and estradiol (E2) typical of 
early female puberty. Note that daytime gonadotropin levels are 
in the prepubertal range. Note also the episodic nature of LH 
release at intervals of 1 to 3 hours. Estradiol levels are seen to 
fluctuate considerably in the course of the daytime, rising to 
peak levels about 12 hours after the maximum nocturnal go-
nadotropin surges. (From Boyar, R. M., Wu, R. H. K., Roffwarg, H., 
et al. (1976). Human puberty: 24-hour estradiol patterns in pubertal 
girls. J Clin Endocrinol Metab, 43, 1418.)

the positive feedback mechanism, the hallmark of sexual 
maturity in the female. “Positive feedback” refers to the 
neuroendocrine system acquiring the ability to secrete a 
midcycle surge of LH when the ovary signals via increas-
ing estrogen secretion that it is prepared for ovulation.

Menarche does not necessarily indicate full matura-
tion of the neuroendocrine-ovarian axis. As the studies of 

Knobil illustrate (see Figure 15-10), menarche can be due 
to estrogen-withdrawal bleeding—and it is about half of 
the time—but ovulatory cycles may follow in short order. 
General characteristics of the mature ovary are shown in 
Figure 15-4.

The morphology of the normal adolescent ovary 
has long been considered polycystic, and histologic 
examination typically has shown thecal luteinization.70,114 
In the perimenarcheal period, the combination of a 
high number of follicles and mature gonadotropin 
stimulation leads to a greater number of large antral 
follicles than at any other stage (see Figure 15-3),27 
which often leads to a “multifollicular” ultrasono-
graphic appearance.72,115,116 By 1 year after menarche, 
at approximately 14 years of age, the ovaries normally 
achieve adult functional and anatomic characteristics. 
Many exceed normal adult ultrasonographic size or 
follicle count criteria, the largest reaching approxi-
mately a volume of 10.8 to 11.8 mL with 10-17 small 
(2-9 mm) antral follicles in the maximum plane.73,116-119 
Thus, many eumenorrheic normal postmenarcheal 
adolescents meet current ultrasonographic criteria for 
polycystic ovary morphology (see the “polycystic ovary 
syndrome” section),120 often transiently.121

Adult

The follicular phase of each menstrual cycle recapitulates 
puberty in many respects. Gonadotropin and sex hormone 
levels are low during the premenstrual phase of the mature 
cycle (Figure 15-14A).122,123 Gonadotropin concentrations 
then increase at the time of menstruation, FSH predomi-
nating in the early follicular phase while nocturnal LH 
pulsation is slow124 (Figure 15-14B). Luteinizing hormone 
pulsation increases to a circhoral pattern around a stable 
baseline, and E2 production slowly begins as antral follicles 
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FIGURE 15-14 n   Diagram of gonadotropin and female hormone 
levels during the normal menstrual cycle. The levels are cen-
tered in reference to the day of the midcycle luteinizing hormone 
(LH) peak (day 0). Letters A through F above the top panel  
correspond to stages of follicular development in Figure 15-15. G 
and H are discussed in the text. M (bottom panel) shows time of 
menses. E2, estradiol; FSH, follicle-stimulating hormone; PROG, 
progesterone. (Based on data of Abraham, G. E. (1974). Ovarian and 
adrenal contributions to peripheral androgens during the menstrual 
cycle. J Clin Endocrinol Metab, 39, 340; Ross, G. T., Cargille, C. M., 
Lipsett, M. B., et al. (1970). Pituitary and gonadal hormones in 
women during spontaneous and induced ovulatory cycles. Recent 
Prog Horm Res, 26, 1; Soules, M., Steiner, R., Clifton, D., et al. 
(1984). Progesterone modulation of pulsatile luteinizing hormone 
secretion in normal women. J Clin Endocrinol Metab, 58, 378.)

FIGURE 15-13 n   Bioactive luteinizing hormone (B-LH) (right) and immunoreactive LH (I-LH) (left) in the same daytime serum samples 
of girls 10 to 16 years of age at various pubertal stages. The dashed lines indicate the limit of sensitivity of the assays. B-LH rises 
relatively more than I-LH in the course of puberty. The peak in the apparent biopotency of LH, estimated from the ratio of B-LH to 
I-LH, occurs at about the time of menarche. Late indicates early follicular phase normally menstruating postmenarcheal girls. Stan-
dard LER-907: 100 ng equivalent to 6 mIU LH of First International Reference Preparation (IRP) of human pituitary gonadotropin. The 
disparity between immunoreactivity and bioactivity is principally due to the presence of different proportions of immunoreactive and 
bioactive LH moieties in serum and standards. The ratio of bioactivity to immunoreactivity is closer to unity when sera are assayed 
against highly purified standards (like the first and second IRP of human luteinizing hormone), which have about fivefold higher 
specific activity and yield dose response relationships with serum LH that are more linear. (Data from Lucky, A. W., Rich, B. H., 
Rosenfield, R. L., et al. (1980). LH bioactivity increases more than immunoreactivity during puberty. J Pediatr, 97, 205; Rosenfield, R. L., 
Helke, J. (1992). Is an immunoassay available for the measurement of bioactive LH in serum? J Androl, 13, 1.)

develop (Figure 15-14C). E2 levels gradually increase 
and serum FSH levels fall reciprocally (Figure 15-14D). 
Upon formation of a dominant follicle, serum E2 con-
centrations increase geometrically. This selectively be-
gins to amplify the pituitary’s LH response to GnRH  
as E2 reaches about 90 pg/mL for over 3 days104,105,125 
(Figure 15-14E).

When the serum estradiol rises to over 200 to 300 pg/mL 
for 36 hours, the positive feedback mechanism is  
activated and the midcycle gonadotropin surge com-
mences (Figure 15-14F). E2 then appears to induce 
progesterone receptor (PR) expression in the hypo-
thalamus and pituitary.126 An increase in progesterone 
to 100 ng/dL facilitates the LH surge, shortens the du-
ration of time over which E2 is required for the surge to 
24 hours, and brings about an FSH surge. The mecha-
nism of progesterone action involves inhibition of 
GnRH cleavage.106 Androgens may also play a role in 
facilitating FSH and GnRH release.127,128 The LH 
surge is then primarily responsible for luteinizing the 
preovulatory ovarian follicle (see Figure 15-14F). At this 
time, LH pulses become larger in amplitude but slower 
in frequency and their apparent bioactivity increases. 
Ovulation then results.

As the follicle is disrupted by ovulation, estrogen lev-
els fall (Figure 15-14G). As the corpus luteum begins to 
form, progesterone increases steadily to be sustained at 
very high levels for several days, along with lesser but 
substantial increases in E2 and 17-hydroxyprogesterone 
levels.122,123,129 In response to the high progesterone 
level, LH pulses become slow and large.124,129 In the 
absence of increasing human chorionic gonadotropin 
(hCG) from a conceptus, the corpus luteum’s life span  
is exhausted and its production of progesterone and  
E2 wanes. Subsequently, FSH begins to rise out of  

proportion to LH. Shortly after the sex steroids with-
draw from the scene, the endometrium sloughs, giving 
rise to menstrual flow. Meanwhile, the follicular growth 
induced earlier by FSH begins to gain momentum and 
the next cycle begins.
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Follicular (Proliferative) Phase Ovary.   The hormonal 
functions of the follicle have dual purposes that must be 
closely coordinated: to change the milieu of the ovum to 
prepare for ovulation and to signal the pituitary to send 
the signal to ovulate (i.e., the LH surge). Thus, the ovary 
is the zeitgeber for the cycle: the normal cyclic pattern of 
ovarian hormone secretion induces the midcycle surge of 
pituitary gonadotropins, even in the presence of un-
changing circhoral pulses of GnRH.88 Ovarian hormones 
also augment the amplitude of the GnRH response,98-101 
which is a fail-safe mechanism that “guarantees” a pre-
ovulatory gonadotropin surge.

Ovarian follicular development and steroid secretion in 
relationship to changing gonadotropin levels are illustrated 
in Figure 15-15.31,130-132 FSH and LH play major roles in 
granulosa and thecal cell differentiation, respectively, 
whereas a host of local factors modulate gonadotropin  

action. For example, follicular maturation in response to 
gonadotropins is enhanced by insulin-like growth factors 
(IGFs), transforming growth factor (TGF)-b and fibroblast 
growth factor, whereas it is inhibited by TGF-a, epidermal 
growth factor, and other factors.

Primordial follicle growth and development is gonado-
tropin independent. Subsequently, granulosa cells of  
preantral follicles develop FSH receptors, and theca  
cells, which encircle granulosa cells, develop LH receptors 
(Figure 15-15A). Activin causes FSH-independent 
up-regulation of FSH receptors in preantral follicles,111 
although it opposes FSH stimulation of antral follicle  
development.31 Primordial follicle growth is constitutively 
repressed by nuclear forkhead transcription factor Foxo3; 
when Foxo3 is released in response to stimulation of the 
PTEN-PI3K-Akt pathway, follicular growth progresses to 
the point where follicles become responsive to FSH.133

A B C D

EF
FIGURE 15-15 n Relationships among gonadotropins, the ovarian follicle, and ovarian steroids according to the two-cell two-
gonadotropin model of ovarian steroidogenesis. A through F, Stages of ovarian follicular development found during the times 
of the menstrual cycle designated by the corresponding letters on Figure 15-14. The size of the letters designating hormones 
relates to the magnitude of their serum and/or follicular concentrations. A, Preantral follicle with luteinizing hormone (LH) 
and follicle-stimulating hormone (FSH) receptors in theca and granulosa cells, respectively. There is no antrum surrounding the 
ovum (stippled in center). B, Small antral follicle. Activin up-regulates FSH receptors, and the FSH receptor activation is 
required to initiate antrum formation. C, Large antral follicle (1 mm or larger). Aromatase activity (.) has been induced in granulosa 
cells. Interactions between theca and granulosa cells, the former producing androgens (androstenedione: A), result in increasing 
estradiol (E2) and dihydrotestosterone (DHT) synthesis. D, FSH-dependent follicular growth results in more E2 synthesis. E, Estra-
diol enhances pituitary LH secretion in response to GnRH, while at the same time inhibiting pituitary FSH secretion. The increased 
LH induces more theca LH receptors and stimulates androgen production. Androgens serve as substrate for E2 formation and 
synergize with FSH to stimulate progesterone (P) secretion, initiating luteinization of granulosa cells. F, In the preovulatory follicle, 
FSH induces LH receptors on the granulosa cell—which completes luteinization of granulosa cells. Steroid secretion is augmented 
further. Then, increasing progesterone amplifies the positive feedback effect of E2 to initiate the preovulatory gonadotropin surge.
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Antrum formation requires a trace (prepubertal) amount 
of FSH receptor activation (Figure 15-15B).31,134-137 
FSH stimulates androgen receptor expression in primary 
follicles, and androgens in turn stimulate further expression 
of FSH receptors and the early stages of follicular growth.138 
Androgen action is also necessary for the development of  
a full complement of follicles, and androgen excess stimu-
lates excessive follicle number.139,140 Luteinizing hormone 
stimulates the appearance in thecal cells of the enzymes 
necessary for androgen biosynthesis.141 Evidence that theca 
cells of small antral follicles form E2 is meager.142

As antral follicles grow over 2.5 mm diameter, their 
granulosa cells begin to form E2 from androgen sup-
plied by theca cells (Figure 15-15C).143-147 Androgen 
production at low levels may synergize with FSH  
to stimulate aromatase activity within the granulosa  
cells.107,148,149

At this stage, follicles are increasingly FSH dependent 
and are consequently uniformly FSH responsive.31,134 
IGF-1 is required for follicular growth beyond the early 
antral stage in response to FSH.150 Antral follicles do not 
grow over 5 mm in diameter without a pubertal degree of 
FSH stimulation.136 By the midfollicular phase, the pro-
liferation of FSH-responsive granulosa cells results in an 
accelerating rate of E2 production and preferential con-
version of androstenedione to E2 rather than DHT by 
these cells (Figure 15-l5D).143-145,147,151,152 Estradiol itself 
clearly stimulates proliferation of granulosa cells and 
oocyte survival in rodents.153 In humans, E2 appears to 
promote antral growth independently of LH154 and is 
synergistic with FSH in bringing about the development 
of the dominant follicle.155,156

A dominant follicle is selected at the beginning of 
the menstrual cycle from a crop of follicles that were 
recruited 2.5 months prior.31 Recruitment of a group of 
follicles is normally promoted by the midcycle FSH 
surge and regresses with increasing corpus luteum pro-
gesterone secretion. Another wave of follicle growth  
in the late luteal phase is promoted by the rise of FSH 
as luteal progesterone and E2 secretion wanes. The 
selected follicle is the one that is the most sensitive  
to FSH (lowest “FSH threshold”). FSH is critically 
important during the follicular phase for optimal de-
velopment of this dominant follicle. By the midfollicu-
lar phase of the cycle this follicle becomes virtually  
the sole source of E2 (Figure 15-15E). Typically, there 
is only one such follicle. Only this follicle continues  
to grow so as to reach a diameter of 10 mm or more. 
All other gonadotropin-dependent follicles undergo 
atresia.

At this stage the rising E2 level is suppressing FSH 
secretion and augmenting pituitary LH responsiveness to 
GnRH. FSH is more bioactive in the dominant follicle 
because it is more efficiently concentrated151 and because 
local factors increase ovarian responsiveness to FSH. 
The increased LH causes further proliferation of thecal 
cells and an increase in their LH receptor content.108 
Consequently, androgen production increases. This syn-
ergizes with FSH to both augment aromatase activity and 
bring about increasing progesterone secretion by the 
well-estrogenized granulosa cells of these follicles. Pro-
gesterone then enhances the synthesis of both itself and 

E2.108,110 The increased thecal androstenedione produc-
tion is diverted much more to E2 than to dihydrotestos-
terone biosynthesis. Antral fluid steroid concentrations 
reflect these changes (Figure 15-16).143,144,151 Activin acts 
so as to prevent premature luteinization of granulosa cells, 
and activin tone seems to wane as the preovulatory phase 
approaches.31,111

FSH next induces LH receptors in the granulosa cells 
(Figure 15-15F).110 These luteinized granulosa cells are 
capable of augmenting E2 and progestin production in 
response to LH as well as FSH.

The LH and FSH surge then occurs in response to the 
positive feedback action of E2 at both the CNS and pitu-
itary levels, an effect amplified by the rising levels of 
progesterone. The final steps in follicle maturation ensue 
rapidly: the LH surge induces granulosa cell PR and 
prostaglandin synthase while inhibiting cyclin gene tran-
scription,24,157 and the FSH surge up-regulates vascular 
endothelial growth factor.158 In the absence of these 
critical steps, ovulation and follicular rupture do not oc-
cur. Then the follicle promptly becomes desensitized to 
LH and FSH and ceases to grow.159 This is followed by 

FIGURE 15-16 n Normal human antral fluid steroid concentra-
tions. Healthy follicles are well populated by granulosa cells 
(50% or more of maximal complement). Healthy follicles seem 
capable of further development because many of them (75%) 
contain healthy-appearing oocytes (histologically intact germi-
nal vesicles), 96% of which are viable in culture. Moderately 
large follicles (8 mm or larger in diameter) make their appear-
ance only in the midfollicular phase of the cycle and contain 
follicle-stimulating hormone. Data are shown only for those 
large follicles well populated by granulosa cells, only one of 
which usually arises in the follicular phase of each menstrual 
cycle. Atretic follicles are small follicles beginning to show de-
generative changes in the number of granulosa cells and ap-
pearance of the oocyte. Cystic follicles tend to be larger follicles 
with only a sparse granulosa cell lining. The testosterone con-
tent of antral fluid is about a third that of dihydrotestosterone 
(DHT) owing to the pattern of granulosa cell metabolism of an-
drostenedione (A). E2, estradiol; P, progesterone. (Interpolation 
based on the data of McNatty, K. P., Makris, A., Reinhold, V. N., et al. 
(1979). Steroids, 34, 429; McNatty, K. P., Smith, D. M., Makris, A.,  
et al. (1979). The microenvironment of the human antral follicle:  
interrelationships among the steroid levels in antral fluid, the popula-
tion of granulosa cells, and the status of the oocyte in vivo and in 
vitro. J Clin Endocrinol Metab, 49, 851.)
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an inflammatory-type response. Protease activity, prosta-
glandin production, and vascular permeability increase, 
cell junctions loosen, and cumulus cells form a muco-
polysaccharide envelope around the oocyte (cumulus  
expansion).

Oocyte meiotic maturation resumes in response to a 
specific phosphodiesterase,160 forming the haploid 
gamete (secondary oocyte) and the first polar body in 
response to the LH surge.161 Ovulation of the cumulus-
oocyte complex then occurs. The presence of a favor-
able follicular steroidal milieu is necessary both for 
ovulation (a premature LH surge in a subject with an 
unripe follicle will not result in ovulation) and subse-
quent developmental competence of the oocyte.162,163 
Meiosis will complete and the second polar body will 
be extruded only in response to contact with a sperm.

The processes stimulating dominant follicle emergence 
are delicately balanced by those preventing it. It seems 
critical that the intraovarian concentration of androgens 
not become excessive or no follicles will remain viable 
beyond about the 8-mm stage.145 Androgen excess seems 
to prevent the emergence of dominant follicles by antago-
nizing granulosa cell proliferation and development.164 
The mechanisms involved include inhibition of aromatase 
in situations of low FSH activity107,148 and antagonism of 
LH receptor formation and action.109,165 Follicles arrested 
in their growth become atretic, and atretic follicles contain 
relatively high concentrations of androgens (see Figure 
15-16). Progesterone also suppresses further differentia-
tion of nondominant follicles166 by some of the same 
mechanisms.167 High concentrations of estrogen play a 
critical role in inhibiting selection of the dominant follicles 
in primates.168 If there is interference with estrogenization, 
multiple large cystic follicles develop that are impaired in 
their ability to ovulate and undergo androgen-dependent 
atresia.169-171

AMH and inhibins have emerged as other follicular 
factors important in the direct and indirect regulation of 
follicular development. Granulosa cells of preantral and 
small antral follicles produce AMH, which regulates 
growth of follicles by exerting a paracrine negative feed-
back effect on the recruitment of precursor (primordial) 
follicles and inhibits aromatase activity.172,173 AMH levels 
do not fluctuate during the normal menstrual cycle174 but 
are indirectly inhibited by FSH during ovulation induc-
tion in response to estradiol produced by large antral fol-
licles.175 AMH serum levels index the size of the oocyte 
pool (“ovarian reserve”) and gradually fall from young 
adulthood to become undetectable after menopause.176 
Granulosa cells also produce inhibins, which are regu-
lated by FSH in a negative feedback loop and up-regulate 
thecal steroidogenesis, as discussed later: inhibin-B is the 
predominant form of inhibin: inhibin-A is a product  
of the preovulatory follicle (and corpus luteum) that  
responds to both LH and FSH.177,178

Atresia is the fate of all except the few hundred folli-
cles chosen for ovulation during an individual’s life span. 
Most follicles beyond the primordial stage become 
atretic. Atresia occurs by the process of programmed cell 
death.31 This apoptotic process has diverse determinants, 
including cell death inducer and repressor genes.39,132 
FSH support becomes increasingly necessary for survival 

as the follicle matures, and normally only the follicle that 
has the lowest FSH threshold escapes atresia.

Luteal (Secretory) Phase Ovary.   Histologically, lutein-
ization is a process of lipid accumulation and begins as 
the preovulatory follicle forms. The biochemical hall-
mark of luteinization is the capacity for progesterone 
biosynthesis in response to LH; this is accompanied by 
increased secretion of estrogen and 17-hydroxyproges-
terone in man.179-181 Following ovulatory rupture of the 
Graafian follicle, capillaries and fibroblasts from the 
theca proliferate and break down the separating base-
ment membrane. The luteinized granulosa and theca 
cells then intermingle and complete the luteinization 
process by forming the corpus luteum.182

During its functional life span, the corpus luteum is 
normally the major source of the sex hormones secreted 
by the ovary. Corpus luteum function reaches its peak 
about 4 days after ovulation and begins to wane about  
4 days before menstruation (Figure 15-14H). Loss of 
sensitivity to LH and estradiol heralds luteal senescence. 
Regression of the corpus luteum—luteolysis—occurs if 
pregnancy does not provide hCG. Luteolysis is probably 
mediated by prostaglandin. Transformation of the corpus 
luteum into an avascular scar, the corpus albicans, then 
occurs.

Early luteal phase increases in secretion of both E2 
and progesterone cause secretory transformation and 
hyperplasia of the endometrium. A significant rise in 
basal body temperature, averaging 0.35° C, occurs when 
serum progesterone reaches an average of 400 ng/dL  
and continues as long as that level is maintained.183 Later 
fall-off in secretion of female hormones to a level insuf-
ficient to maintain the endometrium results in menstrua-
tion. Withdrawal of progesterone is specifically respon-
sible for constriction of spiral arteries, local prostaglandin 
accumulation, and subsequent ischemic necrosis of the 
endometrium. Normal menstrual flow then results from 
a complete slough of the secretory endometrium.

A major determinant of normal corpus luteum forma-
tion and function is optimal development of the corpus 
luteum predecessor, the dominant follicle. Experimental 
lowering of FSH levels in the early follicular phase  
has been shown to impair subsequent corpus luteum 
function.184

Regulation of the Neuroendocrine-
Ovarian Axis
Factors Controlling the Onset of Puberty

Pubertal onset is under the control of a complex regula-
tory network that is able to dynamically respond to nu-
merous endogenous and environmental signals. GnRH 
neurons play a critical hierarchical role in the direct  
and indirect integration of these central and peripheral 
signals. Reproductive development is coupled with meta-
bolic cues that influence the maturational process. The 
mechanisms by which neuroendocrine and genetic factors 
control pubertal development remain unknown. Epide-
miologic studies indicate that nutrition, ethnicity, and 
genetic factors are normally important in the pubertal 
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process.185 Environmental chemicals and chronic inflam-
matory disease can disrupt the process.185-188

Evidence that there are genetic factors involved at the 
time of puberty comes from multiple studies.189-199 It has 
been estimated that between 50% to 80% of the variation 
in the timing of puberty is genetically determined. Genes 
involved in GnRH signaling, pituitary development, hor-
monal regulation, fatty acid biosynthesis, and energy 
homeostasis have been implicated.200-204 Although muta-
tions in these genes have been shown to cause physiologic 
interruptions in development, their role in the initiation 
of puberty remains unknown. Specifically, single nucleo-
tide polymorphisms (SNPs) in the GnRH and GnRH 
receptor genes have not been associated with variations 
in the timing of puberty in the general population.205

The key in the initiation of puberty is the activation of 
the hypothalamic GnRH pulse generator. The molecular 
events that control the pulse generator include a complex 
interplay between both inhibitory and stimulatory fac-
tors. The mechanism of central activation of puberty first 
appears to be a consequence of a removal of a restraint 
mechanism, with a rise in gonadotropin secretion (ini-
tially during sleep).206 This restraint in the GnRH pulse 
generator is independent of the presence of gonads60 and 
more intense in males.207 However, the high levels of 
testosterone to which the male fetus is exposed during 
the period of sexual differentiation may be responsible 
for the more prolonged suppression of GnRH release  
in males than females. A role for decreased estrogen feed-
back sensitivity by the hypothalamic pulse generator near 
the time of puberty has also been shown.208

Evidence points to an important role for GPR54, a  
G-protein-coupled receptor, and its ligand, kisspeptin, as a 
signal for pubertal GnRH release. Expression of both pro-
teins has been found to increase prior to pubertal onset in 
association with the increase in GnRH pulse generator 
activity in the hypothalamus.209 Kisspeptin binding to 
GPR54 on GnRH neurons stimulates GnRH secretion. 
Leptin and androgen synergistically up-regulate this  
system, and estrogen antagonizes it.210 Mutations in the 
GPR54 gene result in hypogonadotropic hypogonad-
ism.201,211,212 However, mutations in GPR54 have not been 
found in boys with pubertal delay, nor have polymorphic 
sequences been associated with delay of pubertal develop-
ment.213 Elegant studies in primates have demonstrated an 
increase in kisspeptin during pubertal development with  
a corresponding increase in GPR54 associated with an 
increase in LH. The maximum level of expression of  
kisspeptin and GPR54 in the hypothalamus in both males 
and females occurs at puberty.214,215 Chronic administra-
tion of kisspeptin to immature female rats induces preco-
cious activation of the central axis.214 In addition, chronic 
treatment with kisspeptin restores pubertal development 
in a rat model of undernutrition.216 Kisspeptin may thus 
not only influence the priming of puberty but also the  
integration of nutritional and energy status.217 Although 
it is clear that kisspeptin activation of GnRH neurons  
occurs at puberty and that GnRH is increasingly sensitive 
to kisspeptin activation during development,218,219 other 
pathways contribute to GnRH activation, as the hypogo-
nadism associated with deficiency of Kiss1 or Gpr54 is not 
complete.220

Neurokinin B signaling seems to be critical for the 
initiation of puberty.221 Some kisspeptin neurons coex-
press neurokinin B, dynorphin A, and their receptors 
(TAC3R and KOR), the primary function of which seems 
to be synchronizing kisspeptin neuron pulsatility.222 
Receptors for neurokinin B are also located on GnRH 
neurons, where they seem to modulate GnRH release or 
transport.

Disrupting mutations in makorin ring finger protein  
3 (MKRN3), a paternally expressed, imprinted gene  
located in the Prader-Willi syndrome locus, were discov-
ered to be associated with central precocious puberty.223 
This indicates the presence of a previously unrecognized 
GnRH release-inhibiting pathway centered in the arcu-
ate nucleus.

Initiation of puberty involves coordinated changes in 
transsynaptic and glial-neuronal communication.224 The 
major inhibitory systems are GABAergic and opioider-
gic, whereas the major excitatory systems involve gluta-
mate and kisspeptin signaling, with glial cells facilitating 
GnRH secretion in diverse ways (Figure 15-17).222,224 
It appears that gamma-aminobutyric acid (GABA) recep-
tor signaling develops in advance of glutamate signal-
ing.225 Increased signaling via glutamate receptors of 
several types (iontropic and metabotropic) appears to be 
the major proximate change in neurotransmission involved 
in puberty onset.206,207,224 At puberty, however, seemingly 
as a consequence of glutamate receptor signaling, GABA-
A receptor signaling on GnRH neurons increases GnRH 
secretion.206,209,226,227 Glial cells facilitate the process 
through elaboration of transforming growth factors 
(TGFs), other growth factors, prostaglandin E2, and the 
elaboration of enzymes that control the concentration of 
glutamate (glutamic dehydrogenase, which catalyzes the 
synthesis of glutamate, and glutamine synthase, which 
converts glutamate to glutamine).

The basis of the change in neurotransmitter balance is 
becoming clearer. A second tier of control seems to be 
modulation of these processes by increased hypothalamic 
expression at puberty of tumor-suppressor genes that 
integrate glial-neuronal interactions. A yet higher eche-
lon of candidate hypothalamic genes has been identified, 
made up of transcriptional regulators of the second-tier 
genes. These genes include Oct-2, a regulator of the 
POU-domain homeobox genes, EAP1 (enhanced at  
puberty 1), the knockout of which delays puberty and 
decreases fertility of mice, thyroid transcription factor I 
(TTF1), yin yang 1 (YY1), and CUX1.228 Genes contigu-
ous to elastin appear to be involved in the pace of  
puberty: deletion of chromosome 7q11.23 in Williams 
syndrome typically leads to an early normal onset but 
rapid pace of puberty with an abbreviated pubertal 
growth spurt.229 Substantial redundancy of these net-
works and the signaling neurochemicals exists because 
the onset of puberty depends on the expression of many 
genes, likely arranged in a coordinated network. The 
gene products may function as activators or repressors of 
targets important for pubertal onset and progression. Sex 
steroids have been implicated as important modulators in 
pubertal onset.225

Thus, the onset of puberty is controlled by an oppos-
ing increase in excitatory and a corresponding decrease 
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in inhibitory signaling from neural networks targeting 
the GnRH neuron. Lesioning studies indicate that in-
hibitory tracts mainly seem to be routed through the 
posterior hypothalamus and stimulatory ones through 
the anterior hypothalamic preoptic area.1,230 These stud-
ies have been complemented by studies in genetically 
engineered mouse models. In one such model, the an-
teroventral periventricular nucleus (AVPV) population of 
kisspeptin neurons was shown to be the site of estrogen 
positive feedback in the control of pubertal progression, 
and kisspeptin cells in the arcuate nucleus of the hypo-
thalamus were shown to be critical for E2 negative feed-
back.231 Neonatal androgenization, which ablates the 
ability to generate a midcycle LH surge, was shown to 
selectively inhibit development of the AVPV population 
of kisspeptin neurons.222

An overview of the systems involved in regulating the 
initiation of puberty is shown in Figure 15-18. Pubertal 
maturation and skeletal maturation seem to have com-
mon determinants. Abundant clinical evidence indicates 
that sex steroid hormones are among these determi-
nants.232,233 Thus, genes involved in sex steroid hormone 
metabolism and action are candidate regulators of the 

onset of puberty. Evidence has begun to appear that early 
childhood exposures to hormonally active chemicals are 
among the “environmental disruptors” that may influ-
ence the onset of puberty,185-187 and experience with di-
ethylstilbestrol indicates that fetal exposures can have 
epigenetic effects.234 The growth hormone (GH)-IGF 
system is another determinant. GH facilitates the onset 
and tempo of puberty.235 Experimental studies suggest 
that this occurs through GH or IGF actions at all levels 
of the neuroendocrine-ovarian axis.236,237 Girls generally 
enter puberty when they achieve a pubertal bone age. 
Pubertal stage normally correlates better with the bone 
age (r 5 0.82) than with the chronologic age (r 5 0.72; 
Rosenfield, unpublished data), particularly as menarche 
approaches.238 Skeletal age correlates better with men-
arche than chronologic age, height, or weight, and its 
variance at menarche is half that of chronologic age.239 
The bone age at the onset of breast development aver-
ages about 10.75 years, and that at menarche averages 
about 13 years. Disorders that accelerate bone matura-
tion, such as congenital adrenal hyperplasia or hyperthy-
roidism, tend to advance the age of the onset of true 
puberty.240 Disorders that retard skeletal maturation, 
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such as GH deficiency, hypothyroidism, or anemia, tend 
to delay the onset of puberty.241 On the other hand, some 
data suggest that factors linked to intrauterine growth 
retardation, although not necessarily the growth retarda-
tion itself, predispose to sexual precocity.185

Optimal nutrition is clearly necessary for initiation and 
maintenance of normal menstrual cycles. The hypothesis 
that body fat is the weight-related trigger for pubertal 
development originated with the discovery by Frisch and 
coworkers that weight correlated with initiation of the 
pubertal growth spurt, peak growth velocity, and men-
arche better than chronologic age or height.242 Mid-
childhood may be a critical period for weight to influence 
the onset of puberty.185 Suboptimal nutrition related to 
socioeconomic factors is an important factor in the later 
onset of puberty in underdeveloped when compared to 
developed countries.185 Conversely, obesity appears to be 
an important factor in advancing the onset of puberty in 
the United States.243 Some of the obesity effect may be 
mediated by IGF-1 and adrenal androgen.244

Leptin appears to be an important link between nutri-
tion and the attainment and maintenance of reproductive 
competence.207,245,246 Leptin deficiency causes obesity and 
gonadotropin deficiency. Paradoxically, prolonged leptin 

excess can down-regulate the leptin receptor and GnRH 
release.247 Leptin is secreted by fat cells. It acts on the hy-
pothalamus to reduce appetite and stimulate gonadotropin 
secretion. A critical threshold level appears to signal that 
nutritional stores are sufficient for mature function of the 
GnRH pulse-generator and, thus, to be permissive for 
puberty. Blood leptin levels rise throughout childhood and 
puberty to reach higher levels in girls than boys.248 Leptin 
binding protein, a truncated form of the leptin receptor, 
falls as puberty begins, which suggests that circulating 
leptin becomes more bioavailable. Whether leptin has a 
direct role in the pubertal activation of the GnH pulse 
generator is unknown. In models of leptin insufficiency, 
the administration of kisspeptin induced LH secretion.214 
Conversely, leptin’s effect on puberty did not require  
signaling in kisspeptin neurons in other mouse models.249

Other factors also link nutrition and gonadotropic 
function. Part of the leptin effect is mediated by inhibi-
tion of hypothalamic neuropeptide Y (NPY) forma-
tion.250 NPY is a potent appetite-stimulating member of 
the pancreatic polypeptide family that directly inhibits 
GnRH release during food deprivation.250 However, in 
the preovulatory state it stimulates GnRH release,251 an 
effect mediated by a different neural network acting on a 

FIGURE 15-18 n   Diagram of the major mechanisms controlling the development and function of sex hormone secretion by the unripe 
antral follicle. Regulation may be either stimulatory (1) or inhibitory (2). The central nervous system (CNS) influences gonadotropin-
releasing hormone (GnRH) secretion both negatively and positively. For the CNS to relinquish its inhibitory control over GnRH secre-
tion, it must achieve a high level of maturity. Even after this is achieved, psychological or physical stress may negatively influence 
the system. Nutrition must be optimal. Leptin is a critical mediator of the nutrition effect. Sex steroids have a maturing effect. 
Whether efferent tracts from the hypothalamus to the cerebrum play a role in reproductive function is unknown. Pineal secretion of 
melatonin and other substances are known to exert inhibitory influences on GnRH in lower animals (not shown). GnRH stimulates 
luteinizing hormone (LH) and follicle-stimulating hormone (FSH). Paracrine and autocrine feedback of the gonadotropins on GnRH 
release and on their own release, respectively, is shown. Prolactin (PRL) has multiple effects on gonadotropin secretion. In unripe 
antral follicles, LH acts on thecal and interstitial cells and FSH acts on granulosa cells. Androstenedione and testosterone secreted 
by the theca cells are aromatized by the granulosa cell, under the influence of FSH, to estradiol. The granulosa cell is also the site of 
production of the FSH inhibitor inhibin B. Estradiol has a biphasic effect on the mature pituitary and on hypothalamic GnRH release 
as well. Androgens seem normally to be of minor importance in regulating gonadotropin release in females. Intraovarian mecha-
nisms seem to modulate LH action so as to coordinate thecal formation of androgens with granulosa cell formation of estrogens. 
Paracrine and autocrine factors, including insulin-like growth factors, are involved. GABA, gamma-aminobutyric acid.
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different NPY receptor subtype on the GnRH neuron.252 
NPY is also inhibited by the anorexigenic peptide YY 
(PYY), a gut hormone secreted in response to food and 
inhibited by growth hormone; the pubertal fall in PYY 
has been postulated to permit the coordinated pubertal 
rise in appetite and gonadotropins.253

Other cues that provide information on nutritional 
status to the central reproductive axis may include  
glucose,254 ghrelin,255 and insulin.256 The effect of these 
factors on LH pulsatility may be mediated directly at the 
level of the gonadotroph or indirectly by changes in 
GnRH secretion. There is little evidence for the role of 
pineal secretions in human reproduction that is found in 
lower animals.257,258

The essential element for the onset of puberty is an 
increase in pulsatile hypothalamic GnRH secretion that 
is regulated by a complex interplay of excitatory and in-
hibitory signals that have yet to be fully understood or 
elucidated.224 During childhood the activity of the GnRH 
pulse generating system is restrained, an awakening  
of the pulse generator occurs gradually during late child-
hood, and the tempo of GnRH neuronal activation in-
creases during puberty. The underlying mechanisms for 
all these changes are unclear. The pubertal diminution in 
tone of the CNS centers that inhibit hypothalamic 
GnRH secretion during childhood has traditionally been 
considered to result from decreasing sensitivity of a “go-
nadostat” to negative feedback by sex steroids.6,259,260 
However, this now seems an overly simplistic concept  
for a mechanism that seems to involve a change in the 
balance of neural inhibitory and stimulatory signals that 
impinge on the GnRH neuron.

Many studies have been performed to help explain 
the initiating developmental events or the “trigger” for 
pubertal onset. In fact, it is becoming increasingly clear 
that there is no single trigger for puberty, but instead 
there is a gradual increase in GnRH pulsatility associ-
ated with a complex interplay of factors and hypotha-
lamic developmental programs. Thus, the apparent 
“sensitivity of the gonadostat” seems increasingly likely 
to reflect the degree of activity of the GnRH neuron. 
That is, when GnRH secretory activity is attenuated, the 
pulse generator is easily inhibited; when the GnRH neu-
ron is active, the pulse generator is relatively insensitive 
to negative feedback.

The integration of hypothalamic signaling systems 
along with the developmental changes in the control of 
GnRH neuronal function seem to converge to trigger the 
onset of puberty. In the rat, structural remodeling of the 
GnRH neuron was demonstrated during pubertal pro-
gression by an increase in the density of dendritic and 
somal spines, the percentage of total neurons with spines 
being lowest at birth and increased gradually postnatally 
until puberty.261 The spiny processes of neurons are the 
location of excitatory synapses important in neuronal 
plasticity. The greatest percentage of complex neurons is 
in the peripubertal period, with the percentage decreas-
ing after completion of puberty.262 These developmental 
changes are correlated with an increase in excitatory syn-
aptic input to the GnRH neuron triggering the onset of 
puberty in mice.262,263 Which excitatory synaptic input 
(e.g., glutamatergic, kisspeptinergic, or yet unknown 

neurochemical signals) plays a role in the pubertal in-
crease in GnRH secretion is unknown. Whether primate 
or human GnRH neurons undergo synaptic excitatory 
remodeling during development is also unknown.264

Regulation of Gonadotropin Secretion

An essential feature of the mature hypothalamic-pituitary-
gonadal axis is the long-loop, negative-feedback control of 
gonadotropin secretion by gonadal secretory products, as 
depicted in Figure 15-18. The generally tonic nature of 
gonadotropin secretion is punctuated by two prominent 
types of periodicity: two- to threefold pulsations of LH 
above trough levels at 1.5 to 2 hours intervals and, in the 
sexually mature female, a transient, midcycle, preovulatory 
gonadotropin surge. The latter is characterized by a 
greater than 10-fold, rapid rise of LH and a lesser rise of 
FSH. This surge is brought about by positive feedback 
when a critical level of E2, facilitated by a modest rise in 
progesterone, is achieved for a critical period of time, as 
discussed in relation to Figure 15-14.

E2 in concert with inhibin, reciprocally regulates FSH 
in a sensitive, log-dose, negative-feedback loop.265 Proges-
terone in high (luteal phase) concentrations is a major 
negative regulator of GnRH-LH pulse frequency.126 
Androgens have a biphasic long-loop feedback relation-
ship with gonadotropins: at modest elevations they stimu-
late gonadotropin release, and at very high levels they  
inhibit it.266

E2 exerts triphasic, and progesterone biphasic, ef-
fects on gonadotropin secretion. As E2 rises after the 
midpoint of the follicular phase, it selectively reduces 
the FSH response to GnRH, and when it reaches  
preovulatory levels, it transiently exerts positive feed-
back effects on LH and, to a lesser extent, FSH.267 At 
sustained high levels, E2 suppresses both gonadotro-
pins. As progesterone reaches a preovulatory level, it 
enhances the E2 positive feedback effect, but at the 
higher levels that ensue during the luteal phase, it sup-
presses LH pulse frequency while enhancing LH pulse 
amplitude.126

The GnRH neurons primarily responsible for mainte-
nance of the reproductive cycle are those of the arcuate 
(infundibular) nucleus (Figure 15-19).88 GnRH neurons 
are inherently pulsatile.268 Synchrony is promoted by 
fluxes of ionic calcium into these cells and autocrine 
GnRH inhibitory feedback. GnRH secretion is modulated 
by the variety of neurotransmitters and growth factors in-
volved in initiating puberty.224 Synchrony of the network 
of GnRH neurons that accounts for pulsatility is conferred 
when the hypothalamic concentration of GABA periodi-
cally falls from levels inhibitory to GABAA receptors in 
the presence of an excitatory neurotransmitter.269,270 EAP1, 
a hypothalamic protein shown to be important for puber-
tal onset, has also been implicated in the control of men-
strual cyclicity in primates.271

Sex steroid signals are in part conveyed to GnRH 
neurons indirectly. Regulation of GnRH secretion by 
estrogen involves in part induction of PRs in the hypo-
thalamus.126,272 GnRH neuronal cell lines have been 
studied in which E2 directly stimulates and inhibits 
GnRH gene expression under different experimental 
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conditions.273,274 Although progesterone exerts its main 
inhibitory effect on GnRH secretion, it has effects at 
higher CNS levels and at the pituitary level.275-277 Prolactin 
suppresses both hypothalamic and gonadotropin GnRH 
receptor expression.278,279

Other clinically relevant factors affecting GnRH  
release are sleep, endorphins (endogenous opioids), and 
interleukins. In sexually mature women, sleep inhibits 
GnRH pulse frequency, and female hormones seem  
to amplify this effect.280 Endorphins are important 
physiologic regulators of GnRH release after puberty 
has begun. Hypothalamic b-endorphin suppresses 
oophorectomy-initiated GnRH secretion, and opiate 
antagonists reverse this effect, as well as the sleep effect. 
The inhibitory effect of stress on gonadotropin release 
appears to be mediated by b-endorphin released from 
proopiomelanocortin in response to corticotropin- 
releasing hormone.281 Interleukins also inhibit gonado-
tropin release.282 Serotonin seems to modulate LH 
pulsatility and facilitate the LH surge.283

GnRH receptors on the gonadotroph are maintained 
in an optimally active state only when GnRH is delivered 
in pulses approximately 1 to 2 hours apart in humans.88,284 
Pulses substantially less frequent result in a hypogonado-
tropic state. Paradoxically, continuous administration of 
an initially stimulatory dose of GnRH results in down-
regulation of gonadotropin production, after an initial 
burst of gonadotropin release.285 This is the physiologic 
basis for the success of long-acting gonadotropin ago-
nists in suppressing puberty in children with true central 
precocious puberty. However, whereas gonadotropins  
are down-regulated, free alpha-subunit production is  
elevated and responsive to GnRH.

Hypothalamic GnRH receptor function is modulated 
by autocrine and paracrine factors, including GnRH  
itself and kisspeptin.5 Pituitary GnRH receptors appear 

to be directly and indirectly down-regulated by GnRH, 
gonadotropins, and inhibins, as well as sex steroids.286 
LH and FSH themselves inhibit GnRH release (short-
loop feedback) and inhibit their own release (autocrine 
feedback).286,287

How is differential regulation of gonadotroph LH and 
FSH release accomplished in response to a single GnRH 
pulse? The frequency of the GnRH pulse is one determi-
nant. Speeding this signal stimulates LH b-subunit gene 
expression, whereas slowing this signal stimulates FSH 
b-subunit and suppresses follistatin gene expression, al-
tering the FSH/LH ratio.288 Pituitary adenylate cyclase 
activating polypeptide amplifies LH responses to GnRH 
while blocking its effect on FSH.289

The sex hormone milieu is also clearly a major differential 
modulator of gonadotroph LH and FSH release.88,277,290-292 
FSH is more sensitive than LH to inhibition by estro-
gen; this effect of modest levels of E2 is of rapid onset 
and sustained. LH is the more sensitive to the stimula-
tory effects of higher E2 levels; this effect is of later 
onset and short lived. Similar relationships pertain in 
aromatase null mice. Estrogen receptor (ER) null mice 
have identified ER-alpha as the predominant receptor 
isoform that conveys negative feedback regulation to  
the gonadotroph.293 Progesterone exerts both negative 
and positive feedback effects at the pituitary level, and 
these effects are antagonized by androgen. The proges-
terone metabolite 3a-hydroxyprogesterone suppresses 
FSH release.294

Inhibins of gonadal origin seem to be the major  
nonsteroid-specific negative feedback regulator of pitu-
itary FSH synthesis and secretion.295,296 Inhibins inhibit 
FSH release at the pituitary level, but they may act at  
a higher level as well.297 Serum levels of both inhibins 
rise upon FSH stimulation.177,178 Inhibin-B, produced by 
small antral follicles in response to FSH, is virtually the 

FIGURE 15-19 n   The location of major gonadotropin-releasing hormone (GnRH)-containing neurons (shaded) in relation to the hypo-
thalamus and pituitary gland. The neurons are of greatest density in the arcuate nuclei and in the periventricular wall of the medial 
basal hypothalamus. These neurons project to the adjacent median eminence; the second most dense population of GnRH neurons 
lies in the preopticostrial area. The development of some is altered by early androgenization. Some are connected by the stria termi-
nalis to the amygdalae. Other projections from this area appear to connect indirectly with the median eminence, perhaps via the  
organum vasculosum lamina terminalis—a midline structure that resembles the median eminence. The pituitary portal veins transport 
blood rich in releasing factors to sinusoids engulfing anterior pituitary cells.
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only inhibin moiety in blood during puberty. Its blood 
levels rise during the early follicular phase and then fall 
thereafter except for a small postovulatory peak, gener-
ally paralleling the changes in serum FSH; the latter peak 
may attenuate the FSH surge. Serum inhibin-A, a marker 
of the preovulatory follicle and corpus luteum, begins to 
rise in the late follicular phase and thereafter parallels  
the levels of progesterone; its fall late in the luteal phase 
appears to contribute to the early follicular phase rise in 
the FSH level.

The structurally related activins seem to be important 
as regulators of both pituitary and ovary function.298 
Activin is formed by gonadotrophs themselves and its 
primary role is to stimulate FSH release. It also up-
regulates the activin binding protein follistatin, which arises 
within folliculostellate cells of the anterior pituitary.250 
Follistatin, by competitively inhibiting binding of activin  
to its receptor, specifically inhibits activin stimulation of 
FSH secretion.265

Regulation of Ovarian Secretion

Ovarian secretion results from the combined actions of  
LH and FSH, as discussed previously with regard to  
Figures 15-14 and 15-15. The early follicular phase follicle 
functions according to the two-cell, two-gonadotropin 

model illustrated in Figure 15-20.141,299,300 In response 
to LH, androstenedione, the most abundant steroid formed 
in the ovary, is secreted by the theca-interstitial-stromal 
(thecal) cell compartment. In response to FSH regulation, 
aromatase then forms estrogen from precursor androstene-
dione in granulosa cells. FSH also stimulates granulosa 
cells to secrete inhibins. As by-products of the secretion of 
both ovarian E2 and adrenal cortisol, androgens do not 
normally contribute to negative feedback regulation of 
gonadotropins. However, they have a biphasic effect on 
gonadotropin secretion: modest elevations increase GnRH 
pulse frequency by interfering with progesterone negative 
feedback, and very high levels directly inhibit gonadotropin 
secretion.266

The regulation of the intraovarian androgen concen-
tration is critical to ovarian function.141,301 Androgens 
are obligate substrates for E2 biosynthesis and promote 
the growth of small follicles. However, in excess they 
interfere with the process of follicular maturation, pre-
venting the emergence of the dominant follicle, thus 
committing the follicle to atresia, as well as interfering 
with LH action on luteinized granulosa cells. There-
fore, androgen synthesis must be kept to the minimum 
necessary to optimize follicular development. This means 
that the synthesis of ovarian androgens must be coordi-
nated with the needs of the follicle. This is achieved by 

FIGURE 15-20 n   Major factors regulating ovarian androgen and estrogen biosynthesis during the early follicular phase depicted according 
to the two-cell two-gonadotropin model. Luteinizing hormone (LH) stimulates androgen formation within theca cells by means of the 
steroidogenic pathway common to the gonads and adrenal zona reticularis. Follicle-stimulating hormone (FSH) regulates estradiol bio-
synthesis from androgen by granulosa cells. Estradiol at early to midfollicular phase levels does not exert a long-loop negative feedback 
effect on LH. Androgen formation in response to LH appears to be modulated by intraovarian and endocrine feedback at multiple levels, 
prominently including 17-hydroxylase and 17,20-lyase—both of which are activities of cytochrome P450c17. Androgen (via dihydrotes-
tosterone) and estradiol inhibit (–), and inhibin, insulin, and insulin-like growth factors (IGFs) stimulate (1) enzyme activities. The sites of 
aromatase and IGF gene expression appear to vary with the stage of follicular development. Other peptides probably also modulate the 
steroidogenic response to LH. 3b-hydroxysteroid dehydrogenase (HSD): 17b-HSD5, type 5 17b-HSD; 5a-R, 5a-reductase. (Modified from 
Ehrmann, D. A., Barnes, R. B., & Rosenfield, R. L. (1995). Polycystic ovary syndrome as functional ovarian hyperandrogenism due to dysregu-
lation of androgen secretion. Endocr Rev, 16, 322.)
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intraovarian intracrine, autocrine, and paracrine modu-
lation of LH action.

LH stimulates theca cell development and steroido-
genesis and is necessary for the expression of gonadal 
steroidogenic enzymes and sex hormone secretion. How-
ever, once the adult LH levels are achieved, further LH 
increase normally has little further effect on androgen 
levels because excess LH causes homologous desensitiza-
tion of theca cells.141,301 Desensitization involves down-
regulation of LH receptor expression and steroidogene-
sis. Because steroidogenic down-regulation is primarily 
exerted on 17,20-lyase activity, which converts 17a-
hydroxysteroids to 17-ketosteroids, 17-hydroxyproges-
terone levels rise in response to increased LH levels, but 
there is only a limited rise in androgens.266

A model of the intraovarian interaction among  
the major factors regulating steroidogenesis is shown in 
Figure 15-20.141 Stimulation of androgen secretion by 
LH appears to be augmented by specific intraovarian 
FSH-dependent factors, such as inhibins and IGFs. 
These processes seem to normally be counterbalanced  
by other FSH-dependent processes that down-regulate 
androgen formation as LH stimulation increases. Andro-
gens and estrogens themselves seem to mediate at least a 
portion of this desensitization to LH, with estrogens be-
ing critical through an ERa-dependent mechanism.293,302

Insulin and insulin-like growth factors are important 
co-regulators of ovarian function. The entire IGF sys-
tem is represented in the ovary and is essential to full 
FSH action; indeed, IGF-1 augments FSH receptor 
expression.150,303 Insulin is a potent augmentor of both 
androgen and estrogen biosynthesis in response to go-
nadotropins, and insulin receptor mRNA is ubiquitous 
in all ovarian compartments at all phases of the cycle.  
In addition, insulin may exert its effects indirectly by  
its interactions with the IGF system in multiple ways. These 
include binding to the IGF-1 receptor, up-regulating  
that receptor, and lowering the serum concentration of 
IGF binding protein-1. GH also promotes granulosa 
cell steroidogenesis.304,305

Many other peptides modulate ovarian cell growth or 
function in response to gonadotropins.141,301 Inhibin stim-
ulates ovarian androgen production, whereas androgens 
reciprocally stimulate ovarian inhibin production. Activin 
opposes the inhibin effect. A variety of other ovarian  
peptides are also capable of modulating thecal androgen 
synthesis.141 Stimulators include catecholamines, for which 
an intraovarian system exists,306 prostaglandin, and angio-
tensin. Inhibitors include leptin, corticotropin-releasing 
hormone, epidermal growth factor, tumor necrosis factor, 
TGF-b, and growth differentiation factor-9.307 Leptin 
antagonizes IGF-1 effects.308 TGF-b is particularly inter-
esting because it suppresses androgen biosynthesis and 
stimulates aromatase activity; it also stimulates meiotic 
maturation of the oocyte.309 Other peptides acting on 
granulosa cells include cytokines, which have diverse  
effects,303 and AMH, which inhibits aromatase.173 GnRH 
is also capable of modulating thecal steroidogenesis. A 
GnRH-like protein has been described in the ovary that 
may act through ovarian GnRH receptors to suppress 
steroidogenesis in the human ovary.310,311 It inhibits FSH 
induction of progesterone secretion, aromatase activity, 

and LH receptors in granulosa cells, down-regulates LH 
receptors, and inhibits the hCG stimulation of progester-
one secretion by luteal cells.110,131

Prolactin has complex effects on steroidogenesis. In 
low concentrations, it enhances ovarian E2 and proges-
terone secretion by increasing LH receptors.312 On the 
other hand, high levels of prolactin inhibit ovarian E2 
and progesterone biosynthesis.313 Prolactin also stimu-
lates adrenal androgen production.314

Adrenarche and the Regulation of 
Adrenal Androgen Secretion
Adrenarche denotes the onset of the adrenal androgen pro-
duction that gradually begins in mid-childhood well before 
the pubertal maturation of the neuroendocrine-gonadal 
axis.15,315 It represents a change in the pattern of adrenal 
secretory response to ACTH (Figure 15-21). It is character-
ized by disproportionate rises in the responses to ACTH  
of the D5-3b-hydroxysteroids 17-hydroxypregnenolone and 
dehydroepiandrosterone (DHEA), whereas cortisol secre-
tion does not change. Dehydroepiandrosterone sulfate 
(DHEAS) is the predominant marker for adrenarche.  
A DHEAS level over 40 mg/dL is usually considered ad-
renarchal. Other serum androgens and precursors are 
ordinarily at the upper end of the prepubertal range at 
the onset of adrenarche (Table 15-1).

Adrenarche reflects the development of the adreno-
cortical zona reticularis. This zone becomes continuous 
at about 5 years of age and enlarges steadily over the 
subsequent decade. Its increasing development correlates 

FIGURE 15-21 n   Changing pattern of adrenal steroidogenic re-
sponse to adrenocorticotropic hormone with maturation. Shown 
are plasma steroid levels before (basal, 8:00 a.m. after dexa-
methasone 1 mg/m2) and the rise (D) 30 minutes after cosyntro-
pin (ACTH) administration (10 mg/m2) in healthy prepubertal 
children, children with premature adrenarche as an isolated 
phenomenon, and follicular phase adult women. Note that 
17-hydroxypregnenolone (17PREG) and dehydroepiandros-
terone (DHEA) responses of children with premature adrenarche 
are intermediate between prepubertal and adult responses. 
17PROG, 17-hydroxyprogesterone; ADIONE, androstenedione; 
CMPD S, 11-deoxycortisol; DHEAS, DHEA sulfate. (Based on data 
from Rich, B. H., Rosenfield, R. L., Lucky, A. W., et al. (1981). Adre-
narche: changing adrenal response to adrenocorticotropin. J Clin 
Endocrinol Metab, 52, 1129.)
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with DHEAS levels. This zone’s secretion pattern results 
from a unique enzyme expression profile: it expresses low 
3b-hydroxysteroid dehydrogenase type 2 (HSD3B2) but 
high cytochrome b5 (an enhancer of the 17,20-lyase  
activity of cytochrome P450c17) and steroid sulfotrans-
ferase (SULT2A1) activities.316

Although the zona reticularis resembles the fetal zone 
of the adrenal cortex in its location and function, it appears 
to originate from stem cells located in the outer definitive 
zone of the fetal adrenal gland. A pituitary hormone (“ad-
renarche factor”) may well be required to bring about their 
adrenarchal development.4 It has been postulated to be an 
ACTH-related hormone distinct from ACTH, because 
adrenal androgen production is more sensitive to gluco-
corticoid suppression than is cortisol production,317 falls 
more slowly than cortisol after dexamethasone administra-
tion122, and rises more sluggishly after its withdrawal.318 
Candidates for a dexamethasone-suppressible adrenarchal 
factor include pro-ACTH related peptides and corticotro-
pin-releasing hormone (CRH), but the data have not been 
convincing.319 Prolactin may be involved.320 Currently the 
only established adrenal androgen-stimulating hormone in 
postnatal life is ACTH. Because the adrenarchal secretion 
pattern represents a change in the pattern of steroidogenic 
response to ACTH, an adrenarche factor need only con-
trol the growth and differentiation of zona reticularis cells 
or regulate their unique pattern of steroidogenic enzyme 
expression. A number of factors are known to enhance 
adrenal androgen output. Insulin and IGF-1 particularly 
stimulate expression of adrenal P450c17 activities. Leptin 
has been reported to stimulate P450c17 activity.321 Intra-
adrenal cortisol may participate in the regulation of  
adrenal DHEA secretion through inhibition of 3b-
hydroxysteroid dehydrogenase activity.322 In addition, 
interleukin-6 is strongly expressed in the zona reticularis 
and stimulates DHEA secretion.323 Although gonadal dys-
genesis is associated with earlier adrenarche,324 paradoxi-
cally, ovariectomy precipitates an early decline in DHEAS 
levels that estrogen replacement does not reverse.325

Adrenarchal levels of androgens suffice to successively 
initiate sebaceous gland development, apocrine gland 
development, and the growth of pubic hair. They may 
promote stronger cortical bone and mid-childhood 
growth. Sulfation of DHEA within the adrenal cortex 
prevents adrenal hyperandrogenism.326 Whether adre-
narche plays a more fundamental role in normal puberty 
is unknown. DHEAS and its precursor, pregnenolone 
sulfate, have been found to be stimulatory neuroactive 
steroids.327 DHEAS has been suspected of having a num-
ber of other functions, but these seem inconsistent; 
whether they differ from those of low-dose testosterone 
remains to be established.

Hormonal Secretion, Transport, 
Metabolism, and Action
Peptide Hormones

Peptide hormones act after binding to specific receptors 
located in the plasma membranes of target cells. GnRH 
receptors and gonadotropin receptors are members of 

the seven-transmembrane receptor family. These recep-
tors are necessary for the actions of their cognate  
hormones. Receptors expressed in nonclassical sites are 
not necessarily functionally mature.328 Mature receptors 
signal after coupling to a guanine nucleotide (G-protein) 
subunit (Figure 15-22).5,284,288,329-331 Gs signaling acti-
vates adenylate cyclase and acts via phosphodiesterase-
regulated cAMP to activate protein kinase A. Gq signal-
ing activates phospholipase C, which acts via protein 
kinase C and Ca21; Ca21 may also be mobilized by other 
factors that influence ion channels. Phosphorylation  
of various cytoplasmic and nuclear proteins ultimately 
mediates the action of the peptide hormones and sec-
ondarily involves the RAS and epidermal growth factor 
(EGF) signaling cascades in the case of gonadotropins.24 
The diversity among target cells in their responses to the 
action of protein kinases in part relates to diversity and 
type of kinase, intracellular compartmentalization, sub-
strate availability, and other differences in gene expres-
sion that are specific to each type of target cell.

Gonadotropin-releasing hormone is a decapeptide 
[pyro]Glu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro- 
Gly-NH2.284 One gene encodes the single precursor 
protein for both GnRH and prolactin release-inhibit-
ing factor.332 Gonadotropin-releasing hormone not 
only effects prompt release of preformed gonadotropins 
(the “readily releasable pool”), but it also stimulates  
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FIGURE 15-22 n   Overview of the pathways established to mediate 
gonadotropin-releasing hormone (GnRH) and gonadotropin  
action. The receptors for these hormones are members of the 
seven-transmembrane family of receptors. Hormone-receptor 
binding alters receptor configuration. One consequence is to 
couple the receptor to adenylate cyclase (AC) via the stimula-
tory alpha-subunit of G protein (GSa). This permits the efficient 
generation of cyclic adenosine monophosphate (cAMP) from 
adenosine triphosphate (ATP). Another consequence is to cou-
ple phospholipase C (PLC) to the receptor through Gq. PLC is  
a phosphodiesterase that hydrolyzes phosphatidylinositol to  
diacylglycerol (DAG) and inositol-1,4,5-triphosphate (IP3). DAG 
stimulates the calcium-sensitive protein kinase C (PKC). IP3 
mobilizes ionic calcium (Ca21) from intracellular organelles and 
stimulates Ca21 influx through calcium ion channels. PKA, PKC, 
and Ca21 then bring about cellular responses through protein 
phosphorylations. FSH, follicle-stimulating hormone; and LH, 
luteinizing hormone.
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the synthesis of gonadotropins (the “reserve pool”).333 
Repeated administration of GnRH augments the pitu-
itary responsiveness to subsequent GnRH pulses 
(“self-priming”).102 This has been ascribed partly to up-
regulation of GnRH receptors. Gonadotropin-releasing 
hormone has an important paradoxical effect. As  
discussed earlier, it acutely stimulates gonadotropin 
secretion, but upon protracted, continuous adminis-
tration, it down-regulates pituitary gonadotropin secre-
tion. The significance of the expression of GnRH and 
its receptor in nonhypothalamic reproductive tissues334 
is unclear.

An evolutionarily conserved form of GnRH (GnRH-
II) acts primarily through the type 2 GnRH receptor335; 
GnRH-II and the type 2 GnRH receptor are products of 
unique genes, rather than being modified products of  
the GnRH or type 1 GnRH receptor genes.336 The cell 
bodies of the GnRH-II neurons lie predominantly in the 
midbrain and only a minority project to the hypotha-
lamic-pituitary area. GnRH-II function in humans is 
unknown; there is speculation that it is a neurotransmitter 
involved in sexual behavior.

Luteinizing hormone and FSH are synthesized in a 
single type of cell, and both are sometimes identified 
within the same cell.337 A vestigial population of hCG-
secreting pituitary cells has been described.338 Luteiniz-
ing hormone, FSH, and hCG are glycoprotein hormones 
that consist of two chains.339 After synthesis of these hor-
mones on the ribosomes, the carbohydrate moieties, 
which constitute about 16% of the weight, are added in 
the rough endoplasmic reticulum and Golgi apparatus. 
The a chains of LH, FSH, hCG, and thyroid-stimulating 
hormone (TSH) are identical in amino acid sequence  
(92 amino acids). Although the b chain of each hormone 
is different in both primary amino acid sequence and 
length, these b chains nevertheless share 30% to 80% 
amino acid homology. Biologic activity is conferred when 
an a and b chain are glycosylated and assemble within 
the cell. The a/b dimer is stabilized by a b subunit 
derived “seat belt” that wraps around the a subunit. 
Neither the isolated a nor the b glycosylated protein 
subunit exhibits biologic activity unless noncovalently 
bound to one another.

The gonadotropins exhibit considerable molecular  
heterogeneity.95,340-342 The major basis for this is variation 
in the relative degree of glycosyl sialylation or sulfonation, 
steps which occur reciprocally in the pituitary gland.343 
These differences affect in vitro and in vivo bioactivity. 
Polymorphisms in the amino acid sequence of the LH-b 
and hCG-b gene also may affect the expression or bioac-
tivity of LH or hCG.344 Reproductive status affects 
isoform distribution, with sialylation predominating in the 
hypogonadal state.345 Androgens increase and estrogens 
decrease in vitro LH biopotency by altering LH  
sialylation.346,347 Thus, the pituitary gland contains multi-
ple isoforms of LH and FSH that vary in bioactivity. Con-
sequently, different pituitary LH and FSH standards as 
well as serum contain variable proportions of immunore-
active material of varying bioactivity.

One corollary of the molecular heterogeneity is that the 
antibodies generated from these gonadotropin moieties 
detect heterogeneous epitopes that are not necessarily 

bioactive; indeed some may even act as gonadotropin  
antagonists.348 These factors combine to cause the ratio of 
bioactive to immunoreactive (B/I) gonadotropin to vary  
in a wide variety of circumstances.95,340 The purest of stan-
dards, even recombinant ones, interact very differently in 
the diverse immunoassay systems. Likewise, the putative 
level of LH or FSH in a serum sample differs substantially 
among immunoassays. Furthermore, bioactivity assess-
ments vary with the bioassay model system.95,349 Monoclo-
nal antibody-based immunometric assays yield results that 
correlate with, but are not necessarily equivalent to, those 
by bioassay.95,350 The “third generation” immunometric 
assays have the advantage of being more sensitive and  
specific for low levels of gonadotropins in serum than 
polyclonal antiserum-based RIA, but B/I discrepancies 
remain.

The major determinant of in vivo gonadotropin bioac-
tivity is the serum half-life. Terminal sialic acid residues 
retard clearance by the liver, the primary site of metabo-
lism, whereas sulfonated ones facilitate clearance.343 
About 10% to 15% of gonadotropins are excreted in 
urine according to radioimmunoassay351; only about one 
third of this is in a biologically active form.352

Luteinizing hormone is cleared more rapidly from the 
blood than FSH or hCG.353,354 Luteinizing hormone disap-
pears from blood in an exponential pattern: radioimmuno-
assay indicates that the half-life of the first component  
is about 20 minutes and that of the second component is 
about 4 hours. The bioactive LH half-life is about 25% to 
50% shorter.355 The respective components for immunore-
active FSH are 4 and 70 hours; those for hCG are 11 and 
23 hours. Hormone production rates in follicular phase 
women, which approximate midpubertal values, are given 
in Table 15-2.356-362

Prolactin has structural and functional similarities to 
GH and placental lactogen. Prolactin has a considerable 
degree of structural heterogeneity, which results from 
genetic and posttranslational events within pituitary cells 
as well as modifications such as glycosylation in the  
periphery.363 Lactotrope growth and prolactin secretion 
are stimulated by estrogens. Prolactin release from the 
anterior pituitary is primarily under the control of hypo-
thalamic inhibition, probably mediated by dopamine364 
and prolactin release-inhibiting factor.332 The latter is 
contained within the same precursor protein as GnRH, 
thus providing a potential mechanism for reciprocal  
control of these two peptides. Prolactin secretion also is 
inhibited by thyroxine and is directly responsive to  
thyrotropin releasing hormone (TRH). Estrogen and 
suckling are stimulatory. These signals may be positively 
mediated by a-melanocyte stimulating hormone.

Inhibins and activins are members of the TGF-b 
superfamily and signal accordingly.298,365 Inhibin was dis-
covered as the result of the search for the nonsteroidal 
gonadal hormone capable of specifically suppressing 
FSH. Activin was serendipitously discovered as the FSH-
stimulating activity in the side fractions in these studies. 
These hormones are formed by the differential disulfide-
linked dimerization of two of three subunits (a− bA, and 
bB), each encoded by a distinct gene. The combination of 
an a− and b-subunit yields the inhibins, inhibin-A (abA) 
and inhibin-B (abB). Activins are dimers of b-subunits, 
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Hormone Production Rate Pertinent References

Luteinizing hormone 615 IU/day† 356
Follicle-stimulating hormone 215 IU/day† 357
Androstenedione 3.4 mg/day 358
Dehydroepiandrosterone 7 mg/day 358
Dehydroepiandrosterone sulfate 7 mg/day‡ 359, 360
Dihydrotestosterone 0.06 mg/day 358
Estradiol 0.1 mg/day 361
Estrone 0.1 mg/day 361
Progesterone 1.1 mg/day 362
17-Hydroxyprogesterone 1.2 mg/day 362
Testosterone 0.2 mg/day 358

TABLE 15-2  Average Hormone Blood Production Rates in Midfollicular-
Phase Women*

*These production rates are roughly equivalent to those in midpuberty. The average daily production 
of those hormones that fluctuate cyclically is substantially greater. For example, E2 production 
transiently peaks to about 0.5 mg/day, and thus the average production over the monthly cycle is 
about 0.2 mg/day or 6 mg/month.

†In terms of second International Reference Preparation, human menopausal gonadotropin.
‡Approximate urinary production rate, expressed as unconjugated steroid.

bAbA, bBbB, and bAbB (activin-A, B, and AB). Inhibin 
antagonizes all known actions of activin. The genes for 
all three subunits are differentially expressed in a wide 
variety of tissues. Furthermore, these factors, particularly 
activin, have proven to exert effects not only on gonado-
trophs but within other pituitary cells, the gonads, and in 
nonsexual target tissues.

Steroid Hormones

The ovary and adrenocortical zona reticularis share the core 
of the steroid biosynthesis pathway (Figure 15-23).301,366,367 
Gonadal cholesterol seems to be derived more from low-
density than high-density lipoprotein in humans, and 
cholesterol can also be formed de novo. Most steroido-
genic steps are mediated by cytochrome P450 family 
members. These are the terminal enzymes in electron 
transfer chains, which include P450 oxidoreductase 
(POR) as the clinically relevant electron donor for all in 
the endoplasmic reticulum. The initial step in the bio-
synthesis of all steroid hormones is the conversion of 
cholesterol to pregnenolone. This is a two-stage process. 
The rapidity of the process depends on the transport of 
cholesterol from the outer to the inner mitochondrial 
membrane by the steroidogenic acute regulatory protein 
(StAR). The conversion itself is carried out by the choles-
terol side chain cleavage activity (scc) of cytochrome 
P450scc. The next steps are either the 3b-hydroxysteroid 
dehydrogenase/D5-isomerase (3b-HSD) step or 17a-
hydroxylation. 3b-HSD converts D5-3b-hydroxysteroids 
to steroids with the D4-3-keto configuration—that is, 
pregnenolone to progesterone, 17-hydroxypregnenolone 
to 17-hydroxyprogesterone, and DHEA to androstenedi-
one. This step is obligatory for the synthesis of all potent 
steroid hormones. The type 2 3b-HSD isozyme accounts 
for the majority of the 3b activity in the human ovary and 
adrenal; the type 1 isozyme accounts for 3b-HSD activity 
in liver and skin. Pregnenolone alternatively undergoes a 

two-step conversion to the 17-ketosteroid DHEA along 
the D5-steroid pathway: this conversion is accomplished 
via cytochrome P450c17. P450c17 is a single enzyme 
with both 17a-hydroxylase and 17, 20-lyase activities, the 
latter being less efficient and critically dependent on 
electron transfer from cytochrome b. Progesterone un-
dergoes a parallel transformation to androstenedione in 
the D4-steroid path: 17a-hydroxylation of progesterone 
by P450c17 forms 17-hydroxyprogesterone, but in humans 
P450c17 does not efficiently utilize 17-hydroxyprogesterone 
as a substrate for 17,20-lyase activity, so P450c17 seems 
to form little if any androstenedione. There is some  
evidence for the existence of a P450c17-independent  
D4-pathway to androstenedione, but most seems to be 
formed from DHEA by the action of 3b-HSD.368 Sulfo-
transferase 2A1 is uniquely expressed in the adrenal zona 
reticularis and requires the co-factor 39-phospho-
adenosine-59-phosphosulfate synthase type 2.326 Other 
sulfotransferases (e.g., for formation of estrone sulfate) 
and steroid sulfatase (for the reverse reaction) are widely 
expressed.369

17b-Hydroxysteroid dehydrogenase (17b-HSD) and 
aromatase activities are required for the formation of 
potent sex steroids. In the ovary, androstenedione is the 
major precursor for sex steroids. The conversion of 
17-ketosteroids to 17b-hydroxysteroids by 17b-HSDs is 
essential for the formation of both androgen and estro-
gen: testosterone is formed in the ovary by 17b-HSD 
type 5 (also termed aldo-keto reductase, AKR,1C3), 
whereas E2 formation requires 17b-HSD type 1.370 Aro-
matase activity, effected by P450arom, is essential for E2 
formation. Alternate promoters are utilized by the 
P450arom gene in the gonads, placenta, and adipose tis-
sue, which yields alternatively spliced forms of aroma-
tase. The organization and regulation of steroidogenesis 
in the developing follicle is depicted in Figure 15-20.

The ovary normally accounts for about 25% of testos-
terone secretion in the mature female (0.06 mg daily), 
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but it secretes about 30 times as much androstenedione 
(1.6 mg daily).358 These amounts are similar to those se-
creted by the adrenal. However, the ovary secretes less 
than one tenth as much DHEA as the adrenal.

The “production rate” of a hormone equals its se-
cretion rate plus the rate of formation of the hormone 
by peripheral conversion of secreted precursors outside 
of endocrine glands. The “blood production rate” is 
calculated as metabolic clearance rate x serum concen-
tration; in the steady state, the amount of hormone ir-
reversibly leaving the plasma compartment equals the 
amount entering it. Because of extensive steroid inter-
conversions, the quantity of these hormones excreted 
in urine is not necessarily indicative of the amount 
reaching target tissues.358 For example, so large a frac-
tion of urinary testosterone glucuronide is formed di-
rectly from androstenedione by compartmentalized 
metabolism within the liver that the range of urinary 
excretion of testosterone in women overlaps that in men 
(Figure 15-24).371 Estrone sulfate, like DHEAS in the 
androgen pathway, forms a circulating reservoir of in-
active estrogen that can be returned to the active pool 
by hepatic sulfatase activity.372 The blood production 
rates of representative steroid hormones are given in 

FIGURE 15-23 n   Major pathways of steroid hormone biosynthesis from cholesterol. Carbon atoms of cholesterol are designated by 
conventional numbers and rings by conventional letters. The flow of hormonogenesis is generally downward and to the right. The 
top row shows the pathway to progesterone and mineralocorticoids, the second row the pathway to glucocorticoids, the third row 
the 17-ketosteroid pro-hormones, the fourth row the potent 17b-hydroxysteroids, and the bottom row the activation of androgen. 
The steroidogenic enzymes are italicized. Abbreviations for enzymes include the following cytochrome P450 enzyme activities: cho-
lesterol side-chain cleavage (scc), 17a-hydroxylase (17a), 21-hydroxylase (21), 11b-hydroxylase (11b1), aldosterone synthase (11b2, 
18-hydroxylase/oxidase), and aromatase (Arom). Non-P450 enzyme activity abbreviations include D5-isomerase-3b-hydroxysteroid 
dehydrogenase (3b) and 17b-hydroxysteroid dehydrogenase (17b-HSD). Clinically relevant electron transfer enzymes include P450 
oxidoreductase (POR), cytochrome b5 (b5), and 39-phosphoadenosine-59-phosphosulfate synthase type 2 (PAPSS). (Modified from 
Rosenfield, R. L., Lucky, A. W., & Allen, T. D. (1980). The diagnosis and management of intersex. Curr Prob in Pediatr, 10, 1.)

Table 15-2 and are shown for estrogens in Figure 15-25. 
During the luteal phase of the menstrual cycle, E2 pro-
duction doubles361 and progesterone production rises 
15-fold or more.373

Sex hormones also have environmental origins. Struc-
turally distinct biologic estrogens include equine estro-
gens and plant-derived phytoestrogens.372 Synthetic 
estrogens include pharmacologic compounds such as 
ethinyl E2, diethylstilbestrol, selective estrogen receptor 
modulators (SERMs), and some industrial chemicals 
such as organochlorines and plasticizers. Environmental 
estrogens act as “endocrine disrupters,” environmental 
chemicals that interfere with normal endocrine signaling 
systems by mimicking or blocking hormone signaling 
through its receptor, or by modulating the synthesis, re-
lease, transport, metabolism, binding, or elimination of 
natural hormones.187

Peripheral conversion of secreted prehormones by 
nonendocrine organs accounts for a major portion of sex 
hormone production. The ovary and the adrenal cortex 
are sources of prehormones as well as secreted hormones. 
About 50% of serum testosterone (0.1 mg daily) nor-
mally is formed indirectly by peripheral conversion.  
Although 85% of normal estrogen production in women 
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arises by secretion in midcycle, 50% of estrogen produc-
tion can arise from extraglandular sources during the 
low-estrogen phases of the menstrual cycle.374 Peripheral 
formation of active steroids occurs in a wide number  
of sites, including liver, fat, and target organs.301,375 For 
example, hepatic 17b-hydroxysteroid dehydrogenase and 
5a-reductase activities are involved in steroid degrada-
tion (Figure 15-23).

Peripheral steroid metabolism is not tightly regu-
lated. It seems determined to some extent by the perina-
tal androgenic milieu,376 the effect of which is possibly 
mediated by GH.377 Postnatally, it is influenced by the 
sex hormone binding globulin level (SHBG) and the 
state of nutrition. Adipose tissue becomes a major site of 
conversion of androstenedione to both estrone and tes-
tosterone in the obese.266,378 Cytochrome P450 mixed 
function oxidases, the most important of which is 
CYP3A4, affect steroid efficacy by forming hydroxylated 
steroid metabolites of varying potency.379,380 They are 
subject to induction or inhibition by numerous drugs. 
Phytoestrogens increase E2 bioavailability by inhibiting 
hepatic sulfotransferase.381

Plasma steroids appear to reach their sites of action 
and metabolism by simple diffusion from the vascular 
compartment.382 The bioactive portion of serum tes-
tosterone seems to be the free testosterone and a por-
tion of the albumin-bound testosterone that differs 
among tissues according to the diffusion characteristics 
of the vascular bed.383 About 98% of serum testoster-
one and E2 are bound to albumin and SHBG. The 
SHBG concentration determines the fraction of serum 
testosterone and other ligands (e.g., E2, dihydrotestos-
terone) that are free or bound to albumin. It is also  
a major determinant of ligand egress from plasma  
(Figure 15-26).384 Some sex steroid effects may be me-
diated by SHBG binding to membrane receptors and 
activation of adenylate cyclase.385,386 A number of phys-
iologic and pathologic states affect the SHBG level: it 
is increased by estrogen and thyroid hormone excess;  
it is decreased by androgen, insulin-resistant obesity, 
glucocorticoid, GH, and inflammatory cytokines.387-389

Target cell metabolism influences the cell’s response to 
the steroid hormones that reach it (Figure 15-27).390 The 
intracellular conversion of testosterone to dihydrotestos-
terone by one of the two isozymes of 5a–reductase is 
important for many but not all effects of testosterone,391 
dependent on the tissue-specific pattern of steroid me-
tabolism. An important mode of testosterone action is  
via E2, notably within the brain. Although transformation 
is not fundamental to the mode of action of E2, its effec-
tiveness is influenced by target cell metabolism: the in-
duction of 17b-hydroxysteroid oxidation in target tissues 
by progesterone, resulting in conversion of E2 to the less 
potent estrogen estrone, counterbalances estrogeniza-
tion.392 There is also evidence that novel steroid metabo-
lites exert tissue-specific effects.393,394

Within target cells, all steroid hormones regulate the 
genome similarly, starting with binding to high-affinity 
intracellular receptors (Figure 15-28).395-397 The steroid 
hormone receptors belong to the superfamily of nuclear 
hormone receptors. The estrogen, progesterone, and 
androgen receptors are, thus, homologous. Classic sex 

FIGURE 15-25 n   Sources of estrone and estradiol in blood of 
follicular phase premenopausal women. Estrogen is derived 
from direct secretion by the gonad, aromatization of androgen, 
or conversion of an estrogen precursor by 17b-HSD activities. 
The percentage of substrate converted per day and total ap-
proximate production in micrograms per day are noted for each 
source. (Modified from Alonso, L. C., & Rosenfield, R. L. (2002). 
Oestrogens and puberty. Best Pract Res Clin Endocrinol Metab, 
16, 13.)

FIGURE 15-24 n   Diagram illustrating the relationship among se-
creted, plasma, and urinary steroids. 17-ketosteroid (17-KS) excre-
tion does not reflect accurately the excretion of the most important 
plasma androgens. Only 25% or less of testosterone is excreted as 
17-KS metabolites. Therefore, important changes in testosterone 
production may not appreciably affect urinary 7-KS excretion. Fu-
thermore, even the major 17-KS (DHA-sulfate) is excreted poorly 
until its production rate becomes quite high. On the other hand, 
about half 17-KS will not be identified by the standard colorimetric 
test and 2 mg daily of 17-KS in adults results from hydrocortisone 
metabolism. In addition, testosterone glucuronide excretion does 
not accurately reflect the plasma testosterone level: less than 2% 
of testosterone appears in the urine as such. Furthermore, the 
plasma 17-KS androstenedione may be converted to testosterone 
glucuronide without ever circulating as unconjugated testoster-
one. (From Rosenfield, R. L. (1973). Relationship of androgens to 
female hirsutism and infertility. J Reprod Med, 11, 87.)
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FIGURE 15-27 n   Model of the mechanism of androgen action em-
phasizing the effect of steroid metabolism within a target cell on 
the mode of action. Solid arrows indicate pathways of steroid 
metabolism from 17-ketosteroid precursors as laid out in Figure 
15-23. Broken arrow indicates transport. The cell-specific intracel-
lular pattern of C19-steroid metabolism determines the relative 
availability of testosterone or dihydrotestosterone (DHT) to the 
cytosol receptor for translocation to the nucleus. In cells such as 
the rat granulosa cell in which D5,3b-hydroxysteroid dehydroge-
nase activity is high, androstenediol (D5-diol) is as potent as tes-
tosterone. The human sebaceous gland has a similar pattern of 
steroid metabolism. A, androstenedione; AD, androstanedione; 
DHA, dehydroepiandrosterone. (From Nimrod, A., Rosenfield, R. L., 
& Otto, P. (1980). Relationship of androgen action to androgen me-
tabolism in isolated rat granulosa cells. J Steroid Biochem, 13, 1015, 
with permission from Elsevier Science.)

FIGURE 15-26 n   The relationship between the metabolic clearance 
rate (MCR) and binding of sex hormones to sex hormone bind-
ing globulin (SHBG 5 testosterone-estradiol binding globulin, 
TEBG). The MCR of each steroid has been related to the mean 
SHBG levels of men and women. The approximate affinity of 
each steroid for SHBG relative to testosterone is indicated in 
parentheses. (From Rosenfield, R. L. (1975). Studies of the relation 
of plasma androgen levels to androgen action in women. J Steroid 
Biochem, 6, 695.)

hormone effects are exerted by the interaction of steroid 
with receptor, not by either alone. Steroid binding trig-
gers the dissociation of inhibitory chaperone heat shock 
proteins from the receptor.398 The active receptor-ligand 
complex then undergoes noncovalent dimerization and 
binding to its specific hormone response element on the 
gene. The DNA-bound steroid-receptor complex acts as 
a transcriptional regulator of the target gene promoter. 
Sensitivity to steroids is also modulated by molecular 
chaperone proteins that influence receptor configura-
tion, intracellular trafficking, and receptor turnover, all 
of which are determinants of steroid action.399,400

The binding properties of steroids to their cognate 
receptors are the initial determinants of classical steroid 
action.395,396 Ligand-based selectivity is one element of 
this interaction. E2 is a more potent estrogen than es-
trone and estriol, partly because it binds best to the  
steroid binding domain of the estrogen receptor.401 Di-
hydrotestosterone is an inherently more potent androgen 
than testosterone mainly because of its higher association 
rate constant and its lower dissociation rate constant.402 
The antiestrogens tamoxifen and clomiphene and the 
antiandrogens cyproterone acetate and spironolactone 
competitively inhibit the active ligands from binding to 

their specific receptor sites by weakly and transiently oc-
cupying receptor sites. These differences result from 
potent agonists snugly fitting into the binding pocket, 
which induces a receptor conformation different than 
that of antagonist-bound receptor. One such change is 
the C-terminal tail of the receptor flipping over to close 
the “door” when a potent agonist enters; this simultane-
ously provides a different outer surface for interaction 
with co-regulator proteins.

Thus, ligand-based selectivity arises not only because of 
tighter ligand binding but because alternative ligands pro-
duce both intermediate and unique conformational changes 
in the receptor, which in turn induce altered receptor inter-
actions with co-regulator proteins that result in a spectrum 
of activities.403 Thus, steroids do not simply switch recep-
tors on; they induce selective functions that depend on the 
nature of the co-regulators that are recruited to the com-
plex.404-407 In part, this selectivity arises because different 
domains of these receptors mediate these different func-
tions. For example, the AF-1 domain of the ER mediates 
interactions with mitogen-activated protein (MAP) kinase 
and TGF-b3, whereas the AF-2 domain mediates interac-
tions with co-regulator proteins.408 Coactivators, in turn, 
regulate alternative splicing, gene activation and repression 
(in some cases via their dual enzymatic functions), ubiquitin-
proteosome-mediated turnover of the receptor–co-regulator 
complex,409 and also determine cell-specific, site-based ac-
tions,396 as discussed later.
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Receptor-based selectivity is a second element in ste-
roid action. There are now known to be two isoforms of 
each of the sex steroid receptors. The a and b forms of 
the estrogen receptor, though homologous, are coded by 
separate genes.170 A and B forms of the progesterone and 
androgen receptors exist.410,411 These forms of the PR 
arise by transcription from alternate promoters within 
the same gene, whereas those of the androgen receptor 
arise from posttranslational modification of a single 
mRNA. These isoforms have variously been shown  
to manifest a differential tissue expression pattern and 
respond differentially to antagonists. Interactions of a 
steroid with different forms of receptor can regulate 
some target genes differentially. One role of ERb is ap-
parently to modulate ERa activity: ERa and ERb can 
have opposite actions at AP-1 and SP-1 sites, and studies 
of transcriptional activity in bone and breast tissue of 

mice indicate a restraining effect of ERb on responses to 
E2.170,412 Thus, different target tissues exposed to the 
same hormone may respond selectively because of a dis-
tinct repertoire of receptor isoform expression. Some 
examples are notable. Although both forms of estrogen 
receptor are expressed in most target tissues, the classic 
form of the estrogen receptor, ERa, plays the key role in 
regulation of LH and estrogen actions on the uterus, 
breasts, sex-specific behavior, and bone.170,413,414 In the 
mouse ovary, knockout experiments show that ERa 
is expressed in thecal cells where it prevents androgen 
excess in response to LH. In contrast, ERb is expressed 
only in granulosa cells, where its inhibition of androgen 
receptor expression is critical to prevent premature fol-
licular atresia.171 Both are necessary for oocyte survival 
and the ability of preovulatory follicles to rupture.  
Furthermore, loss of both causes transdifferentiation of 
granulosa cells to Sertoli-like cells and massive oocyte 
death.153 Liganded progesterone receptorA is essential for 
ovulation415 and is the more effective antagonist of estro-
gen receptor action.395 In addition, sequence variation in 
hormone response elements contributes to differential 
gene regulation.416

Effector site-based selectivity is a third variable in 
classical sex hormone action. In other words, the potency 
and character of a response to a ligand-receptor complex 
are not simply inherent properties of the complex. Rather, 
they depend on the array of effector molecules present in 
the site of action. Thus, the array of genes expressed  
locally and the relative expression level of co-regulators 
(coactivators and corepressors) are extremely important 
in the determination of appropriate and graded responses 
to a ligand by a target cell.395,417 Heterodimerization of 
the estrogen receptor with other nuclear receptors can 
modulate its action.418 Androgens appear to exert some of 
their genomic effects by directly complexing with tran-
scription factors other than the androgen receptor.419 
Both estrogen and androgen appear to exert antiapop-
totic effects in osteoblasts and osteocytes by activating  
a ligand-dependent, but nongenomic, kinase-mediated 
signaling pathway.420

 Nuclear receptor coactivators are critical for sensing 
cell-specific environmental signals and coordinating sig-
nals emanating from membrane receptors with nuclear 
receptor action.396 Surface receptors send signals through 
kinase pathways that result in specific serine/threonine 
phosphorylation patterns of coactivators. These phos-
phorylation patterns serve as a code for the coactivator to 
preferentially bind and activate distinct sets of down-
stream transcription factors (see Figure 15-28). Overex-
pression of steroid receptor coactivator-3 (SRC-3) is as 
important in the pathogenesis of some breast cancer as is 
estrogen receptor positivity.

The effects of an alternative ligand-ER complex often 
differ from those of the E2-ER complex among cell types. 
This is the basis for the development of selective estrogen 
receptor modulators (SERMs): these compounds exert 
effects in a tissue-specific manner depending on the cell 
context.395,403 The chemical structure of a SERM—or any 
ER ligand, for that matter—determines the configuration 
of the ER, resulting in a spectrum of activities from ago-
nist to antagonist, depending on which co-regulators are 
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FIGURE 15-28 n   A model for the mechanism of estrogen (E) action 
that emphasizes the role of interactions of the estrogen receptor 
with steroid receptor co-regulator (SRC) and phosphorylation 
signaling. Estrogen causes the 4S subunit and heat-shock pro-
teins to dissociate from the unliganded estrogen receptor. Then 
estrogen entry into the binding pocket causes a conformational 
change in the receptor. Estrogen also stimulates phosphoryla-
tion of SRC in a specific pattern (Ps), possibly via liganded 
membrane-bound ER as it does some transcription factors, and 
recruits it to the nuclear DNA steroid-receptor complex with the 
estrogen response element (ERE). SRC in turn recruits other co-
activators, such as the cAMP response element binding protein-
binding protein (CBP) and coactivator-associated methyltrans-
ferase (CARM1) to the hormone binding complex. This aggregate 
then interacts with the TATA binding protein initiation complex 
(TBPc) to initiate estrogen-specific gene transcription. The ge-
nomic E2 effect is modulated by the effects of environmental 
signals on other cell-specific transcription factors (TF), some of 
which involve differentially phosphylated SRC complexes (TFc) 
in gene activation, others of which involve ligand-independent 
ER. Dotted lines indicate diverse kinase pathways. ER recycling 
is not shown. (Based on Katzenellenbogen, B. S., Montano, M. M., 
Ediger, T. R., et al. (2000). Estrogen receptors: selective ligands, part-
ners, and distinctive pharmacology. Recent Prog Horm Res, 55, 
163–193; O’Malley, B. W. (2005). A life-long search for the molecular 
pathways of steroid hormone action. Mol Endocrinol, 19, 1402–1411; 
McDevitt, M. A., Glidewell-Kenney, C., Jimenez, M. A., et al. (2008). 
New insights into the classical and non-classical actions of estrogen: 
evidence from estrogen receptor knock-out and knock-in mice. Mol 
Cell Endocrinol, 290, 24–30.)



15  Puberty and its Disorders in the Female 597

available for recruitment in the target cell. Raloxifene is 
an E2 agonist in bone and epiphyseal cartilage but is  
antiestrogenic in uterus and breast; tamoxifen is estro-
genic in uterus but antiestrogenic in breast and bone. 
Both appear to retain neural and endothelial estrogenic 
activity.421,422

Nonclassical mechanisms play a role in sex steroid 
action.397 The nonclassical mechanisms are mainly of 
two general types: (1) genotropic estrogen response ele-
ment (ERE)-independent signaling, in which liganded 
ER acts as a co-regulator of other transcription factors 
that act through their specific DNA response elements; 
and (2) nongenotropic signaling, in which E2 binding to 
membrane-associated receptors, including ERa, rapidly 
stimulates phosphorylation pathways.423,424

The nongenomic effects via membrane signaling oc-
cur rapidly (within minutes) and can mediate cell pro-
liferation, apoptosis, and migration in cell-specific 
ways.420,425Nongenomic E2 actions account for most of 
the LH-inhibitory and energy balance effects of 
E2.424,426 These effects can be mediated by binding to 
nuclear ER in plasma membrane domains provided  
by scaffolding proteins such as caveolin. On such  
platforms, the E2-ER complex acts like a membrane 
receptor, coupling with G proteins and activating  
cytoplasmic pathways involving SRC and MAP kinase. 
Androgens appear to act similarly. Nongenomic ac-
tions of nuclear PR have also been reported. Some 
nongenomic effects seem to involve the activation of 
novel G-protein coupled transmembrane receptors for 
E2 and progesterone that interact with either steroids 
or their metabolites.

Genomic ER signaling may also be ligand indepen-
dent. For example, cell membrane signaling by growth 
factors or other peptides stimulates ER phosphorylation. 
Epidermal growth factor activates phosphorylation of the 
ER and simulates diverse estrogen effects.427 Activation 
of unliganded ERa seems to be involved in repressing 
expression of the androgenic 17b-HSD testicular iso-
form in the ovary.293

Steroids that act by binding to membrane-bound  
receptors in the brain are termed neuroactive.327 Neuroac-
tive steroids synthesized in the brain are termed neuros-
teroids.428-430 The best documented of these effects are on 
neurotransmitters that control ion channels. Allopreg-
nanolone (3a-hydroxy-5a-tetrahydroprogesterone) and 
3a-androstanediol are GABAA receptor agonists and so 
have sedative and antiepileptic properties.431 Pregneno-
lone sulfate and DHEAS have the opposite effect, the 
former also stimulating the glutamate receptors. Recep-
tors for 5-hydroxytryptamine have been implicated in 
mediating some of effects of sex steroids and certain of 
their metabolites.432,433 Some estrogen effects in brain are 
membrane mediated.434

The tissue-specific posttranscriptional events in-
volved in sex steroid signaling are poorly understood.  
E2 and progesterone modulate the actions of each other 
through effects on their specific receptors: increased es-
trogens in the preovulatory phase of the cycle up-regulate 
target organ receptors for both E2 and progesterone; 
luteal phase levels of progesterone then suppress the 
production of both receptors.435,436 Estrogen prevents 

bone loss by blocking the production of proinflamma-
tory cytokines.437 Androgen action seems to involve the 
arachidonic acid cascade in genitalia438 and peroxisome 
proliferator-activated receptors in sebaceous cells,439 
whereas in epiphyseal cartilage testosterone stimulates 
the IGF-1 system.440

Maturation of Sex Hormone Target 
Organs
Genital Tract

The Müllerian system of the embryo gives rise to the 
uterus, cervix, upper vagina, and fallopian tubes in the 
absence of AMH secretion by fetal testes during the first 
trimester of gestation.366 Genital swelling develops to 
engulf the base of the penis-like clitoris between 11 and 
20 weeks’ gestation in parallel with the development of  
the ovarian follicular system.441 Estrogen receptors are 
expressed in the labia minora, prepuce, and glans in females, 
but not in the homologous structures of males.442 An as-
sociation between antiestrogen and genital ambiguity has 
been reported.443 Diethylstilbestrol induces dysplasia of 
the genital tracts.444 These data suggest that estrogen may 
play a direct role in female genital tract differentiation. 
However, knockout of estrogen receptors has no obvious 
effect on genital tract differentiation.153

The infantile uterus and cervix enlarge under the in-
fluence of estrogen during puberty. The endometrium 
and cervical glands then undergo cyclical changes in 
concert with cyclic ovarian function. In response to  
rising estrogen during the follicular phase of the cycle, 
the endometrial epithelium and stroma proliferate. The 
uterine glands increase in number and lengthen. Endo-
metrial hyperplasia is prevented by progestin445 and an-
drogen excess.446 In response to progesterone secretion 
after ovulation, the endometrium increases in thickness: 
stromal edema occurs, and the uterine glands enlarge, 
become sacculated, and secrete a glycogen-rich mucoid 
fluid. The coiled arteries lengthen further during this 
time and become increasingly spiral. These changes are 
critical to permit implantation. High-dose progestin is 
an effective postcoital contraceptive because it prevents 
implantation when taken within 3 days of unprotected 
intercourse.447

Endocervical gland secretions lubricate the vaginal 
vault. The endocervical mucus is scanty and relatively thin 
during the low-estrogen phase of the cycle. The increase 
in mucus flow with advancing follicular development 
seems to require tissue-specific stimulation of the cystic 
fibrosis transmembrane regulator by estrogen.448 Cervical 
mucus becomes more viscous and elastic as estrogens rise 
in the later follicular phase of the cycle—the extent to 
which it can be stretched into a long spindle, spinnbarkeit, 
is a function of the estrogen level.

The mucosa of the vagina and the urogenital tract is 
comprised of hormone-responsive stratified squamous 
epithelium (Figure 15-29).2 The basal layer is the regen-
erative area. In the absence of estrogen, there is only a 
parabasal layer of cells over this, and the vagina is thin, 
with a tendency to alkalinity, which predisposes it to  
local infection (nonspecific vaginitis).449 In response to 
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estrogen, epithelial proliferation occurs, with formation 
of successive intermediate and superficial layers. With 
this maturation the cytoplasm of each cell first expands, 
leading to formation of small intermediate cells. With 
further estrogenization, the nuclei become pyknotic and 
large intermediate cells form. Greater estrogenization 
brings about their transformation to cornified squamous 
superficial cells: the cytoplasm changes from basophilic 
to acidophilic with the accumulation of glycogen. Resis-
tance to infection of the fully developed vaginal mucosa 
results from its thickness and from its acid pH, which 
occurs from the fermentation of the glycogen of the  
superficial cells. In response to luteal phase progester-
one, degenerative changes appear in vaginal mucosal 
cells: superficial cells decrease, the cytoplasm assumes a 
“crinkled” appearance, cells degenerate, and bacterial 
proliferation increases.

Vaginal smears show the characteristic cyclic changes 
in the cell types comprising the vaginal epithelium (see 
Figure 15-29).450 In the prepubertal years parabasal cells 
predominate, and characteristically 10% or less are small 
intermediate cells. A pattern consisting entirely of inter-
mediate cells is typical of early puberty. The early fol-
licular phase of the menstrual cycle is characterized by 
the predominance of large intermediate cells with few, if 
any, superficial cells. Peak maturation is reached at mid-
cycle, at which time 35% to 85% of the cells seen on 
vaginal smear are superficial; the remainder are large 
intermediate cells. This cornification develops over a 

1-week period in response to E2 levels of about 70 pg/mL 
and persists 1 to 2 weeks after estrogen withdrawal (see 
Figure 15-11).451

Progesterone antagonizes estrogen effects on the vag-
inal epithelium and cervix. Inhibition of cervical ripening 
by progestins is used to prevent recurrent spontaneous 
preterm delivery.452,453

Many normal variations have been recognized in the 
appearance of the hymen. The transverse diameter in-
creases with age.454,455

Mammary Glands

Multiple rudimentary branching mammary ducts are 
found beneath the nipple in infancy; they grow and 
branch very slowly during the prepubertal years.456 Es-
trogen stimulates the nipples to grow, mammary terminal 
duct branching to progress to the stage at which ductules 
are formed, and fatty stromal growth to increase until it 
constitutes about 85% of the mass of the breast. GH (via 
IGF-1) and glucocorticoids play a permissive role.457,458 
These hormones interact with breast stroma and local 
growth factors to stimulate the development of breast 
epithelium. Lobulation appears around menarche, when 
multiple blind saccular buds form by branching of the 
terminal ducts. These effects are due to the presence of 
progesterone. The breast stroma swells cyclically during 
each luteal phase. Full alveolar development normally 
only occurs during pregnancy under the influence of  
additional progesterone and prolactin. Prolactin does not 
play a role in breast growth without priming by female 
hormones.459

Estrogen and progesterone also play a role in breast 
cancer susceptibility.460 Earlier than average age at men-
arche is a modest risk factor for breast cancer, regardless 
of BRCA status461,462; notably, however, breast cancer risk 
has not been shown to be increased in precocious pu-
berty, the BRCA1 gene normally restrains mammary 
growth, at least in part, by inhibiting expression of ERa 
and PRs, and cancer-related mutations reverse these  
processes.463

Pilosebaceous Unit

The pilosebaceous unit (PSU), with but few exceptions, 
consists of both a piliary and a sebaceous component.464 
Androgens are a prerequisite for the growth and develop-
ment of PSUs in their characteristic pattern. Androgens 
exert their effects both on the dermal papilla, which regu-
lates the hair growth cycle, and on PSU epithelium. Be-
fore puberty, the androgen-dependent PSU consists of a 
prepubertal vellus follicle in which the hair and sebaceous 
gland components are virtually invisible to the naked eye 
(Figure 15-30). Under the influence of androgens, in the 
sexual hair areas the PSU switches to producing a medul-
lated terminal hair follicle that expresses a unique type of 
keratin that is androgen responsive.465 The difference in 
the apparent density of sexual hair between men and 
women is due to differences in the density of terminal 
hairs that develop in response to androgen. In the balding-
prone area of scalp in individuals genetically predisposed 
to pattern alopecia, androgens weakly attenuate the hair 
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FIGURE 15-29 n   The layers of vaginal epithelium of the well-
estrogenized adult. The superficial layer contains surface cells 
that are cornified (squamous) with eosinophilic cytoplasm 
and pyknotic nuclei (a) as well as large intraepithelial cells 
that are also karyopyknotic but basophilic (b). The intermediate 
zone contains basophilic cells that have less cytoplasm and 
intermediate-size nuclei (c). Parabasal and basal cells have 
successively smaller amounts of basophilic cytoplasm and 
more vesicular nuclei (d, e). This image can be viewed in full 
color online at ExpertConsult. (Modified from Wilkins, L. (1968). 
The diagnosis and treatment of endocrine disorders in childhood 
and adolescence. Springfield, IL: Charles C Thomas.)
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growth cycle, so that the PSU gradually generates only 
vellus follicles.466 In acne-prone areas, androgen causes the 
prepubertal vellus follicle to develop into a sebaceous  
follicle, in which the sebaceous epithelium develops and 
the hair remains vellus. Adrenarchal levels of androgens 
suffice to successively initiate sebaceous gland develop-
ment and the growth of pubic hair. Progressively greater 
amounts of androgen are in general required to stimulate 
terminal hair development along a pubic to cranial gradi-
ent. All these effects of androgen are to some extent re-
versible by antiandrogens.

Estrogens modestly stimulate hair growth, probably by 
inhibiting the catagen (resting) phase of the hair cycle467; 
this may well be due to induction of androgen receptors 
by estrogen. Estrogens also directly inhibit sebum secre-
tion. GH synergizes with androgen action on the PSU, in 
part by acting through IGF-1. Retinoic acid receptor ago-
nists antagonize the effects of androgen on the sebaceous 
gland by inhibiting sebocyte proliferation and differentia-
tion. Insulin, prolactin, glucocorticoids, thyroxine, and 
catecholamines also play roles in PSU growth, develop-
ment, and function.

Bone

Increased secretion of sex hormones clearly initiates the 
pubertal growth spurt. About half of this effect of sex 
hormones is due to their stimulation of the GH-IGF 
axis.468 The remaining effects of sex steroids on skeletal 
growth are direct.469,470

Differences between the actions of sex hormones con-
tribute to women’s bones being shorter and narrower than 
men’s.471,472 The basis for these differences are diverse and 
involve interactions with IGF-1 and effects on cortical, 
cancellous, and periosteal bone formation.

Estrogen and androgen both stimulate epiphyseal 
growth. E2 is the critical hormone that brings about 

epiphyseal closure.473 Estrogen also is particularly effec-
tive in reducing bone turnover. To some extent these  
effects may be prenatally programmed.474

Bone accrual during puberty is a major determinant  
of adult fracture risk. Menarche after 15 years carries a 
1.5-fold increase in fracture risk, and the risk rises with 
age of menarche.475

Adipose Tissue

Women have a greater percentage of body fat than 
men.476 During puberty they develop both more and 
larger fat cells than men in the lower body. Serum levels 
of leptin rise throughout puberty to reach higher levels in 
females than males,248 whereas levels of the antilipolytic 
adipocytokine adiponectin remain stable in females but 
fall in males.477

The reasons for this sexual dimorphism are complex. 
Androgens inhibit adipogenic differentiation of human 
mesenchymal stem cells and pluripotent cells reciprocally 
to their stimulation of the myogenic lineage, in a dose-
dependent fashion.478,479 The role of estrogen itself in 
body fat accrual is unclear. In young women estrogen 
promotes lipogenesis and a lower-body (gluteofemoral) 
fat distribution; this contrasts with androgen, which gen-
erally promotes lipolysis and upper-body (visceral) fat 
accumulation. However, hypogonadal adults become 
obese. Studies in rodents suggest that estrogen deficiency 
causes obesity and that estrogen reverses this effect; the 
data are compatible with estrogen stimulating energy 
expenditure and weight loss by a hypothalamic effect.426 
In rats, progesterone counters the estrogen effect. In 
humans, use of the progesterone analogue megestrol ac-
etate is approved to stimulate appetite and weight gain; 
use of progestins is associated with insulin resistance.480

Central Nervous System

Genetic, epigenetic, biologic, social, and psychological 
factors are all important determinants of gender-related 
aspects of human development and behavior. Sex chro-
mosomes directly affect sexually dimorphic neuronal dif-
ferentiation.481 The maternally inherited X chromosome 
is preferentially expressed in glutamatergic neurons of the 
cerebral cortex, and sex-specific imprinting of autosomal 
genes of the hypothalamus is common in females.482 
These findings suggest sex-specific parent-of-origin influ-
ences over neurologic and hypothalamic function of  
offspring.

Considerable evidence supports the concept that sex 
hormone exposure prenatally or during the period of 
transient activation of the hypothalamic-pituitary- 
gonadal axis of the neonate organizes gene expression 
and neural substrates in a sexually dimorphic manner. 
This predisposes to sex-typical behavior or function that 
is activated when the child is exposed to the sex-specific 
pubertal hormonal milieu.483,484

Several human brain structures are sexually dimorphic, 
some becoming so at puberty.485-487 In lower species, sexu-
ally dimorphic nuclei develop only if the brain is exposed 
to androgen during a critical time in the newborn period, 
but not if the androgen exposure is too late or too little. 

FIGURE 15-30 n   Role of androgen in the development of the pilo-
sebaceous unit. Androgens (solid lines) are responsible for the 
patterned differentiation of the pilosebaceous unit at puberty. 
Dotted lines indicate effects of antiandrogens. Hairs are depicted 
only in the anagen (growing) phase of the growth cycle. In bald-
ing scalp (bracketed area), terminal hairs not previously depen-
dent on androgen regress to vellus hairs under the influence of 
androgen. (From Rosenfield, R. L., & Deplewski, D. (1994). Role of 
androgens in the developmental biology of the pilosebaceous unit. 
Am J Med, 97, 80.)
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For example, in rats the preoptic nucleus of the hypo-
thalamus is larger in males, and treatment of newborn 
females with testosterone or E2 permanently increases 
neuronal development and causes subsequent masculin-
ized sexual behavior and anovulation.13,488

This and many other such effects appear to be medi-
ated by the intraneuronal aromatization of testosterone 
to E2 in a manner that is regulated in a site- 
specific fashion by androgen and estrogen.489,490 Thus, it 
has been postulated that low levels of E2 promote the 
development of the brain and greater amounts masculin-
ize it. These higher levels of estradiol are generated in  
the male brain by neuronal aromatization of circulating 
testosterone. Estrogen receptor-a knockout in female 
mice reduces sexual behavior and parenting behavior 
while increasing aggressiveness.491 On the other hand, 
some masculinizing effects of testosterone on behavior 
are androgen specific.492

Androgen has been shown to up-regulate brain 5a-
reductase and aromatase only in the perinatal period.493,494 
There is also sexual dimorphism in cerebral progestin 
receptors, and progesterone attenuates the testosterone 
effect on the brain and reduces the number of estrogen 
receptors in the cerebral cortex.495,496

Sex hormones also have diverse effects on areas of the 
adult brain that variously exhibit apoptosis-mediated 
morphologic plasticity in synaptic patterns or are  
involved in reproductive behavior and function and non-
reproductive functions such as memory and learning. 
Estrogen, for example, alters the pattern of synaptic con-
nections in spatially specific and precise patterns that 
appear to fine-tune the sensitivity of certain regions of 
the brain to excitatory and inhibitory amino acids.497,498 
Hypothalamic changes in synaptic remodeling have been 
correlated with the preovulatory surge of GnRH. Andro-
gen up-regulation of androgen receptor levels and the 
nuclear size of sexually dimorphic hypothalamic areas of 
the brain has been shown to occur in adult animals.499,500 
Progestins seem to protect against brain injury in adults, 
but studies indicate that they act oppositely in immature 
animals, possibly in relation to maturational changes in 
GABA action.501,502

On average, women tend to perform better than men 
on tasks that involve verbal skills, processing speed and 
accuracy, and fine-motor skills, whereas men tend to ex-
cel in visual-spatial memory; the sexes do not differ in 
vocabulary or math skills.484,503-505 These differences are 
quantitatively modest, of the order of 0.4 to 1 SD, lead-
ing, therefore, to large overlaps in these skills between 
the sexes. The male advantage in visual-spatial skills is 
established by 4.5 years of age. Because both boys and 
girls who are congenitally sex hormone deficient are rela-
tively poor in visual-spatial abilities, and sex hormone 
treatment at puberty does not ameliorate these deficits, 
this difference seems to be the result of estrogen- 
mediated patterning in both sexes. The extent to which 
these differences are innate or due to sociocultural fac-
tors is a subject of considerable debate.

A wide variety of sexual behaviors can be found in 
young children, but normally they have a different char-
acter than in adults.506 Gender identity is established 
by 3 years of age.486 Sexual orientation is established by 

10 years of age; it has been postulated that this is depen-
dent on adrenarche rather than true puberty.507 Early 
pubertal amounts of androgen or estrogen have little  
effect on sexual behaviors but increase some aspects of 
aggressive behavior.508,509 Only later in puberty is there 
activation of the sex drive, which has been programmed 
in early development.

A male level of androgen acting through the androgen 
receptor pre- or perinatally seems to be an important 
determinant of male gender role behavior and mildly 
disruptive to female gender identity.486,510 Differences in 
the size of specific brain structures in men with gender 
identity disorders has raised the possibility that these 
disorders similarly have a biologic basis. In homosexuals, 
the human homologue of the rat preoptic nucleus is 
smaller than that of heterosexual men, as is the case in 
females,511 and the anterior commissure is larger than 
that of heterosexual men or women.512 In male-to-female 
transsexuals, a nucleus within the stria terminalis is small, 
female sized.513 Male homosexuals have a pattern of 
nuclear activation in response to pheromone-like chemo-
signals like heterosexual women rather than like hetero-
sexual men, and homosexual women have an intermediate 
type of activation.514

Androgen and estrogen metabolites in sweat and 
urine, which contain unusual steroids such as androst-
4,14-diene-3-one,515 have been found to exert sexually 
dimorphic activation of the anterior hypothalamus that  
is independent of their odor.514 Therefore, they appear 
to act as pheromone-equivalent chemosignals. Human 
pheromones appear to modulate the timing of ovula-
tion516 and mood.517 It is likely that a dedicated popula-
tion of olfactory receptors that project to GnRH neurons 
act as pheromone receptors.518

Other Targets of Sex Hormone Action

Sex steroid hormones affect a wide variety of tissues in 
ways that are often unrecognized. An estrogen effect on 
stabilizing muscle integrity has been noted in muscular 
dystrophy.519 Female and male sex steroids exert both 
complementary and antagonistic effects on immune 
function, but the extent to which differences in sex ste-
roid levels underlie sex differences in immune function 
is unclear. Estrogen down-regulates blood levels of the 
inflammatory cytokine interleukin-6.520

The cardiovascular effects of estrogen include up- 
regulation of estrogen and progesterone receptors in 
vascular tissue and nongenomic effects on endothelial ni-
tric oxide synthase.521 Estrogens and progestins also exert 
hemostatic effects that are associated with increased resis-
tance to the anticoagulant action of activated protein C.522 
Although estrogen improves the disturbed endothelial 
dysfunction of young hypogonadal women and is neces-
sary for the cardioprotective effect of exercise,523 oral 
conjugated estrogen use with and without medroxypro-
gesterone have been found to increase cardiovascular  
risk in postmenopausal women. However, such cardiovas-
cular risks were not found in users of transdermal E2 
doses # 50 mg daily, whether or not combined with 
progestin.524,525 Whether these results apply to premeno-
pausal females or to other forms of estrogen is an area of 
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active research. Current evidence suggests that estrogen 
protects against the development of atherosclerosis but 
may be harmful after atherosclerosis is established.526,527

Oral contraceptives containing estrogen carry about a 
four-fold increased risk of venous thromboembolism in 
first-time users.528,529 The risk falls with decreasing dose 
of estrogen and duration of use and may double in those 
containing the third-generation progestins drospirenone 
and desogestrel. Nevertheless, the risk is less than that  
of pregnancy. Progestin-only contraceptives are not  
associated with any increased risk of venous or arterial 
thrombosis.528,530

The differences between the sexes in lipid levels are 
not explained by physiologic differences in estrogen lev-
els.531 Although oral estrogens raise triglycerides, this is 
due to a first-pass hepatic effect. Differences in androgen 
(lowers high-density lipoprotein [HDL] cholesterol) and 
progesterone (lowers triglycerides and HDL-cholesterol) 
levels only explain part of the difference.

NORMAL SEXUAL MATURATION: 
HORMONAL AND PHYSICAL STAGES
The Fetus and Neonate
Steroid hormone levels from birth through puberty are 
shown in Table 15-1.15,83,532-534 The fetus grows in a 
richer steroidal milieu than the pubertal female owing to 
the function of the fetoplacental unit. Concentrations of 
estrogens in fetal serum are extremely high. The umbili-
cal cord plasma free testosterone level is modestly greater 
than that in normal adult females.358 Dehydroepiandros-
terone sulfate is at an adrenarchal level in the neonate. 
Pubertal hormone levels fall to a nadir within the first 
week of withdrawal from the intrauterine environment 
and then rise to maximal values in the early pubertal 
range at 3 to 4 months of age, as discussed in reference to 
Figures 15-5 and 15-8.

In premature infants, the “neonatal minipuberty” 
evolves according to a developmental program based on 
gestational age. Gonadotropin and sex steroid levels be-
come normal for term infants when term gestational age 
is achieved. Adrenal contributions to steroid levels are 
higher in premature infants due to the persistence of the 
fetal adrenocortical zone and immaturity of the definitive 
adrenocortical zones.535-537 Meanwhile, ovarian develop-
ment and function lag, whereas compensatory gonado-
tropin levels are higher in premies.18,538

The newborn shows some signs of the pubertal degree 
of hormonal stimulation from the intrauterine environ-
ment. Hypertrophic labia minora and superficial cell 
transformation of the urogenital epithelium are consis-
tently observed estrogen effects, and a palpable breast 
bud is present at term in one third of babies.532 Menstrual 
bleeding and colostrum production sometimes occur as 
the newborn is withdrawn from the estrogenic environ-
ment. Sebaceous gland hypertrophy results from the an-
drogenic state,539 and the clitoral shaft sometimes is 
prominent, particularly in small premature babies.441

The activation of the hypothalamic-pituitary-gonadal 
axis of the newborn seems to be sufficient to sustain 
breast development through the first several months of 

life.79 These phenomena then regress gradually over the 
first 2 years of life as the inhibitory tone of the neuroen-
docrine-gonadal axis undergoes juvenile maturation. 
Whether the transient activity of the neuroendocrine-
gonadal axis in the newborn (“minipuberty of the new-
born”) has a programming influence on subsequent  
behaviors remains unclear.486

Childhood
As the neuroendocrine-gonadal axis becomes quiescent 
and the fetal zone of the adrenal cortex regresses, ste-
roid hormone levels fall through infancy to reach  
a nadir in mid-childhood (see Table 15-1). Although 
gonadotropin levels are low, there is considerable  
evidence that secretion of bioactive gonadotropins is 
occurring. Though there is seldom obvious sexual  
development as a consequence of prepubertal gonado-
tropin production, there is a low level of bioactive go-
nadotropin production (see Figure 15-13) and ovarian 
follicular development28,76,77 and occasional evidence of 
transient estrogen secretion.540

Adolescence
Hormonal

The earliest hormonal change during the preadoles-
cent years is the adrenarchal rise in DHEAS (see Table 
15-1). The earliest hormonal changes of true puberty 
occur gradually during late preadolescence—clinically 
prepubertal 10-year-olds develop greater average go-
nadotropin and sex hormone levels than do prepubertal 
7-year-olds.69

In the average girl, serum gonadotropins achieve pu-
bertal levels after 8 years of age. However, the chrono-
logic age at which puberty begins varies considerably 
among children. Therefore, the pubertal rise in gonado-
tropins is best appreciated by relating gonadotropin levels 
to pubertal stage. Daytime serum LH rises 25-fold from 
prepuberty to late puberty according to bioassay, but this 
rise is underestimated by polyclonal radioimmunoassay 
(see Figure 15-13).94 “Third-generation” immunometric 
assays, using monoclonal antibodies and a more purified 
standard than earlier radioimmunoassays, show a rise 
similar to that found by bioassay.67,69

The hallmark of early puberty is an increase in the sleep-
related rise in LH (see Figure 15-12).69,93 Daytime sam-
pling underestimates the rise in gonadotropins in early 
puberty because it does not detect most of this sleep-related 
increase. In early puberty, third-generation assays show 
that LH rises during sleep to reach peaks in the lower adult 
range, generally above 1 U/L, and then typically falls dur-
ing the day to 0.6 U/L or less.69,83,541,542 A single daytime 
sample does not necessarily truly represent a child’s puber-
tal status because it does not account for episodic and cyclic 
changes in gonadotropin secretion (see Figure 15-12).91,543 
The serum LH response to GnRH is slightly more indica-
tive of the pubertal status than a morning basal sample (see 
Figure 15-9) (see Table 15-1).85,541,542 An LH level 1-hour 
post-GnRH agonist of $ 3.2 U/L is 90% sensitive and 
$5.5 U/L is 95% specific for the onset of puberty in girls.83 
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The response of LH to GnRH or GnRH agonist admin-
istration increases more than that of FSH during puberty, 
with a resultant increase in the LH:FSH ratio.67,544 
GnRH agonists add a dimension to GnRH testing: they 
provide a sufficiently potent and prolonged stimulus to 
LH and FSH release to bring about an increase in ovar-
ian E2 secretion in pubertal girls.545 These responses 
likewise increase characteristically with sexual maturation 
(see Figure 15-6).58

Sex hormone levels rise further as the consequence of 
ovarian and adrenal maturation. Pubertal levels are inter-
mediate between those of prepubertal and sexually ma-
ture individuals. Table 15-1 shows typical normal ranges 
for serum levels of the major steroid hormones. Once 
pubertal levels of estrogens and androgens are achieved, 
their effects ordinarily become obvious within 6 months.

Serum prolactin rises moderately in females at about 
14 years of age.546 This may be a response to estrogen 
secretion, because it does not occur in boys.

Clinical

The first physical sign of puberty is breast development 
(thelarche). In a minority of girls, pubic hair develop-
ment (pubarche) occurs before thelarche. Thelarche rep-
resents a response to estrogen, and pubarche a response 
to androgen. When pubarche precedes thelarche, it is a 
reflection of adrenal androgen production (adrenarche) 
rather than a sign of puberty. The stages of breast and 
pubic hair development are shown in Figure 15-31.547,548 
Tanner stage 1 is prepubertal. The initial stage of breast 
development (stage 2, B2) is appreciated as a palpable 
subareolar bud before it can be seen as an elevation. 
Stage B3 is obvious enlargement and elevation of the 
whole breast. Stage B4, the phase of areolar mounding, is 
very transient and may not necessarily appear. Stage B5 
is the stage of attainment of mature breast contour. Pubic 
hair first starts as presexual pubic hair development 
(PH2)—hairs which are shorter, lighter, and straighter 
than sexual pubic hairs but longer than vellus body hair. 
Hypertrichosis is sometimes mistaken for stage 2 pubic 
hair; these can be differentiated by comparing genital 

hair to hair on the forearm. Sexual pubic hair develop-
ment (PH3)—curly terminal (long, dark) hair—usually 
commences on the labia majora before spreading to the 
pubis. Pubic hair then gradually progresses to the mature 
female escutcheon (inverted triangle pattern, stage 5). 
Axillary hair usually appears about a year later than pubic 
hair and passes through similar stages.

The age at which pubertal milestones are normally  
attained is not known with certainty. There has been con-
siderable debate about the normalcy of pubertal changes 
between 6 and 8 years of age.185,198,549 The debate stems 
from office practice observations that breast and pubic hair 
development were found more frequently than expected in 
black girls in this age range, whereas the age of menarche 
was unremarkable. The increasing prevalence of obesity 
interacting with ethnic factors now appears to be a major 
factor in this early onset of puberty.243 The prevalence of 
pubertal milestones has been estimated for the general 
U.S. population by modeling data collected on children  
8 years of age and older by the National Health and Nutri-
tion Examination Survey III (NHANES III).193,194,243 Al-
though NHANES data has the advantage of nationally 
representative sampling, the quality of the data for early 
breast and pubic hair development is questionable, and 
modeling assumptions that permit extrapolation to 
younger ages may not be valid.243,550,551 The ages at which 
the major pubertal milestones are currently attained in 
normal-weight U.S. girls according to this database are 
given in Table 15-3.243 It appears that puberty begins be-
fore 8 years in , 5% of the normal general female popula-
tion, although breasts may normally appear during the  
7th year in blacks and Mexican Americans.

An important normal variable is the span of time be-
tween the onset of breast development (B2) and men-
arche. The concept that this is constant at 2.3 6 1 year 
regardless of the age at which B2 occurs547 has been chal-
lenged. In several normal populations of girls observed 
longitudinally, the onset of puberty was only weakly cor-
related with the age at menarche, and the earlier puberty 
began, the longer its duration and the greater the incre-
mental growth so that height potential was preserved.552-554 
These studies suggest that the factors governing the onset 
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FIGURE 15-31 n   The stages of breast and pubic hair development. 
 (Redrawn from Ross, G. T., Vande Wiele, R. (1974). The ovary. In R. 
H. Williams (Ed.), Textbook of endocrinology (5th ed.) Philadelphia, 
WB Saunders.)

Stage 5% 50% 95%

Breast stage 2 8.25 10.2 12.1
Pubic hair stage 3 9.25 11.6 13.9
Menarche 11.0 12.6 14.1

TABLE 15-3  Pubertal Milestone Attainment in 
Normal BMI Girls in the General 
U.S. Population (Estimated Age in 
Years)*

*Breasts appear before age 8 years in 12% to 19% and sexual pu-
bic hair (stage 3) in # 3% of normal-BMI non-Hispanic black and 
Mexican-American girls. Menarcheal milestones are attained at 
similar ages in these ethnic groups except for the 5th percentile 
being significantly earlier in blacks (10.5 years) than non-Hispanic 
whites (11.3 years).

Adapted from Rosenfield, R. L., Lipton, R. B., & Drum, M. L. (2009). 
Thelarche, pubarche, and menarche attainment in children with 
normal and elevated body mass index. Pediatrics, 123, 84–88.
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of puberty and its tempo differ. Longitudinal and hor-
monal data are compatible, with excess adiposity slowing 
the tempo of puberty, although less so than prepubertal 
adiposity advances puberty onset.552,554-556 A subgroup 
of early maturers with a history of intrauterine growth 
retardation seem to have an unusually rapid tempo of 
puberty and lose height potential.557

The onset of puberty is more closely related to an 
individual’s bone age than to chronologic age. This is 
particularly important in the case of subjects who are 
later than average in entering puberty, as discussed  
previously. The great majority of girls can be expected  
to begin puberty by the time their skeletal age reaches 
12.5 years and to experience menarche by the time skel-
etal age reaches 14 years.

The pubertal growth spurt in girls occurs during early 
adolescence. The peak of linear growth velocity corresponds 
most closely with stage B2,558 and the increase in serum 
alkaline phosphatase levels corresponds with B3.559 Fat ac-
cumulation increases, and fat distribution changes as well.552 
As a consequence of these pubertal changes occurring out of 
phase with chronologic age, girls begin to differ considerably 
in size and habitus during the ninth year of life.

Adult Menstrual Cycle

The menstrual cycle of young adults averages 28 days in 
length (90% population limits, 22 to 42 days after the fifth 
gynecologic year).560 The variation in cycle length is almost 
entirely due to differences in the duration of the follicular 
phase. The luteal phase, the time between ovulation and 
the onset of menses, invariably lasts 14 6 1 (SD) days.123

The cyclic changes of LH, FSH, E2, and progesterone 
serum levels during the menstrual cycle are shown in  
Figure 15-14. Diurnal and episodic fluctuations are super-
imposed upon these diurnal changes. Because testosterone 
and androstenedione have both adrenal and ovarian ori-
gins, their levels fluctuate to some extent in cyclic, diurnal, 
and episodic patterns. For example, testosterone levels 
tend to be 20% greater in the morning than in the evening 
and tend to rise 50% to 100% in midcycle.122,561 The 
normal range for most of the important ovarian sex hor-
mone levels of women during the early follicular phase of 
the menstrual cycle is given in Table 15-1. Progesterone 
levels are below 100 ng/dL until the periovulatory phase 
of the cycle and then peak to over 500 ng/dL in the mid-
luteal phase. Hormonal production rates for the midfol-
licular phase in women are given in Table 15-2. Serum 
prolactin increases transiently in midcycle with maximum 
ovarian E2 secretion.562 Prolactin levels also transiently 
rise in response to mammary stimulation and psychologi-
cal factors.563

Normal Variations in Pubertal 
Development
Although the onset of breast development (stage B2) 
characteristically precedes the appearance of sexual pubic 
hair (PH3) and the onset of menses substantially (see 
Table 15-3), there is normally considerable variation 
in the sequence of these events. Pubic hair may appear 
before breasts begin to develop, a situation arising from 

lack of direct linkage between adrenarche and gonad-
arche. Menarche may occur within months after the  
appearance of breasts; however, this is so unusual that  
its occurrence demands exclusion of an abnormal hyper-
estrogenic state.

A common normal variant is the unilateral onset of 
breast development. Unilateral breast development may 
exist up to 2 years before the other breast becomes pal-
pable. This phenomenon seems related to an asymmetry 
that normally persists into adulthood. Excisional biopsy 
of a normal unilateral breast papilla in search of a nonex-
istent tumor should be avoided, because such a procedure 
excises the entire breast anlage.

Two extreme variations of normal are the most com-
mon causes of premature sexual development.564 These are 
the isolated appearance of breast development (premature 
thelarche) and the isolated appearance of sexual hair 
(premature pubarche).

Premature Thelarche

Breast development before 8 years usually seems to be due 
to idiopathic subtle overfunction of the pituitary-ovarian 
axis, occurring in girls whose FSH levels tend to be sus-
tained about the upper end of the prepubertal normal 
range.540 Average serum levels of FSH at baseline and in 
response to GnRH are significantly increased, whereas 
those of LH are not. E2 levels are generally below the level 
of detection in most standard assays, but they are signifi-
cantly elevated according to ultrasensitive assay,565 and 
intermittent low-grade estrogenization of the urogenital 
mucosa is sometimes found (see Figure 15-11). Ovarian 
ultrasound examination shows an increased prevalence of 
antral follicles (“microcysts”). Nevertheless, a growth 
spurt does not occur, the bone age does not advance ab-
normally, and menses does not appear until the usual age.

In infants the syndrome seems to be due to a lag in  
inhibition of the transient activation of the hypothalamic-
pituitary-gonadal axis of the newborn and is usually unsus-
tained. In older children the breast development is more 
likely to persist. A subgroup with “exaggerated thelarche” 
has an increased growth rate with relatively proportionate 
bone age advancement. The unsustained or intermittent 
neuroendocrine activation seems to lie on a spectrum be-
tween ordinary premature thelarche and true sexual pre-
cocity (Figure 15-32).566 However, the McCune-Albright 
syndrome mutation is found in the peripheral blood of 
about 25% of such patients.567 Premature thelarche may 
be the first sign of feminizing disorders (see “Precocious 
Puberty”). Therefore, follow-up of these patients is  
indicated.

Premature Pubarche

Pubarche before 8 years of age usually is due to “prema-
ture adrenarche,” which is indicated by adrenarchal  
androgen levels—that is, DHEAS 40 to 130 mg/dL with 
other androgen levels in the marginally early pubertal 
range (see Table 15-1).15,568 However, it may occur at 
androgen levels that are less (“idiopathic premature 
pubarche”) or more (“exaggerated adrenarche”). The 
androgen excess is ordinarily so subtle that the only other 
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sign of increased androgen production may be micro-
comedonal acne and apocrine body odor. There is no 
obvious growth spurt, the bone age typically does not 
advance abnormally, and there are no other signs of  
sexual maturation.

Exaggerated adrenarche is an extreme type of prema-
ture adrenarche. These girls have clinical features that 
suggest subtle androgen excess (e.g., significant bone age 
advancement, but not clitoromegaly) or insulin resis-
tance (e.g., central adiposity or acanthosis nigricans). 
Such children generally have a slightly advanced onset of 
true puberty, but height potential is not compromised. 
Adrenal steroid levels are in the mid- or late pubertal 
range (e.g., DHEAS . 130 to 185 mg/dL, androstenedi-
one . 75 to 99 ng/dL, or post-ACTH 17-hydroxypreg-
nenolone . 750 ng/dL). Testosterone does not exceed 
the lower end of the adult female range.

It is unclear whether premature adrenarche is simply 
an extreme normal variant due to advanced onset of nor-
mal zona reticularis development or an early manifesta-
tion of the steroidogenic dysregulation of polycystic ovary 
syndrome. Carriers for congenital adrenal hyperplasia 
may be overrepresented in this group.569,570 Premature 
adrenarche appears to carry about a 10% to 20% risk of 
developing polycystic ovary syndrome; it is unclear 
whether those with exaggerated adrenarche are primarily 
at risk. The differential diagnosis includes virilizing disor-
ders, of which nonclassic congenital adrenal hyperplasia is 
the most common. Girls with premature adrenarche 
should be followed through puberty.

Constitutional Delay of Pubertal 
Development

By statistical definition, delayed puberty occurs in 3% of 
girls. Most of these girls are otherwise normal, in which 

case this is termed constitutional delay of growth and puber-
tal development. It is familial195,196; 80% in a large series 
had a parent with objectively delayed puberty.571 
Although its inheritance likely is complex, some predis-
posing genetic factors seem to have a dominant effect. 
Delayed puberty seems overrepresented in families with 
idiopathic hypogonadotropic hypogonadism or hypotha-
lamic amenorrhea cases, and rare variants in genes  
underlying these conditions appear to contribute to the 
etiology.572,573 Girls with constitutional delay are gener-
ally more slight in habitus and have lower bone mineral 
density upon entering puberty than earlier maturing 
girls.574 Girls do not usually become concerned about 
delayed puberty until they enter high school at 14 years 
of age and realize that not only has pubertal development 
not begun but most of their friends are menstruating. 
When puberty does ensue in such girls, it is perfectly 
normal in tempo. Endocrinologic status is normal for the 
stage of puberty. The differential diagnosis includes 
chronic endocrine, metabolic, and systemic disease of al-
most any kind, as well as gonadotropin deficiency, which 
it closely resembles and from which it is distinguished 
with difficulty (see “Gonadotropin Deficiency” and the 
discussion of functional hypothalamic amenorrhea pre-
sented in “Hypothalamic Anovulation”).

Physiologic Adolescent Anovulation

Because of immaturity of the hypothalamic-pituitary-
ovarian axis, about half of menstrual cycles during the first 
2 years after menarche are anovulatory or have attenuated 
ovulation that results in luteal insufficiency.575-577 This ac-
counts for the greater menstrual irregularity and longer 
average intermenstrual length in the early postmenarcheal 
years than in adults (Figure 15-33).560,578 Although about 
half of these seemingly “anovulatory” cycles are irregular, 
half are of normal length by adult standards, so men-
strual regularity is greater than ovulatory frequency would 

FIGURE 15-33 n   Normal range for interval between menstrual 
cycles. Note that cycle intervals averaging more than 90 days or 
fewer than 22 days are abnormal at any age. P5 and P95 5 5th 
and 95th percentiles, respectively. (Modified from Treloar, A., 
Boynton, R., Benn, B., & Brown, B. (1967). Variation of human men-
strual cycle through reproductive life. Int J Fertil, 12, 77–84.)

FIGURE 15-32 n   The spectrum of gonadotropin secretion in girls. 
Normal girls are conceptualized as having a small amount of 
pituitary-ovarian axis activation, which is more than that of 
congenitally hypogonadotropic girls. Premature thelarche, ex-
aggerated thelarche, slowly progressive precocity, and rapidly 
progressive precocity fall along a spectrum of increasing activa-
tion of the axis—with deterioration of height potential occurring 
only in those near the most activated end. This image can be 
viewed in full color online at ExpertConsult. (Modified from Kreiter, 
M. L., Cara, J. F., & Rosenfield, R. L. (1993). Modifying the outcome 
of complete precocious puberty: to treat or not to treat. In G. D. Grave, 
& G. B. Cutler (Eds.), Sexual precocity: etiology, diagnosis, and man-
agement (pp. 109–120). New York: Raven Press.)
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suggest. Although there is considerable variation in the time 
it takes for menstrual cycles to mature, menstrual regularity 
approximates adult standards in most girls within a year  
of menarche: three quarters have a cycle length between  
21 and 45 days, and 5% more fall within these bounds by 
each of the next 3 years.575,576 By the fifth gynecologic year 
onward, 90% of menstrual cycles last 21 to 40 days, and 
about 75% of cycles are ovulatory, though ovulatory ade-
quacy continues to mature for several years thereafter.

Menstrual abnormalities in adolescence can be defined 
similarly to those in adults.578,579 Primary amenorrhea is 
failure to begin menses at a normal age (by 15 years of age 
or within 3 years of thelarche). Secondary amenorrhea is the 
absence of menstrual periods for 90 days or more after 
initially menstruating. Oligomenorrhea is defined during 
the first postmenarcheal year as having fewer than four 
periods a year; during the second year as fewer than  
six periods a year; and from three until five years post-
menarche it is defined as fewer than eight periods per year 
(i.e., missing more than four periods per year, which 
amounts to . 45 days between menstrual periods). There-
after it is defined according to the adult criterion of hav-
ing less than 9 periods a year. Anovulatory bleeding  
may also be excessive, as discussed in the later section on 
Dysfunctional uterine bleeding.

Menstrual abnormalities in adolescents are more ap-
propriately considered “symptomatic” rather than be-
ing considered “physiologic” adolescent anovulation. 

By 1 year postmenarche, failure to establish and sustain 
a normal adult menstrual pattern carries approximately 
a 50% risk of persistent oligo-ovulation, and failure to 
do so by 2 years after menarche carries approximately a 
two-thirds risk (Figure 15-34).574 Thus, persistence of 
menstrual irregularity for 1 year or more is a strong 
indication for investigation (see “Abnormal Puberty”).

Serum LH, testosterone, and androstenedione levels 
are significantly higher in adolescents with anovulatory 
than those with ovulatory cycles.580,581 It is unclear 
whether this is the cause or the result of the anovulation; 
however, if hyperandrogenemia is found, it seldom re-
gresses.116 A polycystic ovary is common in adolescents 
and is usually a variant of normal, unless associated with 
menstrual abnormality or hyperandrogenism.73,116-118,121,534

Other Normal Adolescent Variations

There is considerable variation in the amount of acne, 
hirsutism, and adiposity among normal adolescent girls, 
most of which is related to familial factors. Three quar-
ters of adolescent girls experience some degree of acne, 
with one quarter experiencing mild inflammatory 
acne.582,583 The initiation of acne is more closely related 
to blood levels of DHEAS than of other androgens.

Profound psychological changes occur during adoles-
cence. Sexually immature girls tend to be socially imma-
ture, and the onset of puberty is associated with increased 

FIGURE 15-34 n   Probability that an adolescent with a menstrual abnormality severe enough to require gynecologic consultation will 
have continued menstrual abnormality. The lines show the cumulative rates at which subjects with menstrual abnormalities con-
verted to normal patterns. The heavy curve shows the overall incidence of continued menstrual abnormality in adolescents when 
considering both types of anovulatory manifestation (dysfunctional uterine bleeding and oligomenorrhea) regardless of time of 
onset. The dotted lines show those subgroups that differ most from the overall pattern. Other subgroups fall within approximately 
5% of the mean for the entire group. Note that dysfunctional uterine bleeding of onset within 1 year of menarche carries the worst 
prognosis for continuing menstrual abnormality (upper dotted line). Note also that oligomenorrhea of relatively short duration  
occurring after a normal menstrual pattern has been established carries the best overall prognosis. Nevertheless, it can be seen that 
if the menstrual abnormality persists for 1 year there is about a 50% probability, and if for 2 years there is nearly a 67% probability, 
that the patient will not spontaneously evolve to normal cycles. Similarly, if the problem persists for 5 years, there is an 80% likeli-
hood of persistence of the abnormality. (Redrawn from Southam, A. L., & Richart, E. M. (1966). The prognosis for adolescents with 
menstrual abnormalities. Am J Obstet Gynecol, 94, 637.)
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independence and profound changes in outlook on life 
and intellectual capacities. The extent to which these 
developments occur in reaction to the physical changes 
of puberty and the extent to which they are direct effects 
of sex hormones are unknown. Masculine tomboyish 
traits usually have no clear hormonal basis, although 
there is some evidence that they may have prenatal hor-
monal determinants. Social interactions have effects on 
these aspects of development. They affect even the  
synchrony of the menstrual cycle.584

Despite the popular notion that adolescence is in-
herently a period of turmoil, the majority of teenagers 
do not develop significant social, emotional, or behav-
ioral difficulties.585 Occasional experimentation and 
risk-taking are normal, as are withdrawal from and 
conflict with parents. Adolescent behavior must be  
understood in the context of individual susceptibility, 
family upbringing and interactions, peer group interac-
tions, changes in brain maturation, and adolescents’ 
reaction to their perception of the bodily changes  
and to the sexual urges that are the direct consequences 
of puberty. Simply because a problem is displayed  
during adolescence does not mean that it is a direct 
consequence of puberty.

Many behavioral problems that emerge during ado-
lescence have earlier roots. Although the prevalence of 
depression increases during puberty, many children who 
develop depression during adolescence have had preex-
isting symptoms of psychological distress. Likewise, 
most delinquent teenagers have had antecedent prob-
lems at home and school.

Early-maturing girls in Western cultures are more 
popular, but they have more emotional problems, lower 
self-image, and higher rates of depression, anxiety, and 
disordered eating than their peers. Early maturation ap-
pears particularly to be a risk factor for problem behavior 
among girls who have had a history of difficulties prior to 
adolescence, when they have more opposite-sex friendships 
and relationships, and when they attend coeducational 
schools.

Short-term administration of testosterone or estrogen 
has minimal effects on behavior or mood in adoles-
cents.508,586 Thus, variation in hormone levels accounts 
for only a small fraction of adolescents’ affective issues, 
and social influences account for considerably more.  
Although there is little evidence that psychological diffi-
culties stem directly from hormonal changes during 
normal puberty, it is likely that the bodily changes of 
adolescence play a role in the development of a negative 
body image when they occur out of synchrony with  
sociocultural norms.

Problems with initiating and maintaining sleep are 
common in adolescents and contribute a small amount to 
poor school performance.587 Although insufficient sleep 
might be due to environmental factors (e.g., social and 
academic pressures), intrinsic factors clearly play an im-
portant role. A 50% decline in the intensity of deep (slow 
wave, delta) sleep occurs during adolescence, and half of 
this change occurs between 12 and 14 years of age.588 
Evidence indicates that this change is related to age and 
sex, beginning earlier in girls, but not to pubertal stage. 
It has been proposed that this shift is a manifestation of 

the widespread synaptic pruning that is related to the 
emergence of adult cognitive capacity.

The causal direction of the link between pubertal devel-
opment and the quality of family relationships has come 
into question. Several studies have indicated that family 
dynamics may affect the timing and course of puberty, 
with earlier and faster maturation observed among adoles-
cents raised in homes characterized by more conflict and 
among girls from homes in which the biologic father is not 
present.585

ABNORMAL PUBERTY
Abnormal Development
Disorders of Sex Development

Patients with disorders of sexual development (DSD) 
(formerly termed intersex)—those whose genitalia are 
ambiguous or inappropriate for their gonadal sex as  
a result of endocrinopathy—may come to a physician’s 
attention for the first time at puberty. These syn-
dromes have been categorized as 46, XX DSD, which 
encompasses cases formerly termed female pseudoher-
maphroditism and including 46, XX testicular DSD 
(formerly termed XX sex reversal); 46, XY DSD, which 
encompasses cases formerly termed male pseudoher-
maphroditism and including 46, XY complete gonadal 
dysgenesis (XY sex reversal, Swyer syndrome); and sex 
chromosome DSD, which includes Turner syndrome, 
Klinefelter syndrome, mixed gonadal dysgenesis, and 
chimeric ovotesticular DSD.486 In the absence of chro-
mosomal mosaicism, ovotesticular DSD, formerly 
termed true hermaphroditism, is categorized as either 
46, XX DSD or 46, XY DSD. Patients with any of 
these disorders may undergo inappropriate puberty. 
They may present with clitoromegaly and be found 
upon examination to have a degree of genital ambiguity 
that was previously overlooked. Virilization beginning 
at puberty is sometimes the presenting complaint. 
Ovotesticular DSD and 46, XX DSD due to congenital 
adrenal hyperplasia are compatible with fertility.366 
Androgen insensitivity syndrome in a genetic male may 
present as primary amenorrhea in an otherwise pheno-
typically normal adolescent girl. The disorders of sex-
ual differentiation are reviewed in detail in Chapter 5.

Congenital virilization of the female developmentally 
programs the emergence of polycystic ovary syndrome at 
puberty. These observations are consistent with studies of 
fetal androgenization of the female in several species, in-
cluding primates.15,16,589 There is a persistent increase in 
LH pulse frequency and impairment of the negative feed-
back effect of progesterone on LH release that appear to 
be related to suppression of hypothalamic PR in response 
to E2. Experimental animals exposed to androgen excess 
early in gestation develop classic polycystic ovary syn-
drome features: these animals have elevated LH levels, 
ovarian and adrenal hyperandrogenism, oligomenorrhea, 
and polyfollicular ovaries. They also have abdominal  
obesity, insulin resistance, impaired glucose tolerance, 
and dyslipidemia, which likewise appear to result from 
developmental programming.
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Genetic males with androgen insensitivity have low 
LH levels and poor LH responsiveness to GnRH in the 
neonatal period.54 Gonadotropin levels are normal to 
high at puberty, yet these individuals lack the capacity for 
positive feedback, which therefore appears to be medi-
ated by estrogen metabolites of testosterone.590

Other Dysgenetic Disorders

Failure of the onset of menses can result from structural 
abnormalities of the genital tract that do not have an en-
docrinologic basis. The hymen may be imperforate, which 
results in hydrocolpos if the vagina is intact. The vagina 
may be aplastic, which will result in hydrometrocolpos if 
the uterus is intact. The uterus may be congenitally aplas-
tic. Uterine synechiae develop as the consequence of en-
dometritis, which may result from infection or irradiation 
(Asherman syndrome). Congenital absence of the vagina 
may be associated with varying degrees of uterine aplasia; 
this is the Rokitansky-Kustner-Hauser syndrome.591 This 
syndrome seems to occur as a single gene defect or as an 
acquired teratogenic event involving mesodermal devel-
opment and the mesonephric kidney, the latter resulting 
in abnormalities of the genital tract and sometimes the 
urinary tract. A subtype due to Wnt4 gene defects is 
associated with hyperandrogenism.592

Precocious Puberty
Causes

When breast or sexual pubic hair development begins 
before the age of 8 years or when menses begins before 
the age of 9.5, puberty is traditionally considered preco-
cious, or premature. It should be kept in mind that breast 
development during the 7th year is within normal limits 
in ethnic minority girls. In addition, presexual pubic hair 
(stage 2) may be normal in 6- and 7-year-old ethnic  
minority girls.

Puberty can occur prematurely as an extreme  
variation of normal, because of a disturbance in the 
hypothalamic-pituitary-gonadal (HPG) axis normally 
involved in sexual maturation, or because of a distur-
bance outside the HPG axis. Depending on which 
part of this hormonal axis is involved, different forms 
of precocious puberty are distinguished. A classifica-
tion of the causes of premature puberty, together 
with typical findings, is given in Table 15-4.

It is important to distinguish between true precocious 
puberty and pseudoprecocious puberty. True precocious 
puberty is gonadotropin dependent; thus, central is an-
other term applied to this type of precocity. Maturation is 
complete: both breasts and pubic hair develop as the result 
of CNS activating pituitary secretion of the respective 
gonadotropins FSH and LH (although breast develop-
ment may be the sole manifestation of early complete 
precocity for as long as 6 to 12 months). Patients with true 
precocious puberty have “isosexual” precocity because the 
secondary sexual characteristics are appropriate for the 
sex of the child. Pseudoprecocious puberty is gonadotropin 
independent; it is not mediated by pubertal pituitary go-
nadotropin secretion and is sometimes termed peripheral. 

Maturation is incomplete, with only one type of secondary 
sexual characteristic developing early. Peripheral precoc-
ity has diverse causes. In some patients with pseudo- 
precocity, pubertal development is isosexual; in others it is 
contrasexual, meaning that characteristics of the opposite 
sex are manifested.

Complete Precocious Puberty.   True isosexual precoc-
ity results from pubertal function of the hypothalamic-
pituitary-gonadal axis. About 95% of true precocity in 
girls is idiopathic. Idiopathic true sexual precocity appears 
to be due to premature triggering of the normal pubertal 
mechanism. Pubertal development usually is qualitatively 
and quantitatively normal except for its early occurrence. 
The predominance of the idiopathic cases in females and 
its benign nature are compatible with the likelihood that 
this disorder is an extreme exaggeration of the normal 
tendency of girls to have relatively high gonadotropin 
levels. Most cases are sporadic, a few familial. The major-
ity of these patients seem to go on to have normal men-
strual cycles and fertility.593 Indeed, pregnancy has been 
documented to occur as early as 4 years of age.

Rapidly progressive puberty with a growth spurt  
ensues when activation of the pituitary-ovarian axis is 
sustained. However, precocious puberty is not necessar-
ily sufficiently intense or sustained to cause inexorable 
progression or bring about deterioration of height  
potential.594 Precocity in the 6- to 8-year age range usu-
ally is not rapidly progressive and most commonly 
seems to be due to excessive adiposity.243

Any type of intracranial disturbance can cause true  
isosexual precocity. These neurogenic disturbances are pre-
sumed to cause true sexual precocity by increasing the 
prevalence of excitatory inputs or by interfering with CNS 
inhibition of hypothalamic GnRH secretion.595 These 
include congenital brain dysfunction, such as cerebral 
palsy or hydrocephalus, or acquired disorders, such as  
irradiation,596 trauma, chronic inflammatory disorders, or 
masses in the region of the hypothalamus. The activation 
of GnRH release by hypothalamic injury may be mediated 
by TGF-a elaborated by reactive astrocytes. An empty 
sella is occasionally found.597 The precocity of neurofibro-
matosis type 1 (von Recklinghausen disease) usually results 
from an optic glioma, which is often of low-grade malig-
nancy, or from a hamartoma,598 though occasionally with 
neither.599 Hamartoma of the hypothalamus may cause 
central sexual precocity; this effect is most likely caused by 
an anatomic effect on hypothalamic structures rather than 
by acting as an “accessory hypothalamus” that releases 
pulses of GnRH into the pituitary portal circulation.600,601 
Figure 15-35 shows a hypothalamic hamartoma.

A small proportion of pineal tumors cause true sexual 
precocity.602,603 The incidence of sexual precocity is about 
3.5 times as great in nonparenchymatous neoplasms 
(such as gliomas and teratomas) as in parenchymatous 
pineal tumors. This suggests that these tumors cause 
sexual precocity via the absence of a normal pineal  
inhibitory factor rather than by destructive effects on 
inhibitory tracts. Although pineal masses may cause  
paralysis of upward gaze by pressure on the corpora 
quadrigemina, this sign is present in only a minority of 
cases.
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TABLE 15-4 Typical Findings in Female Sexual Precocity

Locus Type HA* BA* Estrogens† Androgens† LH/FSH† Pathology Characteristics

Complete Precocity (Central, Gonadotropin-Dependent)
Hypothalamic Isosexual 1 11 1 1 1 Idiopathic

Neurogenic
Advanced somatic 

maturation

95% of female cases

Incomplete Precocity (Peripheral, Gonadotropin-Independent)
Normal variant Isosexual 2 2 6 2 6 None Thelarche

Isosexual 2 2 2 6 2 None Pubarche/adrenarche
Neuroendocrine Contrasexual 1 11 2 1 1/111 LH/hCG excess Familial or tumor

Isosexual Low Low 2 2 1 Hypothyroid Growth arrest
Ovary Isosexual 1 11 1/111 2 6 McCune-Albright Bone lesions 6 nevi 6 

ovarian cysts
Isosexual/contrasexual 1 11 1/111 1/111 2 Tumor

Adrenal Contrasexual 1 11 6 111 2 Congenital adrenal 
hyperplasia

Dexamethasone  
suppressible

Contrasexual/isosexual 1 11 1/111 1/111 2 Tumor
Ectopic Isosexual 1 11 2/111 2 2 Aromatase excess
Exogenous Contrasexual/isosexual 6 6 2 2 2 Sex steroid exposure
End organ Isosexual/contrasexual 2 2 2 2 2 Vaginal foreign body, 

abuse, tumor

*HA (height for age) and BA (bone age); 2 normal; 1 advanced; 11 markedly advanced.
†Hormone levels; 2 normal prepubertal; 1 pubertal level; 11 adult level; 111 abnormally high.
FSH, follicle-stimulating hormone; hCG, human chorionic gonadotropin; LH, luteinizing hormone.
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Pineal or hypothalamic hCG-secreting germ cell 
tumors occasionally cause true sexual precocity.604,605 
Because hCG is a LH receptor agonist, possible expla-
nations for this unusual situation are disinhibition of 
hypothalamic GnRH release due to a mass effect of the 
neoplasm, the weak FSH effect of massive elevation  
of hCG, or the capacity of some dysgerminomas to 
secrete E2 as well as hCG.606

Advancement of somatic maturation due to peripheral 
endocrine disorders that advance the bone age to a pu-
bertal level sometimes causes true sexual precocity. Thus, 
true puberty may begin after correction of virilizing or 
feminizing disorders that have advanced the bone age to 
10 to 12 years.232,233

The hypergonadotropism of premature ovarian in-
sufficiency has been reported to cause sexual precocity 
or rapid progression of puberty prior to premature 
menopause.607,608 Although polycystic ovary syndrome 
has occasionally been reported to follow true sexual 
precocity,609 there is currently no evidence of a signifi-
cant association.593

Rare causes of true sex precocity include mutations 
that enhance kisspeptin signaling,610,611 inactivating muta-
tion in a GnRH release-inhibiting signaling molecule 
MKRN3,223 maternal uniparental disomy of chromosome 
14, which causes the combination of intrauterine growth 
retardation and sex precocity,612 and hyperglycinemia.613 
A genetic variant of a hepatic mixed function oxidase has 
been associated with female sexual precocity.379

Incomplete  Precocity.   The most common causes of 
incomplete sexual precocity in girls are the extreme 
variants of normal mentioned previously, premature 
thelarche and premature pubarche. These are incom-
plete forms of sexual precocity in which either breast 
development (thelarche) or sexual hair development 
(pubarche) is of a degree appropriate for an early stage 
of puberty and isosexual. Isolated prepubertal menses is 
a rare disorder that has been attributed to transient 
ovarian activity.614

LH- or hCG-producing tumors have not been  
reported to virilize girls, perhaps because of their  
limited capacity for thecal androgen production over 
short periods of time. However, familial isolated  
elevation of LH has been reported to cause mild viril-
ization of siblings615: one was a girl who developed 
premature pubarche and clitoral hypertrophy at  
4 years of age, with slight to moderate advances  
in height and bone age in association with an adrenar-
chal level of DHEAS and a moderately elevated  
testosterone level (91 ng/dL).

The Van Wyk-Grumbach syndrome is one of the most 
puzzling pediatric complexes.616 This is an unusual 
syndrome of sexual precocity associated with juvenile 
hypothyroidism. A case is illustrated in Figure 15-36. 
This syndrome is often characterized by galactorrhea, 
which is often not spontaneous; a few drops of milky 
fluid may become apparent only upon “milking” the 
subareolar ductal tissue. Multicystic ovaries are often 
demonstrable by ultrasonography.617 Modern assays 
show that levels of LH at baseline and post-GnRH are 
suppressed and those of FSH are early pubertal.618 
There is little, if any, sexual hair development. There  
is another clinically unique feature about the sexual 
precocity of hypothyroidism: it is the only form of 
sexual precocity in which growth is arrested rather  
than stimulated and is an exception to the general rule, 
indeed followed by most chronically hypothyroid chil-
dren, that a delayed growth pattern is associated with 
delayed puberty.

Van Wyk and Grumbach postulated that this  
syndrome resulted from hormonal “overlap” in the 
negative feedback regulation of pituitary hormone se-
cretion, with overproduction of gonadotropins as well 
as TSH in response to the thyroid deficiency. The spe-
cific nature of hormonal overlap has been considerably 
clarified, but the pathogenesis remains unclear. The 
increases in serum TSH and prolactin that characterize 
the syndrome could well be accounted for by common 
neurohumoral control systems, TRH stimulating and 
dopamine inhibiting both hormones. It has been  
suggested instead that the ovarian FSH receptor is  
activated by the weak intrinsic FSH activity of extreme 
TSH elevation,619 analogous to the rare ovarian hyper-
stimulation syndrome in which pregnancy levels of 
hCG activate the FSH receptor.620

Prolactin excess has been postulated to underlie the 
FSH-predominant gonadotropin pattern by slowing 
GnRH pulsations, and it is this FSH stimulation of the 
TSH-sensitized ovary that seems to be the proximate 
cause of the sexual precocity.621 Hyperprolactinemia alone 
does not correspond with pubertal development in normal 

FIGURE 15-35 n   Magnetic resonance image showing a hypotha-
lamic hamartoma (right-hand arrow) as the cause of true sexual 
precocity in a 2.5-year-old girl. The hamartoma is hanging from 
the floor of the hypothalamus just posterior to the pituitary infun-
dibulum. The sella turcica (bottom arrow) contains a normal pitu-
itary gland with pituitary stalk hanging from the infundibulum.
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or hypothyroid children. However, hyperprolactinemia 
may itself also sensitize the ovaries to gonadotropins.  
Induced hyperprolactinemia causes sexual precocity in  
female rats.312 Ovarian estrogen and progesterone respon-
siveness to hCG is increased by prolactin, possibly by  
its induction of ovarian LH receptors. Conversely, sup-
pression of hyperprolactinemia in experimental hypothy-
roidism blocks the ovarian cyst formation characteristic of 
hypothyroidism.622

McCune-Albright syndrome is another intriguing disor-
der causing incomplete isosexual feminization.623,624 
This is a syndrome of precocious puberty, cafe-au-lait 
pigmentation occurring in nevi that have an irregular 
(“coast of Maine”) border, and polyostotic fibrous dys-
plasia. The disorder is caused by a somatic activating 
mutation of the Gs-alpha subunit protein that couples 
transmembrane receptors to adenylate cyclase. The syn-
drome has been recognized predominantly in females 
and occurs in incomplete as well as expanded forms. 
Precocious puberty or mono-ostotic bone lesions may 
occur in the absence of cutaneous pigmentation; not  
all patients have sexual precocity. The sexual precocity  
is of the gonadotropin-independent type. Luteinized 
follicular cysts within the ovaries function autonomously. 
Pituitary adenomas capable of secreting excess LH, 
FSH, GH, or prolactin have been reported. Patients 
may have Cushing syndrome and hyperthyroidism due 
to autonomous multinodular hyperplasia. These girls 
may be at increased risk of breast carcinoma.625 Nonen-
docrine abnormalities include cardiopulmonary disease, 
hypertension, and hepatobiliary disease. Molecular stud-
ies have shown an R201H mutation in over 90% of cases 
where an affected tissue could be studied, but in only 
50% of blood samples.626 Because of the variation in the 
number and degree of tissue involvement in individual 
patients, due in large part to the extent of mosaicism 
present, precocious puberty may be the only feature 
present in an individual who is mosaic for the activating 
mutation of Gs-alpha. Thus, these mutations have been 
found in blood samples from 25% to 33% of subjects 
with isolated gonadotropin-independent precocity or 
exaggerated thelarche.567,626

Congenital adrenal hyperplasia (CAH) is a well-known 
cause of premature pubarche. Either nonclassic CAH, a 
form of the disorder that is so mild that there is no genital 
defect in girls, or poor control of classic CAH may be 
responsible. Each form on occasion has been reported to 
mimic true sex precocity.627,628

Tumor may cause isosexual or contrasexual develop-
ment. The most common tumor is the feminizing benign 
ovarian follicular cyst.629,630 Most are isolated and large 
(. 1 cm diameter). The cells lining these cysts are often 
luteinized. Estrogen levels may be markedly elevated.  
Testosterone levels tend to be in the adult female range 
(about 40 ng/dL). Many function intermittently. They may 
be gonadotropin dependent and respond to GnRH agonist 
or progestin therapy. A case is illustrated in Figure 15-37. 
The second most common hormonally active ovarian neo-
plasm in girls is the juvenile granulosa cell tumor.631,632 
These have variable degrees of ovarian sex cord–stromal 
elements and are usually localized and benign in spite of 
having a malignant histologic appearance. They are more 
commonly feminizing than masculinizing in young chil-
dren. They may produce hCG, AMH, and inhibin. Eleva-
tion of hCG is found in many ovarian dysgerminomas  
(a primitive germ cell tumor) and hypercalcemia in some, 
though less frequently than in small cell carcinoma.631,633 
A granulosa-theca cell tumor is occasionally associated 
with mesodermal dysplasia syndromes. It has been  
reported in the adrenal gland, presumably arising in an 
ovarian rest.634 FOXL2 mutations are typical of adult-type 

FIGURE 15-36 n   Sexual precocity caused by hypothyroidism in a 
9.1-year-old with breast development since age 7 years and 
menarche at 9 years. Growth failure had occurred, and her 
height age was 6 years. In addition to breast enlargement and 
galactorrhea, the labia minora were noted to be enlarged and 
pigmented. There was no sexual hair or clitoromegaly. Rectal 
examination revealed an enlarged and palpable cervix without 
adnexal masses. There were typical physical findings of hypo-
thyroidism. Bone age was 6.2 years. Thyroxine was less than  
1 mg/dL. Thyrotropin-stimulating hormone was 438 mU/mL. Pro-
lactin was 66 ng/mL. Serum estrogens were 72 to 182 pg/mL. 
Vaginal smear showed 45% superficial cells and 55% large inter-
mediate cells. Immunoreactive luteinizing hormone (LH) and 
follicle-stimulating hormone were 300 and 174 ng LER-907/mL, 
respectively (see Figure 15-5 for reference ranges). However, 
bioactive LH was undetectable. Immunoreactive gonadotropins 
failed to suppress upon estrogen administration. Their re-
sponse to a 100-mg gonadotropin-stimulating hormone bolus 
was minimal, and they seemed responsive to thyrotropin- 
releasing hormone. All of these hormonal findings were not 
obviously different from those of hypothyroid girls without 
sexual precocity except for the higher estrogens. She had with-
drawal bleeding and evidence of regression of breast develop-
ment within the first 3 months of thyroid hormone replacement 
treatment. After 6 months of treatment, normal puberty began. 
Menarche occurred at 12.5 years of age.
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granulosa cell tumors but are found in only 10% of the 
juvenile type. A related feminizing ovarian sex cord–stromal 
tumor may be caused by loss of a tumor-suppressor gene, 
as in Peutz-Jeghers syndrome.635 Adult-type ovarian carci-
noma of epithelial cell origin is rare. Ovarian masculinizing 
tumors are discussed in the section “Hyperandrogenism in 
Adolescence.”

Adrenocortical tumors, as discussed in Chapter 6, 
typically cause rapid virilization characterized by very 
high DHEAS production; however, androstenedione is 
the predominant androgen in many cases. A case discus-

sion is given with Figure 15-38. Many are accompanied 
by Cushingoid changes. On occasion they cause femini-
zation. When adrenocortical tumors secrete both andro-
gen and estrogen, the clinical picture may resemble 
complete isosexual precocity.636 Structural abnormalities 
of chromosome 11p15 and mutations of the tumor sup-
pressor p53 are fairly common in pediatric adrenocortical 
tumors.637

Aromatase excess syndrome is a rare cause of ectopic 
feminization.638 This is an autosomal dominant disorder 
with variable penetrance that results from constitutive 
aromatase gene overexpression.

Exogenous steroids can cause sexual precocity. Estrogen-
containing contraceptive pills and creams are widely 
available. Some cases of precocious thelarche may be 
caused by ingesting food contaminated with artificial  
estrogens.639 Soy formulas are potential sources of phy-
toestrogens, as are many commonly consumed foods, 
herbs, and topicals.640-642 It has been proposed that child-
hood exposure to estrogenic chemical contaminants in 
underdeveloped countries predisposes to sexual precocity 
when children emigrate to developed countries.185 
Premature pubarche or acne can result from anabolic 
steroid use. Topical nonprescription androgen use by a 
parent, such as for sexual dysfunction or anabolic effects, 
can cause premature pubarche without necessarily being 
detectable by standard tests.643

Vaginal bleeding in the absence of breast development 
suggests foreign body, sexual abuse, or tumors of the FIGURE 15-37 n   The appearance of a 5.2-year-old child with com-

plete isosexual precocity caused by a luteinized follicular cyst. 
Her breast development is no different from that of girls with 
idiopathic premature thelarche. She presented at 4.7 years with 
a 2-week history of breast development. Height and bone ages 
were 5 years. Over a 5-month follow-up period, breast develop-
ment progressed, she developed sexual pubic hair and presex-
ual axillary hair, and menstrual flow commenced at 3- to 5-week 
intervals. Four weekly determinations of plasma unconjugated 
estrogens (estradiol and estrone) showed them to consistently 
range between 158 and 215 pg/mL. Luteinizing hormone was 
pubertal and follicle-stimulating hormone was suppressed (av-
eraging 50 and 13 ng LER-907/mL, respectively; see Figure 15-5 
for reference ranges). Testosterone was 37 ng/dL, and dehydro-
epiandrosterone sulfate (DHEAS) was 82 mg/dL. Exploratory 
laparotomy was performed when she was 5.2 years old. Her 
height age was 5.8 years, and her bone age was 7.5. The lapa-
rotomy revealed a right ovarian cyst about 5 cm in diameter, 
which was removed. Subsequently, there was a rapid fall in 
plasma estrogens and testosterone to prepubertal levels. How-
ever, DHEAS was unchanged. Menses ceased, but intermittent 
vaginal cornification (maturation index 90/10/0 to 0/90/10) was 
found repeatedly. Breast enlargement and sexual hair develop-
ment resumed at 8.5 years, with normal pubertal sex hormone 
levels. Menarche occurred at 9.5 years.

FIGURE 15-38 n Abdominal ultrasound (decubitus view) showing 
a pedunculated encapsulated 5-cm adrenal adenoma (large ar-
row) near upper pole of kidney (small arrow). This 1.3-year-old 
girl was virilized. Pubic hair had appeared 2 months previously, 
height had changed from the 10th to the 30th percentile, and 
clitoromegaly had occurred. Bone age was 2.3 years. Dehydro-
epiandrosterone sulfate was 3000 to 4271 mg/dL. Testosterone 
was 121 ng/dL. A, anterior; P, posterior.
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genital tract. A rare cause is “premature menarche,” 
which may result from an extreme variation in the normal 
intermittent ovarian activation of young girls.83 Malodor-
ous discharge is highly suggestive of foreign body. A hy-
menal opening of greater than 5 mm or posterior notches 
is compatible with sexual abuse.454,455 Neurofibromas 
have been reported to simulate breast development and 
clitoral hypertrophy.

Differential Diagnosis

A physician need not be experienced in endocrinology to 
diagnose and manage most girls presenting with early 
breast or pubic hair development. For the most part, the 
isolated appearance of one of these signs is due to the 
benign processes of either premature thelarche or pre-
mature pubarche, respectively. An otherwise normal his-
tory and physical examination, together with a normal 
bone age constitutes sufficient workup.

In the history, the physician should inquire about the 
possibility of exposure or access to exogenous steroids in 
the form of unusual creams, pills, or diet. The possibility 
of sexual abuse, vaginal infection, or foreign body must 
be kept in mind when evaluating the child with isolated 
vaginal bleeding. During the examination the physician 
should search for nevi, acanthosis nigricans, and signs 
that might suggest intracranial or abdominal-pelvic dis-
ease, and should inspect the external genitalia. The 
child’s height and weight should be carefully recorded, 
the growth curve examined, and the body mass index 
(BMI) percentile plotted.

If the history and examination are unremarkable, 
only a bone age determination is indicated to screen 
for whether the symptom is indeed an isolated phe-
nomenon or whether appreciable hormone excess  
exists. If the skeletal age is not abnormally advanced 
relative to height age, it is likely that the presenting 
symptom is an isolated and benign extreme variant of 
normal, which requires no treatment.540,644 To confirm 
the diagnosis of premature thelarche or premature 
pubarche, the child must be similarly reevaluated after 
3 to 6 months. If the results are still negative, the fam-
ily can be reassured with a high degree of confidence 
that true puberty including menses will not occur until 
the usual age.

If more than one sign of precocious puberty is present 
or develops or if the growth is accelerated, a more exten-
sive workup is indicated. For example, if a young girl 
with early breast development begins to grow pubic hair, 
or vice versa, then something more than premature the-
larche or premature adrenarche is involved. The same is 
true if she develops a growth spurt or if she begins men-
struating. These additional signs indicate the need for 
more extensive studies. Isolated vaginal bleeding (i.e., 
bleeding in the absence of secondary sex characteristics) 
suggests sexual abuse, foreign body, or genital tract  
tumor, rarely isolated menarche. Cytology, anaerobic 
culture, pelvic ultrasound, and serum E2 examinations 
are indicated.

Bone age advancement that is or becomes dispropor-
tionate to height (as indicated by compromised height 
potential or bone age $ 20% greater than height age) 

suggests a sustained excess of sex hormone and is an in-
dication for a more extensive investigation to determine 
the cause of the precocity. The importance of the recheck 
is illustrated by the case presented in Figure 15-37.

One must be particularly aware that girls with neuro-
genic precocity, especially those who have had cranial ir-
radiation, are at risk of paradoxically having concomitant 
GH deficiency.566 Coexistent GH deficiency masks the 
seriousness of the precocity: the growth rate is normal 
(not accelerated) and breast development is attenuated. 
However, the disparity between bone age and height age 
is extreme.

The laboratory investigation of premature pubertal 
development requires determinations of sex steroids, 
LH, and FSH by assays of high sensitivity: at least  
10 pg/mL for E2, 10 ng/dL for testosterone, 5 mg/dL for 
DHEAS, and 0.2 U/L for LH and FSH.593 The mod-
ern multichannel platform assays that are widely avail-
able generally meet these specifications for the assays 
of DHEAS, LH, and FSH, but they are totally inade-
quate for testosterone and E2. These require assays  
of high sensitivity and specificity, such as are provided 
by postchromatographic radioimmunoassay or tandem 
mass spectrometry, in laboratories with well-established 
normal ranges for children.645 Prepubertal E2 levels 
are normally less than 10 pg/mL, and prepubertal tes-
tosterone is normally less than 20 ng/dL. Measurement 
of serum thyroxine and prolactin is indicated if the  
sexual precocity is accompanied by growth arrest or 
galactorrhea.

In central precocity, daytime serum E2 concentration 
is usually pubertal, 10 pg/mL (37 pmol/l) or more.646 An 
E2 level in the upper premenarcheal normal range  
($ 75 pg/mL) is atypical and necessitates a prompt 
workup to distinguish ovarian or adrenal tumor from 
true isosexual precocity.647 If the estradiol level is atypi-
cally high, weekly determinations of E2 may help to 
determine whether the level is fluctuating in the normal 
cyclic fashion of true precocious puberty. Because of the 
episodic and cyclic nature of sex hormone secretion, 
examination of the vaginal mucosa (see Figure 15-11) for 
estrogen effect is a more sensitive indicator of the pres-
ence of early puberty than is an E2 blood level because 
it represents the integrated effect of estrogen over the 
preceding 2 to 3 weeks. Uterine size (e.g., uterine length 
. 3.8 cm and endometrial thickness of $ 2 mm) has 
been used as an objective indicator of overall estro-
genization.75,76 Androgen levels are appropriate for the 
stage of pubarche in true precocity.

Third generation, monoclonal-antibody-based, “pedi-
atric” immunoassays for gonadotropins are necessary for 
early detection and monitoring of therapy.593 Early 
morning basal LH . 0.6 has been reported to be 62% to 
95% sensitive and 92% to 100% specific for the diagnosis 
of central precocious puberty in girls.541,648 A post-GnRH 
peak LH . 6.9 U/L has been reported to be 92% sensi-
tive and 100% specific,541 whereas a post-GnRH agonist 
peak LH . 4 to 5 U/L has been reported to be $ 90% 
accurate for the diagnosis of central precocious  
puberty.544,649,650 The GnRH agonist test also permits 
assessment of the ovarian gonadotropin-responsiveness: 
an E2 peak $ 34 pg/mL is approximately 90% sensitive and 
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$ 60 pg/mL 95% specific for puberty (see Table 15-1).83 
FSH levels are not as helpful diagnostically because pre-
pubertal values overlap considerably with pubertal ones 
and they may be elevated in premature thelarche. In re-
sponse to GnRH or GnRH agonist testing, children with 
unsustained pseudopuberty as variants of normal will have 
a minimal gonadotropin response, whereas children with 
gonadotropin-independent precocity will have suppressed 
responses.651,652 Demonstration of a sleep-related rise of 
serum LH is an alternate diagnostic procedure. Box 15-2 
summarizes laboratory criteria for the diagnosis of com-
plete sexual precocity.653

Premature pubarche must be distinguished from hy-
pertrichosis, the generalized excessive growth of vellus 
body hair that is prominent in nonsexual areas. The 
most common cause, by far, of premature pubarche is 
premature adrenarche. Premature adrenarche must be 
distinguished from virilizing disorders, the most com-
mon of which is virilizing nonclassic congenital adrenal 
hyperplasia and the most serious of which, though rare, 
is virilizing tumor.

Determination of the early morning baseline serum 
androgen pattern is useful for discriminating among the 
causes of premature pubarche and virilization. Premature 
adrenarche is characterized by a pubertal level of DHEAS, 
whereas serum testosterone and androstenedione are,  
at most, marginally elevated above the prepubertal range. 
A greatly elevated level of DHEAS suggests either adrenal 
tumor or the 3b-hydroxysteroid dehydrogenase deficiency 
form of congenital adrenal hyperplasia. Androstenedione 
and 17-hydroxyprogesterone levels are disproportionately 
elevated compared to testosterone or DHEAS levels in 
other forms of virilizing congenital adrenal hyperplasia 
and many ovarian tumors.

An ACTH stimulation test is the definitive test  
to exclude congenital adrenal hyperplasia. We advise 
performing an ACTH test in children with premature 
pubarche who have an early morning serum 17-hydroxy-
progesterone concentration above 200 ng/dL,654 though 
levels above 1500 ng/dL do not require a confirmatory 

ACTH stimulation test. The diagnosis of congenital 
adrenal hyperplasia is discussed in detail in Chapter 5  
The differential diagnosis of hyperandrogenic disorders  
is discussed further in the “Hyperandrogenism in Adoles-
cence” section.

Ultrasonography is indicated to screen for abdominal 
or pelvic masses when feminizing or virilizing disorders 
are suspected.655,656 The ovaries of girls with true sexual 
precocity resemble those of normal pubertal girls.72,74,657 
A “cyst” of 10 mm or more in diameter usually is due to 
a transient preovulatory follicle. However, the differen-
tial diagnosis of a persistent cyst or multicystic ovaries 
includes McCune-Albright syndrome,624 tumor,658 and 
premature ovarian failure.659

The ability of ultrasonography to detect small adrenal 
neoplasms is highly dependent on the expertise of the 
ultrasonographer. On rare occasions, ultrasonography 
has been insensitive in detecting an ovarian tumor in 
adults.660 Computed tomography and magnetic reso-
nance imaging (MRI) permit better visualization and a 
more detailed assessment of tumors.

MRI of the hypothalamic-pituitary area is indicated in 
progressive true sexual precocity, especially those less 
than 6 years old or those at risk of organic causes by vir-
tue of their underling condition or neurologic symptoms 
and signs.646,661

Management

The goals in management are to rule out an organic dis-
order that requires treatment in and of itself and to ascer-
tain whether sexual precocity is either compromising 
height potential or resulting in important secondary 
emotional disturbances in the child.

The situation of a girl between 6 and 8 years of age 
presenting with the onset of breast development or 
pubic hair warrants special consideration. Breast de-
velopment between 7 and 8 years of age is normal in 
blacks and Hispanics. Although presexual pubic hair 
(stage 2) may be seen in 6- to 8-year-old black and 
Hispanic girls, sexual pubic hair (stage 3) is abnormal 
if present before 8 years of age (see Table 15-3). How-
ever, pubertal development in girls in the 6- to 8-year 
age range may be associated with pathology, with  
excessive adiposity being the major consideration in 
most 243

Many 6- to 8-year-old girls with central precocious 
puberty, including whites, have slowly progressive pre-
cocity, with a normal timing of menarche, and are at  
low risk of short adult stature. Most such girls do not 
require GnRH agonist therapy to preserve adult  
stature.593,594,662,663 Thus, a less comprehensive investiga-
tion may be warranted in selected girls between 6 and 8 
years of age who present with thelarche or stage 2 pubic 
hair. For most such girls, a complete history and physical 
exam, including an obesity evaluation and a bone age 
determination, may be all that is needed, along with care-
ful longitudinal follow up to rule-out a disorder that  
requires therapy.594,663 However, 6- to 8-year-old girls 
with a suggestion of rapidly progressive or excessive  
androgenization or feminization, neurologic symptoms, 
linear growth acceleration, or significant bone age  

BOX 15-2 Laboratory Criteria for Diagnosis 
of Complete Precocious Puberty 
in Girls

BONE AgE AdvANCEmENT

• Bone age . height age . chronologic age
• Compromised predicted adult height

LH LEvEL PuBErTAL*
• Sleep-associated LH peak . 1 U/L
• LH (early morning) $ 0.6 U/L†

• Post-GnRH (1 hour) agonist LH $ 3.2-5.5 U/L†

• Suppressible by chronic GnRH agonist administration

SEx HOrmONE LEvEL PuBErTAL (dIurNAL EArLy)
• Estradiol (early morning, cyclically): . 9 pg/mL†

• DHEAS normal for age or early puberty

*Essential criterion
†Typical values for sensitive assays. Exact values vary among laboratories.
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advancement should be more completely evaluated, as 
outlined earlier.

Intracranial lesions must be treated by appropriate 
measures, such as neurosurgery or irradiation. Shunting 
for hydrocephalus may stop the precocity. Granulosa 
cell tumors confined to the ovary have a good prognosis 
for cure by unilateral oophorectomy. Recurrence of  
tumor may occur up to 20 years after the initial opera-
tion, however. Biopsy of the opposite ovary is indicated 
in unilateral ovarian neoplasms. Compensatory ovarian 
hypertrophy can be expected at any age after removal of 
a single ovary.664

The only permanent physical complication of true 
isosexual precocity, all else being normal, is short adult 
height. Excessive sex hormone production in the first 
decade of life causes early maturation of the epiphyses, 
resulting in their premature closure. About half the girls 
with this disorder reach an adult height of 53 to 59 inches 
and the remainder are over 60 inches tall.594,663 The mis-
match between physical, hormonal, and psychological 
development may cause behavior changes ranging from 
social withdrawal to aggression or sexuality. However, 
frank behavioral problems are unusual in girls and so are 
by themselves seldom indications for treatment.

When central precocity is accompanied by documented 
progression of pubertal development that accelerates 
growth and compromises normal height potential, GnRH 
agonist treatment is indicated.593 Documentation typically 
requires 3 to 6 months, but it may be unnecessary if pu-
berty is substantially advanced clinically and hormonally 
on presentation. The down-regulating effect of GnRH 
agonists on pituitary gonadotropin release inhibits go-
nadotropin secretion within 1 month. Suggested criteria 
for the use of these drugs are presented in Box 15-3.593,653 
The commonly used agents in the United States are leu-
prolide acetate (ordinarily given as Lupron Depot-Ped  
7.5 to 15 mg/mo or 22.5 mg/3month IM),665,666 nafarelin 
acetate (Synarel 800 mg bid IN), and a histrelin implant 
(Supprelin LA 50 mg implant yearly).667 These starting 
doses are larger than the usual adult dosage in order to 
avoid worsening the status by an agonist effect; dosage can 
be adjusted later as necessary.

Treatment is adequate if the E2 and baseline LH 
levels become prepubertal668 or LH is below 4 (1 hour) 
to 6.6 U/L (2 hours) after GnRH agonist666,669 one month 
after institution of therapy. Withdrawal menses may  

occur at that time, but none should be expected thereaf-
ter. Arrest of breast development and the pubertal growth 
spurt become apparent by 3 to 6 months. Concomitantly, 
epiphyseal closure is delayed and adult height potential 
improves, because a type of catch-up growth occurs, in 
which height age catches up to bone age. Adult height is 
greatest when treatment is started soon after onset at an 
early age, yielding an average height gain above pretreat-
ment height prediction of about 1.4 cm for each year of 
therapy.593 Adult height prediction at the end of treat-
ment tends to be overestimated from bone age. There-
fore, prolonging treatment beyond a chronologic or 
bone age of 12 to 12.5 years of age generally leads to 
little further increase in adult height potential, regardless 
of the prediction of residual height potential.

Coincident GH-deficiency must be treated for optimal 
growth.670 GH-sufficient patients with central precocity 
who are started on treatment relatively late and whose 
height velocity falls below 4 cm/year after 2 to 3 years 
appear to gain an average of 2 cm/year when GH therapy 
is added.671,672

Use of the depot form of GnRH agonist is complicated 
by sterile abscesses at injection sites in about 5% of cases. 
Anaphylaxis is a rare complication.673 No other serious 
side effects have come to light. Long-term safety data 
remain incomplete, but current studies following subjects 
into young adulthood are reassuring, including no differ-
ence in menstrual cycle characteristics of treated com-
pared to untreated subjects.674 GnRH agonist treatment 
does not seem to cause or aggravate obesity, as judged 
from BMI.593 Bone mineral density dips with the onset 
of treatment, but it normalizes after discontinuation of 
GnRH agonist therapy of precocious puberty.593

Girls with idiopathic slowly progressive puberty of 
onset between 6 and 8 years of age or with early fast 
puberty between 8 and 9 years of age tend to be tall at 
the onset of puberty, follow an advanced growth pattern, 
and reach their target height without GnRH agonist 
therapy.594,663,675-677 Therefore, this treatment is only 
indicated if height potential is compromised or there are 
other compelling reasons to slow the pace of puberty.

Medroxyprogesterone acetate (Depo-Provera) is 
useful for stopping menses and as a contraceptive in 
mentally retarded girls in whom preservation of height 
potential is not important. It is begun in a dosage com-
mencing at 50 mg/month intramuscularly. Doses as 
high as 400 mg/month have been used, although 
cushingoid side effects may be observed at this level.678 
Although this treatment reverses some of the physical 
changes of premature puberty, it does not reverse the 
inordinately rapid maturation of the skeleton, possibly 
because of its inherently weak androgenicity. In addi-
tion, use of medroxyprogesterone acetate is associated 
with a loss of bone mineral density, which must be  
considered if long-term use is being considered.679

A variety of drugs have been used off-label to treat 
gonadotropin-independent precocity. Both antiestrogen 
and aromatase inhibitor treatments have demonstrated 
partial efficacy for McCune-Albright syndrome.666,680,681 
Ketoconazole, an antifungal agent that inhibits 17,20- 
lyase activity and other steroidogenic enzymes, may be 
useful.682 GnRH agonist treatment may be necessary for 

BOX 15-3 Indications for Gonadotropin-
Releasing Hormone Agonist 
Therapy of Precocious Puberty

 1. Documentation of central precocious puberty
 2. Documentation of pubertal progression
 3. Plus presence of one of the following:

• Progressive compromise of predicted adult height or
• Emotional or behavioral disturbance or
• Menses in the emotionally immature or disabled

Modified from Rosenfield, R. L. (1994). Selection of children with 
precocious puberty for treatment with gonadotropin releasing  
hormone analogs. J Pediatr, 124, 989.
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those in whom true puberty becomes superimposed be-
cause the bone age has reached a pubertal level.232,233,683 
Bisphosphonates are often effective at relieving the bone 
pain of fibrous dysplasia in McCune-Albright syndrome, 
although they do not appear to have an effect on the 
course of the lesions and are not a suitable long-term 
treatment.684

Patients with premature thelarche or pubarche as varia-
tions of normal are counseled as follows. The child’s early 
development seems to be a matter of a normal stage of 
puberty occurring early. It is due either to an incomplete, 
slow kind of puberty or to increased sensitivity to the trace 
levels of hormones that are normally present in childhood. 
Feminization with breast development and eventual men-
struation can be expected to occur at an appropriate age. 
No treatment is indicated. To exclude subtle sex hormone 
excess or eventual anovulatory syndromes, long-term  
follow-up is advisable.

Besides dealing with the physical consequences of 
true isosexual precocity, the physician must be ready to 
help the family and child cope with the psychological 
problems that come with early physical maturation. The 
doctor can help the family by explaining that even 
though their child looks older and more mature than 
other children of the same age, the child will not behave 
more maturely. The libido of young children with pre-
cocity is not increased. The family should be advised  
to take some precautions to downplay their child’s  
development—for example, in the choice of clothing 
and swimsuits. Friendships with children a bit older 
will help shorten the time affected children spend in 
social limbo. This may be more easily said than done, 
however, because the intellectual and social maturity of 
these patients is not advanced. Early on, any children 
with these disorders tend to be withdrawn because they 
feel that they are different from their peers. Later on, 
they tend to enter into romantic relationships early.  
It is important to remind the family and child that in  
a few years the child will not be unique from the stand-
point of sexual development.566 The following books 
may be helpful in explaining precocious puberty: for 
children, What’s Happening to Me? by Peter Mayle (Lyle 
Stuart, Secaucus, New Jersey, 1973); for parents, Sex 
Errors of the Body, by John Money (Paul H Brookes 
Publishing, Baltimore, Maryland, ed. 2, 1994).

Hypogonadism
Causes

If hypogonadism is complete and present prepubertally, it 
causes sexual infantilism. In genetic males, congenital pri-
mary hypogonadism may also cause a completely female or 
ambiguous phenotype (see Chapter 17). If hypogonadism 
in girls is partial or of onset in the early teenage years, 
feminization will be of too limited a degree to permit the 
onset of menses at a normal age (primary amenorrhea). 
Milder, partial, or incomplete forms of hypogonadism may 
cause secondary amenorrhea or oligomenorrhea. At its 
mildest, hypogonadism may present in adolescence with 
the anovulatory symptoms of dysfunctional uterine bleed-
ing or with excessively frequent periods due to short luteal 

phase. Consequently, disorders causing hypogonadism  
appear in the differential diagnosis of disorders of sexual 
differentiation, sexual infantilism, failure of pubertal pro-
gression, and menstrual irregularity. The causes of hypogo-
nadism are listed in the differential diagnosis of amenorrhea 
in Box 15-4.

Primary  Ovarian  Failure.   Primary ovarian failure is 
characterized by high levels of gonadotropins, particu-
larly FSH. Two exceptions exist to this rule. First, the 
gonadotropins may not be elevated until CNS matura-
tion has reached a pubertal stage, as indicated by a bone 
age of approximately 10 to 11 years (Table 15-5).685 
Second, patients with partial ovarian failure (primary 
ovarian insufficiency), as occurs during the menopausal 
transition, do not have high baseline gonadotropin lev-
els.686-688 FSH may hyperrespond to GnRH and estrogen 
hyporespond to GnRH agonist challenge. It seems as if 
relatively few ovarian follicles—too few to permit the 
cyclic emergence of preovulatory follicles—suffice to 
prevent the characteristic rise in basal FSH levels. Serum 
AMH levels are a less sensitive indicator of ovarian fail-
ure than FSH, but may be useful in prognosticating the 
potential for fertility.689,690

Primary ovarian failure may occur before or during 
puberty, causing primary amenorrhea, or after puberty has 
occurred, causing secondary amenorrhea. The latter is 
termed premature ovarian failure and clinically resembles 
premature menopause, except that about 25% of the cases 
sometimes resume ovarian function.691 Because of this 
fluctuating ovarian function in some women, premature 
ovarian insufficiency may be a better descriptor.

Gonadal dysgenesis due to deficiency of genes on the 
X chromosome is the most common cause of primary 
ovarian failure. It is usually due to a relatively large-
scale deletion of X-chromosomal material, which is  
associated with a characteristic, but variable, phenotype 
and is termed Turner syndrome (see Chapter 16).  
Fetuses with a 45,X karyotype have a normal number  
of oocytes in the ovary at midgestation, but a drastic 
reduction in the number of follicles,32 which appears to 
cause gonadal streaks via an accelerated rate of apopto-
sis. However, the gonadal dysgenesis, like other features 
of the syndrome, is often incompletely expressed.692,693 
Thus, Turner syndrome should be considered in all girls 
with primary hypogonadism or secondary amenorrhea 
whether or not they have the typical stigmata of Turner 
syndrome.

Specific loci on the X chromosome are associated 
with primary ovarian failure. Xp11.2 harbors BMP15, a 
specific ovarian differentiation factor, heterozygous mu-
tation of which is a rare cause of gonadal dysgenesis. Xq 
harbors two independent loci, in addition to the fragile 
X premutation, that are associated with about 5% of 
sporadic and 14% of familial primary ovarian failure.694 
The premutation is an expansion of CGG repeats that  
is insufficiently long to cause fragile X syndrome. 
Women with the premutation allele have a substantially 
increased risk of primary ovarian insufficiency, possibly 
because raised intracellular mRNA concentrations might 
sequester CGG binding proteins that are important for 
RNA processing.
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which are found in sporadic cases as well in the autosomal 
dominant type 1 blepharophimosis syndrome.700 Prema-
ture ovarian failure also occurs in galactosemia,701 leuko-
dystrophies, and myotonia dystrophica.702,703 Mutation 
of the inhibin alpha subunit predisposes to premature 
ovarian failure, an effect that appears to vary depending 
on ethnicity; this is postulated to be due to deficient para-
crine interactions with TGFb family receptors.704 Muta-
tions incriminated in the ovarian failure of mouse  
models705 or in genes involved in follicle development24 
can be anticipated to be incriminated as causes of human 
primary ovarian failure.

Injury to the ovary is a common cause of primary ovar-
ian failure. Mumps oophoritis is a classic but rare cause 
of ovarian failure. Very high-dose estrogen treatment  
in adolescence increases the risk of hypergonadotropic 
subfertility.690

Irradiation and chemotherapy for childhood neoplasia 
are frequent causes of primary ovarian failure now that 
life is effectively prolonged.694,706-709 Ionizing radiation 
and alkylating agents damage DNA whether or not a cell 
is replicating.710 The damage is dose-related and additive. 
A radiation dose of $ 20 Gy causes acute ovarian failure 
in . 70% of girls. A cumulative cyclophosphamide dose 
of about 100 mg/kg causes equivalent damage. Prepuber-
tal girls may be about half as sensitive to these therapies 
as postpubertal females: among girls who receive 1 to  
10 Gy, acute ovarian failure develops in about 10% of 
girls under 13 years but in 25% of those $ 13. Some with 

Bone Age (Years)

, 11 11-13 . 13
Primary hypogonadism Yes
Delayed puberty Yes Yes
Gonadotropin deficiency Yes Yes Yes

TABLE-15-5  Bone Age in Workup of Sexually 
Infantile Girls with a Normal 
Follicle-Stimulating Hormone 
Level

Based on Rosenfield, R. L., & Barnes, R. B. (1993). Menstrual 
disorders in adolescence. Endocrinol Metab Clin North Am, 
22, 491.

BOX 15-4 Differential Diagnosis of Amenorrhea

ABNOrmAL gENITAL STruCTurE

• Ambiguous genitalia
• Disorders of sex development
• Pseudointersex

• Aplasia*

• Hymenal
• Vaginal
• Müllerian
• Disorders of sex development

• Endometrial adhesions

ANOvuLATOry dISOrdErS

HyPOESTrOgENISm, FSH ELEvATEd

Primary Ovarian Failure
• Congenital

• Gonadal dysgenesis
• —Chromosomal
• —Genetic
• Other genetic disorders

• Acquired
• Oophorectomy
• Radiotherapy or chemotherapy
• Oophoritis
• Idiopathic

HyPOESTrOgENISm, FSH NOT ELEvATEd

• Primary ovarian insufficiency
• Complete if bone age , 11 years*
• Incomplete if bone age . 11 years

• Delayed puberty
• Constitutional delay*
• Growth-retarding disease

• Gonadotropin deficiency
• Congenital
• Acquired
• —Organic
• —Functional
• Virilization

ESTrOgENIzEd

• Hypothalamic anovulation
• Hypothalamic amenorrhea
• Athletic amenorrhea
• Psychogenic amenorrhea
• Epilepsy

• Nonhypothalamic nonovarian disorders
• Pregnancy
• Obesity or undernutrition
• Chronic disease
• Cushing syndrome
• Hypothyroidism
• Drug abuse
• Hyperprolactinemia
• Post-pill amenorrhea
• Gonadotropin-producing tumor

• Hyperestrogenism
• Hyperandrogenism

*Cause only primary amenorrhea.
FSH, follicle-stimulating hormone.

Gonadal dysgenesis also results from 46,XY complete 
gonadal dysgenesis and certain forms of autosomal aneu-
ploidy.486,694,695 A variable degree of ovarian dysgenesis 
occurs in trisomy 21; delayed menarche, anovulatory cy-
cles, and primary gonadal failure are occasionally seen.696 
However, pregnancy has been reported; trisomic off-
spring are common.697 Oocytes are virtually absent in 
trisomies 13 and 18. Ovarian dysgenesis also occasionally 
occurs as part of the Denys-Drash syndrome due to a 
WT-1 mutation.698 Gonadal dysgenesis also occurs in 
ataxia telangiectasia and related DNA-repair disorders.699 
Other autosomal genetic disorders causing premature 
ovarian failure include inactivating mutations of FOXL2, 
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early hypergonadotropism will experience ovarian recov-
ery with normal pituitary-ovarian function after several 
years.711 After prepubertal cancer treatment, 94% of girls 
can be anticipated to enter puberty and menstruate regu-
larly, but 8% of these will develop nonsurgical premature 
menopause because of the reduced number of oocytes.708 
The risk for premature menopause is 30% in those  
who have received both radiation and chemotherapy and 
5% to 13% for those receiving either alone. Fertility  
is reduced by about 50% in those receiving 5 to 10 Gy 
abdominal-pelvic radiation and 75% in those receiving 
more.712 Fertility is reduced by about 25% in those 
receiving high cumulative doses of chemotherapy (e.g., 
cyclophosphamide . 10 gm/m2).712 Several nonalkylat-
ing chemotherapies are also gonadotoxic.713,714 However, 
data are scarce, and interactions among the various 
classes of chemotherapeutic agents are poorly under-
stood. Methotrexate and vinca alkaloids pose low risk  
for ovarian failure.694 As a consequence of gonadotropin 
elevation when gonadal failure begins, puberty may 
progress rapidly.608

Sterilization by irradiation can be obviated by transpos-
ing the ovaries out of the irradiation field if possible. Ad-
ministration of a GnRH agonist prior to cyclophospha-
mide administration does not clearly decrease ovarian 
injury.710 Imatinib (Gleevec) is a potential oocyte-protective 
treatment, as it blocks an apoptotic pathway activated by 
radiation and cisplatin in mouse oocytes.715

Gonadotropin resistance (Savage syndrome) can arise 
from an autosomal recessive loss of function mutation  
of the LH or FSH receptor.716-718 The reported cases 
have had some degree of pubertal development followed 
by primary or secondary amenorrhea or oligomenor-
rhea. The ovaries of LH receptor mutants contain folli-
cles in all stages of development, whereas those of FSH 
receptor mutants vary from hypoplastic to normal size, 
with antral follicle development varying from nil to  
5 mm. Partial gonadotropin resistance is common in the 
Albright osteodystrophy form of pseudohypoparathy-
roidism, as part of the generalized defect in G-protein 
signal transduction.719

Autoimmune oophoritis is the basis of approximately half 
of the cases of spontaneous premature ovarian failure, 
though estimates vary from 5% to 85% in various series.720 
It is diagnosed by its association with any of a variety of 
autoimmune endocrine or nonendocrine disorders, mani-
fest or subclinical, that have in common defects in T-cell 
suppressor function. Autoimmunity may be directed 
against the granulosa cell, oocyte, or theca cell. The clini-
cal picture may resemble relatively selective resistance to 
FSH or, less frequently, to LH. The latter results from 
lymphocytic destruction of theca cells with sparing of 
granulosa cells from small antral follicles, which lack sub-
strate to form E2 and can only respond to the compensa-
tory increase of FSH by producing inhibin-B.721 These 
patients have autoantibodies to steroidogenic cells and  
are at risk for adrenal failure. Usually these antibodies are 
directed against 21-hydroxylase, less frequently to side 
chain cleavage enzyme or 17-hydroxylase, seldom to  
3b-hydroxysteroid dehydrogenase. Replacement gluco-
corticoid therapy may temporarily ameliorate the immune 
oophoritis in such cases.722 A case with autoantibodies 
to testosterone has been reported.723 Autoimmune gene 

regulator (AIRE) gene mutations have been identified as 
causative of type 1 polyendocrine failure. Ultrasono-
graphic and histologic findings are variable in premature 
ovarian failure and include large or small ovaries, inactive 
or polyfollicular ovaries, loss or preservation of primor-
dial follicles, and infiltration by lymphocytes or plasma 
cells659

Functional ovarian failure can also result from specific 
autosomal recessive defects in the biosynthesis of sex 
steroids. Both androgen and estrogen deficiency occur in 
lipoid congenital adrenal hyperplasia (StAR and side 
chain cleavage mutations; see Figure 15-23), 17a-
hydroxylase deficiency, P450 oxidoreductase deficiency, 
17,20-lyase deficiency, and 17b-HSD3 deficiency.724,725 
Thus, affected genetic males may present with a female 
phenotype. Hypoestrogenism is associated with viriliza-
tion in aromatase and 3b-HSD deficiency. Aromatase 
and 17b-HSD3 deficiency are unique in not being asso-
ciated with congenital adrenal hyperplasia. Congenital 
lipoid adrenal hyperplasia is unique in that underlying 
StAR deficiency has too little direct impact on ovarian 
function to interfere with the early phases of puberty, but 
the gradual buildup of intraovarian lipid deposits result-
ing from enzyme deficiency—a “second hit”—causes 
ovarian damage with anovulation and late ovarian failure. 
SF-1 deficiency can cause primary ovarian failure in the 
absence of adrenal insufficiency.726

Estrogen resistance due to inactivating mutation of ER-
alpha was recently reported in an 18-year old girl.726a 
Hypoestrogenism and hyperestrogenemia were profound, 
the ovaries were enlarged and multicystic, and gonadotro-
pin and testosterone levels were marginally elevated.

Gonadotropin Deficiency (Hypogonadotropic Hypo-
gonadism).   Congenital gonadotropin deficiency can 
occur in association with cerebral, hypothalamic, or pitu-
itary dysfunction or as an isolated defect.727 Congenital 
defects in hypothalamic-hypophyseal formation may be 
associated with midline facial defects. Congenital hypo-
thalamic dysfunction may be associated with other neu-
rologic or endocrine dysfunction, such as in the Prader-
Willi syndrome (congenital hypotonia and neonatal 
failure to thrive followed by hypothalamic obesity, some-
times with hypopituitarism)728 or the Laurence-Moon-
Biedl syndrome (retinitis pigmentosa, obesity, mental 
deficiency).

Congenital hypogonadotropic hypogonadism often re-
sults from mutations (Table 15-6).200-202,208,211,213,221,572,729-739 
The autosomal recessive forms of congenital combined 
pituitary hormone deficiency due to PROP1, HESX1, 
LHX3, and OTX-2 mutations are associated with  
gonadotropin deficiency. Leptin and leptin receptor inac-
tivating mutations cause gonadotropin deficiency in 
combination with moderate or extreme obesity.738,740 
The report of a natural pregnancy in a woman with  
a homozygous mutation in the leptin receptor lends  
controversy to the current concept that leptin function is 
essential for reproduction.741

Gonadotropin deficiency may be associated with 
anosmia (olfactory-genital dysplasia or Kallmann syn-
drome).202 This syndrome is one tenth as frequent in 
females as in males. Mutations in the KAL-1 gene on 
the pseudoautosomal region of the X chromosome, 
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which encodes anosmin, a key protein for GnRH neu-
ronal migration, cause the highly penetrant X-linked 
form and rarely affect females. Inactivating mutations 
of other genes in the anosmin signaling pathway 
(FGF8/FGFR1, PROK2/R2, NELF, and CHD7)  
account for the majority of female cases; these are in-
herited as autosomal dominant or recessive (heterozy-
gous, compound heterozygous, or digenic) traits with 
variable penetrance.202,572,730,731,742 Neurologic and so-
matic abnormalities, such as synkinesia, cerebellar 
ataxia, sensorineural deafness, mental retardation, uni-
lateral renal agenesis, and cleft palate, are variably asso-
ciated genetic features of Kallmann syndrome. Rare  
affected individuals have only delayed puberty. These 
same mutations sometimes are responsible for normos-
mic idiopathic GnRH deficiency; CHD7 mutations  
typically have features of CHARGE syndrome. Research 
is increasingly revealing new elements in the GnRH 
developmental and signaling pathway. A single-nucleotide 
polymorphism in the EAP1 gene was associated with 
amenorrhea/oligomenorrhea in primates.743

GnRH receptor mutations account for about half of 
autosomal recessively inherited cases of isolated, norm-
osmic gonadotropin deficiency.732 The degree of hypo-
gonadism is variable, even within a family, with delayed 
puberty and delayed menarche as presentations.733,734,744

Loss-of-function mutations of GnRH745 and in signal-
ing systems that modulate GnRH release (kisspeptin/
GPR54, neurokinin B/TAC3R) are rare causes.211,221 The 
hypogonadism of most subjects with neurokinin B/TAC3R 
mutations is reversed by sex steroid therapy, which sug-
gests that this signaling system is important for the startup 

of puberty, but not its maintenance. Isolated hypogonado-
tropic hypogonadism also has been reported in a woman 
homozygous for a nonsense mutation of the X-linked 
DAX1 gene, which was associated with adrenal insuffi-
ciency in her brothers.746

Isolated FSH deficiency due to mutation in the  
b-subunit has been reported to cause primary amenorrhea 
in association with a unique test panel—low FSH,  
elevated LH, and low testosterone levels.136,718 Carbohy-
drate-deficient glycoprotein syndrome (phosphoman-
nomutase deficiency) is characterized by high levels  
of immunoreactive, but bioinactive gonadotropins, 
mimicking primary ovarian insufficiency.747 Isolated LH 
deficiency due to LHb gene inactivating point mutations 
has been reported to lead to secondary amenorrhea  
following normal pubertal development, but undetect-
able LH, high FSH, low E2, and macrocystic ovaries.748 
However, some inactivating LH mutations in men have 
high immunoreactive LH levels.718

Acquired gonadotropin deficiency can be a consequence 
of tumors, trauma, autoimmune hypophysitis,749,750 
degenerative disorders involving the hypothalamus and 
pituitary,751 irradiation,752 chemotherapy,753 or chronic 
illness.754 Hypogonadotropic hypogonadism will develop 
in about one third of those receiving 20 to 30 Gy cranial 
irradiation, whereas it is typical in those receiving . 50 
Gy.596,755 Pituitary adenoma, craniopharyngioma, and dys-
germinoma are the most common neuroendocrine neo-
plasms responsible for hypopituitarism in children. Most 
“nonfunctioning” pituitary adenomas are gonadotroph 
adenomas, which secrete gonadotropin subunits in re-
sponse to thyrotropin-releasing hormone.756 A case of 

Gene Function Phenotype Inheritance Reference

FGF8 GnRH neuronal migration Kallmann syndrome or  
normosmic IHH

Autosomal dominant 202, 571, 730, 731

GnRHR GnRH signaling Normosmic IHH Autosomal recessive 732-734
Hesx1 Somatotroph, thyrotroph,  

gonadotroph, development, 
and gene expression

ACTH, GH, gonadotropin, 
and TSH deficiency

Autosomal domi-
nant, autosomal 
recessive

735-737

KAL1 GnRH neuronal migration Kallmann syndrome X-linked 200, 202
KISSR GnRH secretion Normosmic IHH Autosomal recessive 201, 211, 213, 221
LEPR GnRH regulation Obesity and normosmic 

IHH
Autosomal recessive 738

Lhx3 Somatotroph, thyrotroph,  
gonadotroph, development, 
and gene expression

Rigid cervical spine causing 
limited neck rotation, 
GH, gonadotropin, and 
TSH deficiency

Autosomal recessive 735-737, 739

NELF GnRH neuronal migration Kallmann syndrome Autosomal dominant? 202, 571, 730, 731
PROK2,
PROKR2

GnRH neuronal migration Kallmann syndrome or  
normosmic IHH

Autosomal recessive 730

Prop1 Somatotroph, thyrotroph,  
gonadotroph, development, 
and gene expression

GH, gonadotropin, PRL, 
and TSH deficiency 

Autosomal recessive 735-737

Otx2 Somatotroph, thyrotroph,  
gonadotroph, development, 
and gene expression

ACTH, GH, gonadotropin, 
PRL, and TSH deficiency 

Autosomal dominant 
Autosomal reces-
sive

736, 737, 739

TAC3,
TACR3

Synchronizing kisspeptin  
neuron pulsatility?

Normosmic IHH Autosomal recessive 221

TABLE 15-6 Mutations Associated with Congenital Hypogonadotropic Hypogonadism



15  Puberty and its Disorders in the Female 619

hypothalamic tumor is presented with Figure 15-39. 
Pinealomas most commonly cause sexual infantilism. 
They may act by secreting an inhibitory substance, rather 
than by compressing key areas of the hypothalamus.603

Anorexia nervosa is the prototypic form of eating 
disorder, a common cause of hypogonadotropism in 
teenagers. It is a syndrome of undernutrition due to 
voluntary starvation with a particular psychological dys-
function that results in amenorrhea.757-759 These pa-
tients uniformly consider themselves too fat in the face 
of objective evidence that they are underweight. The 
psychiatric criteria that distinguish this disorder from 
food faddism and fear of obesity consist of refusal to 
gain or maintain body weight to a minimally normal 
level for height and age (, 85th percentile of expected 
body weight based on average BMI for age)760 with all 
the following being present: (1) intense fear of gaining 
weight or becoming fat, even though underweight, (2) an 
inaccurate perception of body weight, such that they 
have a disturbance in the way that body weight, size, or 
shape is experienced; undue influence of body shape and 
weight on self-evaluation; or denial of the seriousness  
of current low body weight, and (3) amenorrhea for 3 or 
more months in postmenarcheal females. Bulimia ner-
vosa, the binge-eating/purging variant eating disorder, 

is similar in the overevaluation of body shape and 
weight and the use of extreme weight control behaviors. 
Physical activity tends to be high. These disorders may 
be manifest at an early stage as atypical eating disorders, 
before weight or amenorrhea criteria are met or when 
the binge is subjective. The cognitive defect that weight 
can serve as the predominant value in judging self-
worth is central to anorexia nervosa. In contrast to 
other depressive individuals, these patients are generally 
content with themselves in the areas of intellectual and 
vocational achievement.

The cause is multifactorial. It involves a genetic predis-
position. Concordance rates for the anorexic type are 
about 50% for monozygous twins, compared with about 
5% for dizygotic twins. Many other risk factors have been 
implicated. Familial factors also include eating disorders 
of any type, depression, substance abuse, and adverse fam-
ily interactions. Premorbid experiences, such as sexual 
abuse or social pressures, or premorbid characteristics, 
such as low self-esteem, compulsiveness, and perfection-
ism, are also important. Dieting meets a need for approval 
in our culture with its emphasis on dietary restriction and 
thinness as goals for women. Anorexia is often precipi-
tated in vulnerable children by a new experience, such as 
puberty, leaving home or beginning college, or by adverse 
life events. The disorder is perpetuated by the complica-
tions of starvation, such as depression and reduced gastric 
emptying.

The onset tends to be at 12 years of age or later. 
Earlier onset is associated with growth arrest, delay of 
puberty, and primary amenorrhea.761 GH deficiency is 
common.762,763

The medical complications of anorexia nervosa are seri-
ous. The risk of death is increased approximately 10-fold: 
electrolyte imbalance, hypoglycemia, cardiovascular insta-
bility, bone marrow hypocellularity predisposing to silent 
infection, and renal failure account for about half of the 
mortality, and suicide accounts for the rest.

The weight changes leading to cessation or restoration 
of menstrual cycles are in the range of 10% to 15% of 
body weight. Recovery is associated with achieving a criti-
cal level of body fat stores above the 10th percentile (over 
approximately 20% body fat) (Figure 15-40), at a BMI 
of approximately 20 (i.e., midnormal).764,765 There is an 
inverse relationship between body weight and the maturity 
of gonadotropin release in these patients. The 24-hour 
pattern of gonadotropin release tends to be immature 
(prepubertal or pubertal), and the diurnal LH pattern  
becomes mature upon recovery from undernutrition.766 
Luteinizing hormone pulsatility is low and may be re-
stored by opiate antagonists.89 The gonadotropin response 
to GnRH and ovulatory response to clomiphene citrate 
are blunted in the malnourished state and become normal 
with weight gain to about 80% of ideal.767,768 Leptin levels 
are significantly decreased and are a major contributor to 
both the gonadotropin deficiency and to changes in the 
thyroid and GH axes.769

Mild hypercortisolism is frequent and may contribute 
to the anovulation by mechanisms discussed further  
under “Hypothalamic Anovulation.”770 Afternoon ACTH 
and cortisol levels are significantly higher and the re-
sponse to CRH is significantly lower than normal.  

FIGURE 15-39 n   Computed tomography of the brain of a 16-year-
old girl with hypothalamic astrocytoma. The low-density tumor 
mass (arrows) extends superiorly from the hypothalamus, oblit-
erates the third ventricle, and partially compresses the frontal 
horns of the lateral ventricles (particularly the right). This pa-
tient presented with secondary amenorrhea. Menarche had oc-
curred at age 13, and menses was normal until 15.3 years. The 
patient then became amenorrheic in association with lethargy, 
episodic headaches, polyuria, and weight gain—despite little 
change in appetite. Physical examination was negative. The 
skull radiograph, electroencephalogram, visual fields, and  
serum prolactin and thyroxine levels were normal—and urine-
specific gravity was 1.016. After biopsy of the cyst wall, studies 
revealed her to have gonadotropin, growth hormone, and par-
tial antidiuretic hormone deficiencies.



SECTION III  Endocrine Disorders in Children and Adolescents620

In contrast to Cushing syndrome, DHEAS levels tend to 
be blunted as a consequence of undernutrition.771

A fundamental neuropsychological flaw or hypotha-
lamic disturbance772 seems necessary to explain the high 
incidence of GH deficiency, why some patients become 
amenorrheic before losing weight, and why about half 
of the cases remain amenorrheic after treatment. The 
serotonergic systems implicated in the regulation of 
feeding and mood seem to remain altered even after 
weight restoration. The authors favor the concept that 
these psychological problems lead to amenorrhea only 
in women who are predisposed to it by a unique preex-
isting hypothalamic dysfunction. Evidence has been 
obtained for marked individual differences in reactivity 
of the neuroendocrine system to stress.773

A number of features attributed to hypothalamic dys-
function, such as cold intolerance, may be due to the subtle 
hypothyroid state that is secondary to the malnutrition.770 
Serum triiodothyronine levels are consistently low, serum 
thyroxine levels tend to be lower than average (although 
usually within normal limits), the pattern of TSH release 
indicates TRH deficiency, and the state of deep tendon 

reflexes and metabolism is consistent with hypothyroid-
ism. Hypothyroidism may in part complicate malnutri-
tion as a consequence of the interference with IGF-1 
generation: low IGF-1 initiates GH excess, compensa-
tory somatostatin release, and subsequent inhibition of 
the thyrotropin response to thyrotropin-releasing hor-
mone. Undernutrition also diverts the generation of 
thyroxine metabolites away from triiodothyronine and 
toward reverse triiodothyronine.

Hyperprolactinemia is a potentially reversible cause of 
gonadotropin deficiency.774 Galactorrhea is present in 
about half of the patients, particularly those with residual 
estrogen production. The causes of hyperprolactinemia 
are diverse, including hypothalamic or pituitary disorders, 
drugs, hypothyroidism, renal or liver failure, peripheral 
neuropathy, stress, autoimmune disorders, macroprolac-
tinemia, genetic, and idiopathic origins.775-777a Elevated 
serum prolactin levels occur with a variety of tumors that 
cause functional or anatomic pituitary stalk section, 
thereby preventing inhibitory pituitary control. About 
one third of hyperprolactinemic women have an identifi-
able pituitary adenoma. Prolactinomas smaller than 1 cm 

FIGURE 15-40 n   Percentiles of fatness (diagonal lines) for white girls at menarche (left) and after menarche (right) equated with com-
puted percentiles of total water as a percentage of total body weight. The minimal weight necessary at a particular height for the 
onset or maintenance of menses is very close to the 10th percentile of fatness on these respective charts. Data for anorexia nervosa 
cases are shown on the right-hand chart: • at presentation; x at resumption of menses. (From Frisch RE, McArthur JW [1974]. Menstrual 
cycles: fatness as a determinant of minimum weight for height necessary for their maintenance or onset. Science 185:949. Copyright © by 
the American Association for the Advancement of Science.)
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in diameter (microadenomas) cause no problems due to 
local extension. Prolactinoma may be associated with 
multiple endocrine neoplasia type 1.778 In about a quarter 
of adult hyperprolactinemia cases, the malfunction is due 
to the ingestion of drugs such as phenothiazines, estro-
gen, or cocaine.779 Considerable hyperprolactinemia is 
idiopathic: decreased sensitivity to dopaminergic inhibi-
tion may underlie such cases.780

Macroprolactinemia is due to a variant molecule or 
autoantibody formation. In this situation, direct immu-
noassay indicates elevated levels of prolactin. However, 
the biologically available or active prolactin level is nor-
mal; thus there is no physiologic consequence to the 
macroprolactinemia.

Hyperprolactinemia results in LH pulses that tend to 
be infrequent and LH secretion that is variable in re-
sponse to GnRH.781 Selective prolactin excess causes 
variable degrees of gonadotropin deficiency, ranging 
from severe to partial (hypothalamic amenorrhea). Adre-
nal hyperandrogenism, hirsutism, and seborrhea are 
common.314

Frank virilization as a result of very high androgen 
levels suppresses gonadotropin levels and so causes de-
feminization. However, the moderately hyperandrogenic 
disorders discussed later, which are more common, are 
associated with normal estrogenization.

Differential Diagnosis

The differential diagnosis of hypogonadism is included 
in Box 15-4. Investigation should begin for hypogonad-
ism when puberty is delayed or does not progress nor-
mally. Delayed puberty is indicated by a lack of thelarche 
by the chronologic or bone age of 13 years. Abnormal 
progression of puberty is suggested by failure of menses 
to occur within 4.5 years of the onset of puberty or if 
secondary amenorrhea or oligomenorrhea has persisted 
for 1 year. A family history of delayed puberty is compat-
ible with the delay being constitutional rather than hav-
ing an organic basis. The history should include a thor-
ough past medical history and systems review, including 
intracranial, visual, olfactory, emotional, abdominal,  
or pelvic symptoms and systemic symptoms that might 
indicate chronic endocrine, metabolic, or systemic dis-
orders that delay puberty. Upon examining the patient, 
the height and weight should be carefully measured and 
growth rate and appropriateness of weight for height 
determined (see Figure 15-40). Careful categorization 
of the stage of breast and sexual hair development are 
essential. Inspection of the external genitalia is indi-
cated, but an internal pelvic examination seldom is nec-
essary for diagnosis.782 Examination of the mature breast 
should include an attempt to express milk from the ducts 
to the nipple. The finding of a structural genital abnor-
mality may indicate that amenorrhea is due to abnormal 
genital tract development, whereas clitoromegaly783 is a 
clue to a virilizing disorder. Neurologic examination 
should include evaluation of eye movements, visual 
fields, and optic fundi, as well as a search for anosmia 
and midline defects.

An algorithmic approach to the workup of patients with 
menstrual disorders is shown in Figures 15-41 through 

15-43.784 The laboratory workup depends on the degree of 
estrogenization, as initially assessed from the stage of 
breast development: it includes a bone age radiograph in 
adolescents who are not sexually mature and generally 
begins with a chronic disease panel, and determination of 
gonadotropins, E2 and testosterone level. A pregnancy 
test is indicated in a sexually mature adolescent. The diag-
nostic considerations differ in the anovulatory girl without 
FSH elevation depending on whether she is hypoestro-
genic or estrogenized (see Box 15-4; also see Figures 15-41 
and 15-42).

FSH elevation indicates primary ovarian failure (see 
Figures 15-41 and 15-42). Chromosome abnormalities 
are ordinarily the first consideration, as the most com-
mon cause is Turner syndrome and its variants. Individu-
als with primary ovarian failure that is not due to Turner 
syndrome and its variants should be investigated for the 
fragile X premutation.

Lack of FSH elevation in a prepubertal patient does 
not rule out primary ovarian failure if bone age is below 
11 years, because neuroendocrine puberty may not have 
occurred; in this situation primary ovarian failure is not 
hypergonadotropic (see Table 15-5).685 If FSH is not ele-
vated and bone age has reached 11 years, in a prepubertal 
girl without a growth-attenuating or retarding disorder, 
one is dealing either with constitutional delay of puberty 
or isolated gonadotropin deficiency (see Figure 15-41). 
“Constitutional” delay of puberty is the most likely diag-
nosis until the bone age reaches 11 to 13 years (see Table 
15-5).685 Its distinction from isolated gonadotropin defi-
ciency may be difficult. The features that help to distin-
guish it from isolated gonadotropin deficiency are listed 
in Box 15-5 and discussed in the footnotes to Figure 15-41. 
The single most useful test is the LH level in response to 
GnRH testing because random LH levels in hypogonado-
tropic patients often overlap those of pre- and midpuber-
tal normal children.95 GnRH agonist testing may dis-
criminate between these disorders better because the LH 
response at 3 to 4 hours is the best indicator of gonado-
tropin secretory reserve and because this test permits  
assessing the gonadal secretory response to the secreted 
gonadotropins at 24 hours.651

The assessment of an adolescent’s degree of estro-
genization is often difficult. Breast development indi-
cates that there has been estrogen exposure, but it 
does not mean that the exposure is current. Determi-
nation of serum E2 is the simplest test, but diurnal 
and cyclic variations must be taken into account. De-
termination of the hormonal effects on vaginal cytol-
ogy is the most indicative of overall estrogen exposure 
(see Figure 15-29), but patients do not accept it as 
well. A progestin withdrawal test is often helpful. A 
female who does not experience progestin withdrawal 
bleeding (see Figure 15-42) probably has an ambient 
E2 level of less than about 40 pg/mL.785 If bleeding 
does not occur in response to this maneuver, the in-
tegrity of the uterus can be demonstrated by eliciting 
withdrawal bleeding after a 3-week course of estro-
gen-progestin, most conveniently administered in the 
form of birth control pills.

A prolactin level is indicated in the initial workup  
of normogonadotropic patients, regardless of their  
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FIGURE 15-41 n   Differential diagnosis of primary amenorrhea. (Modified with permission from Rosenfield, R. L. (2003). Menstrual disorders 
and hyperandrogenism in adolescence. In S. Radovick, & M. H. MacGillivray (Eds.), Pediatric endocrinology: a practical clinical guide 
(pp. 451–478). Totowa, NJ: Humana Press.)

 A. Prime among the causes of primary amenorrhea are growth-retarding or attenuating disorders. In the absence of specific symptoms or signs 
to direct the workup, laboratory assessment for chronic disease typically includes a bone age radiograph if the adolescent is not sexually 
mature and a chronic disease panel (complete blood count and differential, sedimentation rate, comprehensive metabolic panel, celiac panel, 
thyroid panel, cortisol and insulin-like growth factor-I levels, and urinalysis).

 B. Breast development ordinarily signifies the onset of pubertal feminization. However, mature breast development does not ensure ongoing 
pubertal estrogen secretion (see Figures 15-5 and 15-6).

 C. BMI , 10th percentile generally corresponds to a body composition that is , 20% body fat, which is the critical factor.
 D. BMI may not accurately reflect body fat in serious athletes (who have a disproportionately greater muscle mass) or bulimia nervosa.
 E. FSH is preferentially elevated over LH in primary ovarian failure. The most common cause of primary amenorrhea due to primary ovarian 

failure is gonadal dysgenesis due to Turner syndrome, but acquired causes must be considered (such as cytotoxic therapy). The workup of 
primary ovarian failure is considered in detail in the next algorithm (Figure 15-5, secondary amenorrhea and oligomenorrhea). Lack of FSH 
elevation virtually rules out primary ovarian failure only when the bone age is appropriate for puberty (11 years or more).

 F. “Pediatric” gonadotropin assays sensitive to # 0.15 U/L are critical to the accurate diagnosis of gonadotropin deficiency and delayed puberty. 
A low LH level is more characteristic of these disorders than a low FSH level. Congenital gonadotropin deficiency is closely mimicked by 
the more common extreme variation of normal, constitutional delay of puberty.

 G. History and examination may yield clues to the cause of hypogonadotropic hypogonadism, such as evidence of hypopituitarism (midline 
facial defect, extreme short stature, visual field defect), anosmia (Kallmann syndrome), or functional hypothalamic disturbance (bulimia, 
excessive exercise). Random LH levels in hypogonadotropic patients are usually below 0.15 IU/L, but they often overlap those of normal 
pre- and midpubertal children. The GnRH test, measuring the gonadotropin response to a 50- to 100-mg bolus, in the premenarcheal 
teenager strongly suggests gonadotropin deficiency if the LH peak is less than 4.2 IU/L by monoclonal assay. However, the GnRH test has 
limitations because of overlap between hypogonadotropic and normal teenager responses. GnRH agonist testing (e.g., leuprolide acetate 
injection 10 mg/kg SC) may discriminate better. It may not be possible to definitively establish the diagnosis of gonadotropin deficiency 
until puberty fails to begin by 16 years of age or progress at a normal tempo.

 H. Plasma total testosterone is normally 20 to 60 ng/dL (0.7 to 2.1 nM) in women, 300 to 1200 ng/dL in men, but varies somewhat among 
laboratories. Plasma free (or bioavailable) testosterone is about 50% more sensitive than total testosterone in detecting hyperandrogenemia. 
However, there are many pitfalls in testosterone assays at the low levels common among women, reliable testosterone assays are not available 
to many physicians, and assaying the free testosterone introduces other potential sources of error. Therefore, it is reasonable to begin the 
evaluation with a total testosterone determination if a free testosterone test in a reliable specialty laboratory is not available to the practitio-
ner.

 I. Androgen resistance is characterized by a frankly male plasma testosterone level when sexual maturation is complete, male karyotype 
(46,XY), and absent uterus. External genitalia may be ambiguous (partial form) or normal female (complete form).

 J. The differential diagnosis of hyperandrogenism is shown in a later algorithm (see Figure 15-7).
 K. Vaginal aplasia in a girl with normal ovaries may be associated with uterine aplasia (Rokitansky-Kustner-Hauser syndrome). When the vagina 

is blind and the uterus aplastic, this disorder must be distinguished from androgen resistance. If the external genitalia are ambiguous, it must 
be distinguished from other disorders of sex development (intersex).

 L. Secondary amenorrhea differential diagnosis is presented in Figure 15-42.
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FIGURE 15-42 n   Differential diagnosis of secondary amenorrhea or oligomenorrhea. (Modified with permission from Rosenfield, R. L. 
(2003). Menstrual disorders and hyperandrogenism in adolescence. In S. Radovick, & M. H. MacGillivray (Eds.), Pediatric endocrinology: 
a practical clinical guide (pp. 451–478). Totowa, NJ: Humana Press.)

 A. Mature secondary sex characteristics are characteristic because the occurrence of menarche indicates a substantial degree of development 
of the reproductive system.

 B. Diverse disorders of many systems cause anovulation. The history may reveal excessive exercise, symptoms of depression, gastrointestinal 
symptoms, radiotherapy to the brain or pelvis, or rapid virilization. Physical findings may include hypertension (forms of congenital ad-
renal hyperplasia, chronic renal failure), short stature (hypopituitarism, Turner syndrome, pseudohypoparathyroidism), abnormal weight 
for height (anorexia nervosa, obesity), decreased sense of smell (Kallmann syndrome), optic disk or visual field abnormality (pituitary 
tumor), cutaneous abnormalities (neurofibromatosis, lupus), goiter, galactorrhea, hirsutism, or abdominal mass.

 C. In the absence of specific symptoms or signs to direct the workup, evaluation for chronic disease in a sexually mature adolescent typically 
includes complete blood count and differential, sedimentation rate, comprehensive metabolic panel, celiac panel, thyroid panel, cortisol 
and insulin-like growth factor 1 levels, and urinalysis.

 D. “Pediatric” gonadotropin assays sensitive to # 0.2 U/L are critical to the early diagnosis of many anovulatory disorders.
 E. Patients missing only a small portion of an X chromosome may not have the Turner syndrome phenotype. Indeed, among 45,X patients, 

the classic Turner syndrome phenotype is found in less than one third (with the exception of short stature in 99%). Ovarian function is 
sufficient for about 10% to undergo some spontaneous pubertal development and for 5% to experience menarche. If chromosomal stud-
ies are normal and there is no obvious explanation for the hypogonadism, special studies for fragile X premutation and autoimmune 
oophoritis should be considered.

 F. Autoimmune ovarian failure may be associated with tissue-specific antibodies and autoimmune endocrinopathies such as chronic autoim-
mune thyroiditis, diabetes, adrenal insufficiency, and hypoparathyroidism. Nonendocrine autoimmune disorders may occur, such as muco-
cutaneous candidiasis, celiac disease, and chronic hepatitis. Rare gene mutations causing ovarian insufficiency include steroidogenic defects 
that affect mineralocorticoid status (17-hydroxylase deficiency is associated with mineralocorticoid excess and lipoid adrenal hyperplasia 
with mineralocorticoid deficiency) and mutations of the gonadotropins or their receptors. Ovarian biopsy is of no prognostic or therapeu-
tic significance. LH is disproportionately high in steroidogenic defects or autoimmune disease specifically affecting theca cells.

 G. The history may provide a diagnosis (e.g., cancer chemotherapy or radiotherapy). Other acquired causes include surgery and autoim-
munity. Chromosomal causes of premature ovarian failure include X-chromosome fragile site and point mutations. Other genetic causes 
include gonadotropin-resistance syndromes such as LH or FSH receptor mutation and pseudohypoparathyroidism. A pelvic ultrasound 
that shows the preservation of ovarian follicles carries some hope for fertility.

 H. Withdrawal bleeding in response to a 5- to 10-day course of progestin (e.g., medroxyprogesterone acetate 10 mg HS) suggests an overall 
estradiol level greater than 40 pg/mL. However, this is not entirely reliable, thus in the interest of making a timely diagnosis it is often 
worthwhile to proceed to further studies.

 I. A single cycle of an OCP containing 30 to 35 mg ethinyl estradiol generally suffices to induce withdrawal bleeding if the endometrial 
lining is intact.

 J. A thin uterine stripe suggests hypoestrogenism. A thick one suggests endometrial hyperplasia, as may occur in polycystic ovary syndrome.
 K. The differential diagnosis of other anovulatory disorders continues in Figure 15-43.
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FIGURE 15-43 n   Differential diagnosis of anovulatory disorders. (Modified with permission from Rosenfield, R. L. (2003). Menstrual disor-
ders and hyperandrogenism in adolescence. In S. Radovick, & M. H. MacGillivray (Eds.), Pediatric endocrinology: a practical clinical guide 
(pp. 451–478). Totowa, NJ: Humana Press.)

 A. Anovulatory disorders should be considered in any girl with unexplained amenorrhea or oligomenorrhea, irregular menstrual bleeding, short 
cycles, or excessive menstrual bleeding. The workup in this algorithm progresses from negative studies in the Figure 15-5 algorithm.

 B. Once breast development has matured, the breast contour does not substantially regress when hypoestrogenism develops. Hypoestrogenism 
is suggested if plasma estradiol is persistently , 40 pg/mL in a “pediatric” assay sensitive to , 10 pg/mL. However, a single estradiol level 
may be misleading because of cyclic or episodic variations.

 C. Gonadotropin-releasing hormone (GnRH) testing is usually performed by assaying LH and FSH before and 0.5 hour after the administra-
tion of 1 mg/kg GnRH intravenously. GnRH agonist testing may alternatively be performed by administering 10 mg/kg leuprolide acetate 
subcutaneously and assaying LH and FSH at 3 to 4 hours to assess gonadotropin reserve and at 18 to 24 hours to assess the ovarian steroid 
response to endogenous gonadotropin release.

 D. Baseline gonadotropin levels may be normal as the ovary begins to fail, as in early menopause, but an exaggerated FSH response to GnRH 
and subnormal E2 response to the gonadotropin elevation induced by acute GnRH agonist challenge are characteristic. The further workup 
is shown in Figure 15-5.

 E. LH responses to GnRH may vary from nil to normal in gonadotropin deficiency: normal LH and FSH responses in the presence of hypoes-
trogenism indicate inadequate compensatory hypothalamic GnRH secretion.

 F. Gonadotropin deficiency may be congenital or acquired, organic or functional. Congenital causes include midline brain malformations or 
specific genetic disorders such as Prader-Willi syndrome, Laurence-Moon-Biedl syndrome, or Kallmann syndrome. Kallmann syndrome, 
the association of anosmia with gonadotropin deficiency, occurs in both the X-linked and autosomal-recessive forms. Special MRI views 
often demonstrate the absence of the olfactory tracts. Acquired gonadotropin deficiency may be secondary to a variety of organic CNS 
disorders, varying from hypothalamic-pituitary tumor to radiation damage to empty sella syndrome. Autoimmune hypophysitis is a rare 
disorder, sometimes accompanying a polyendocrine deficiency syndrome. The prototypic form of functional gonadotropin deficiency is 
anorexia nervosa. Idiopathic hypogonadotropic deficiency may sometimes occur in families with anosmia, suggesting a relationship to 
Kallmann syndrome.

 G. Plasma free (or bioavailable) testosterone is about 50% more sensitive than total testosterone in detecting hyperandrogenemia. However, 
there are many pitfalls in testosterone assays at the low levels observed in women, reliable testosterone assays are not available to many 
physicians, and assaying the free testosterone introduces other potential sources of error. Therefore, it is reasonable to begin the evaluation 
with a total testosterone determination if a free testosterone test in a reliable specialty laboratory is not available to the practitioner. Simul-
taneous assay of 17-hydroxyprogesterone is indicated in subjects at high-risk for congenital adrenal hyperplasia, such as Ashkenazi Jews. A 
differential diagnosis of hyperandrogenic evaluation is outlined in Figure 15-46.

 H. Dysfunctional uterine bleeding or menorrhagia not controlled by progestin or OCP therapy additionally requires a pelvic ultrasound 
examination (for genital tract tumor or feminizing tumor), coagulation workup (which includes platelet count, prothrombin time, throm-
boplastin generation test, bleeding time, and von Willebrand factor), and consideration of the possibility of sexual abuse.

 I. The equivalent of 4 miles per day or more is generally required before body fat stores fall to the point where amenorrhea occurs. Physical 
or psychosocial stress may cause amenorrhea.

 J. The normal range for estradiol over the menstrual cycle is wide: values . 95 pg/mL usually indicate the preovulatory or luteal phase but are 
compatible with a feminizing disorder.

 K. Mild forms of stress disorders associated with low body fat (anorexia nervosa, bulimia nervosa, and athletic amenorrhea) may cause acquired 
hypothalamic amenorrhea rather than frank gonadotropin deficiency. The low body fat content of athletic amenorrhea may not be reflected 
by weight for height because of high muscularity. A dual-photon absorptiometry scan may be useful for documenting body fat below 20%. 
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estrogen status. The prolactin level correlates with the 
size of prolactinomas, and a level over 200 ng/mL is 
typical of a macroprolactinoma. A prolactin level that 
does not correlate with the size of a large pituitary tu-
mor suggests that either the tumor is not a prolacti-
noma and is causing a functional pituitary stalk section 
or it is a macroprolactinoma elaborating such high levels 
of prolactin as to artifactually lower the immunoassay-
able prolactin level by a “hook effect.”786 Very high 
blood or cerebrospinal fluid prolactin levels suggest in-
vasiveness. The workup for this should include formal 
testing of visual fields (Goldman perimetry or evoked 
response). Pituitary microadenomas may be “inciden-
talomas” of no clinical significance, judging from an 
approximate 10% incidence in autopsy material.787 
However, they require careful assessment of pituitary 
function and follow-up.788 Macroprolactinemia should 
be considered in the absence of clearly related symp-
toms and when the MRI is negative or in the setting  
of autoimmune disease.776,777 Macroprolactinemia is 
confirmed when the prolactin level measured after  

precipitation of serum using polyethylene glycol is nor-
mal (or substantially reduced compared to the level 
measured in untreated serum.)

Imaging studies are important ancillary measures.  
Pelvic ultrasound may demonstrate hypoplastic ovaries, 
endometrial hypoplasia or disorders, or polycystic ovaries. 
Magnetic resonance imaging of the hypothalamic- 
pituitary area is important in the workup of gonadotropin 
deficiency, hyperprolactinemia, and hypothalamic anovu-
lation.

Anorexic patients require psychiatric evaluation  
and consideration of brain tumor and partial bowel ob-
struction. Diet faddism and athletic addiction may be 
difficult to distinguish from anorexia nervosa. Constitu-
tionally thinness is a variant of normal with normal 
menses and a distinctive hormonal profile.789 It is un-
clear whether the superior mesenteric artery syndrome 
is a primary disorder that mimics anorexia nervosa or is 
a complication of it.790

Management

Underlying disorders must be treated appropriately. For 
example, tumors require surgery or radiotherapy. For pro-
lactinoma, dopaminergic treatment is the initial treatment 
of choice unless the patient’s condition or eyesight is  
critical.778,791 Hyperprolactinemia will be maximally sup-
pressed within 1 month and the menstrual cycle normal-
ized within 3 months by an effective dopaminergic agonist 
regimen. Cabergoline 0.5 to 1 mg once or twice weekly 
will usually control galactorrhea and shrink prolactino-
mas.775,792 To minimize nausea it is best to start with a low 
dose at bedtime. Data implicate cabergoline as increasing 
the risk of cardiac valve regurgitation about 5-fold in the 
elderly, albeit at generally 10-fold or higher doses than 
used to treat hyperprolactinemia. Bromocriptine does not 
activate the serotonin 5-HT(2B) receptor, the proposed 
mechanism through which cabergoline is thought to stim-
ulate valve hypertrophy, and so bromocriptine does not 
seem to be associated with an increased risk of cardiac 
valve regurgitation and may be considered as an alternative 
to cabergoline treatment, albeit a less-effective one. The 
usual bromocriptine maintenance dose is 0.25 to 0.5 mg 
twice daily. After 2 years of treatment, if the prolactin  
level is normal and there is no tumor evident on MRI, 

Patients with anorexia nervosa may become amenorrheic before or when weight loss begins, indicating an important psychological  
component to the etiology. Obesity is also associated with anovulatory cycles and raises the possibility of Cushing syndrome.

 L. Hypothalamic amenorrhea is a diagnosis of exclusion. It is a form of partial gonadotropin deficiency in which baseline estrogen secretion is 
normal but a preovulatory LH surge cannot be generated. It may result from organic CNS disorders or be functional, due to stress, under-
nutrition or obesity, diverse types of endocrine dysfunction, chronic disease, or idiopathic causes. It may be difficult to distinguish from 
hyperandrogenemia.

 M. Hyperprolactinemia is heterogeneous in its presentation. Some have normoestrogenic anovulation, which may be manifest as hypothalamic 
anovulation, hyperandrogenism, dysfunctional uterine bleeding, or short luteal phase. On the other hand, some are hypoestrogenic; these do 
not have galactorrhea.

 N. Large hypothalamic-pituitary tumors or other types of CNS injury cause variable pituitary dysfunction, which may include complete or 
partial gonadotropin deficiency and various manifestations of hypopituitarism (including secondary hypothyroidism). If they interrupt the 
pituitary stalk, hyperprolactinemia ensues. Hyperprolactinemia may also be caused by prolactinomas.

 O. Drugs, particularly neuroleptics of the phenothiazine or tricyclic type, may induce hyperprolactinemia.

BOX 15-5 Features That Distinguish 
Gonadotropin Deficiency from 
Constitutional Delay of Puberty

In a healthy delayed prepubertal girl with BA .11 years and 
prepubertal FSH, gonadotropin deficiency is:

• Possible if:
• Weight loss greater than 5% to 8% (BMI , 10th to 

15th percentile for height age)
• Midline facial defect
• CNS dysfunction
• CT or MRI brain scan abnormal

• Probable if:
• BA . 13 years and LH , 0.15 U/L in early daytime
• Anosmia or panhypopituitarism

• Diagnostic if:
• Sleep-associated increase in LH lacking
• GnRH agonist test subnormal response
• Chronologic age .16 years

Modified with permission from Rosenfield, R. L., Barnes, R. B. 
(1993). Menstrual disorders in adolescence. Endocrinol Metab  
Clin N Am, 22, 491–505.
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dopamine agonist may be tapered and possibly discontin-
ued. Prolactin levels are then measured to monitor for 
recurrance.793

Anorexia nervosa is best managed by an experienced 
multidisciplinary team. Refeeding is the first priority, 
and once steady weight gain is evident, the psychody-
namic issues can be addressed.794 Family therapy of 
medically uncomplicated cases of anorexia nervosa on 
an outpatient basis generally yields the best results, with 
good improvement in over half of patients. Inpatient 
intervention for rehydration and metabolic stabilization 
or failure of weight gain with ongoing cachexia may be 
required at any time. Menses resumes when psycho-
therapy is effective and body fat is restored to normal 
(see Figure 15-40). The induction of menses by estro-
gen-progestin replacement is usually injudicious  
because it provides a false sense of recovery and does 
not yield the recovery of bone loss that occurs with 
weight gain.795 Although the acute episode can usually 
be successfully treated, there is a high rate of ongoing 
psychiatric disability and medical complications.  
Anorexia nervosa “by proxy” has been described in the 
offspring of former patients.796

There are two aspects of therapy that are uniformly 
involved in managing hypogonadism: psychological 
support and hormone administration. Patients with de-
layed development that is a variation of normal should 
be reassured that there is nothing wrong, only a delay in 
timing of the onset of puberty. The wide normal varia-
tion in the pattern and time of the pubertal growth 
spurt should be explained in detail and the girl should 
be informed of her predicted eventual height. Most 
children with delayed puberty do not have overt  
psychological symptoms. Complex compensations and 
sublimations obviously occur. However, peer group 
pressures may make adjustment to sexual infantilism 
especially difficult when the child approaches age 13,797 
and a poor self-image may lead to social withdrawal and 
feelings of hopelessness. Physical immaturity may pro-
long psychological immaturity. A 6- to 12-month course 
of physiologic sex hormone therapy at this time may 
help alleviate these anxieties. The physician should dis-
cuss the fact, when the evidence favors it, that the odds 
are overwhelmingly in favor of the “timer in the sub-
conscious area of the brain” eventually turning on. 
When this will happen can be approximated from the 
skeletal age. One should not hesitate to advise more 
intensive psychological counseling if it becomes appar-
ent that the concern about puberty is but one aspect of 
a more general maladjustment. Ultimately the decision 
as to whether to undertake treatment for delayed puberty 
is up to the patient and her family.

It is important to assure the teenager with an organic 
basis for hypoestrogenism that feminization will occur, 
although in response to appropriate hormone treatment. 
Some genetic forms of gonadotropin deficiency are actu-
ally reversed by sex steroid therapy.221 However, most 
will benefit from lifelong hormone replacement therapy. 
It should be kept in mind that attainment of normal 
breast development in the girl with panhypopituitarism 
requires replacement of GH and cortisol deficits. It is 
difficult, however, to induce secondary sex characteristics 

in some patients with systemic chronic inflammatory 
disease such as lupus erythematosus.

In patients in whom short stature is an important 
concern, as in Turner syndrome, growth potential must 
be considered before undertaking estrogen replace-
ment. GH therapy improves the adult height potential 
of patients with Turner syndrome, especially when 
started as soon as growth failure becomes apparent.798 
GH therapy in the United States is generally initiated  
at a dose of 0.375 mg/kg per week as approved by the 
U.S. Food and Drug Administration (FDA). In older 
girls, or those with extremely short stature, therapy  
with oxandrolone (2-oxo-17a-methyldihydrotestosterone 
[Anavar]) 0.05 mg/kg/day, which augments GH action, 
can be considered.799 Clitoromegaly is ordinarily negligi-
ble on this dosage; liver function should be monitored.

Two controlled studies have shown that pubertal  
estrogen replacement therapy is safe and efficacious 
when started as young as 11 to 12 years of age using very 
low estrogen doses in conjunction with growth hormone 
therapy in Turner syndrome.800,801 Both therapeutic regi-
mens, one utilizing monthly depot E2 and the other us-
ing daily oral ethinyl E2, maximized growth potential 
and age-appropriate feminization. However, the doses 
used were far below those available by prescription. The 
estrogen content of oral contraceptive pills is supraphys-
iologic for the induction of breast development or for 
linear growth.

We favor the use of one of the following hormone 
replacement regimens. Whichever form of estrogen is 
used, pubertal development and growth should be moni-
tored every 6 months, with bone age determinations at 
6- to 12-month intervals to avoid unanticipated loss of 
growth potential.

Intramuscular depot E2 in a starting dose of  
0.2 mg/month will usually induce breast budding; the 
dose should be increased by 0.2 mg every 6 months.800 
A midpubertal dose of 1 to 1.5 mg monthly, which is 
half the adult replacement dose, typically induces 
menarche within 1 year. An alternative oral regimen 
begins with 5 mg/kg micronized E2 (Estrace, 0.25 mg 
for a 50 kg girl) daily; the adult replacement dose is  
1 to 2 mg/day.802

Transdermal E2 is a convenient, physiologic form of 
therapy803 that appears to have long-term health advan-
tages over commonly used oral estrogens,524,525 but there 
are little data on its use for inducing puberty. We recom-
mend starting transdermal feminization with 25 mg daily 
for 1 week per month, a marginally feminizing dose that 
is in accord with current guidelines,798 and escalating at 
6-month intervals to an adult dose at 3 years. A suggested 
protocol for female pubertal induction for hypogonadal 
patients is provided in Table 15-7.802

For girls with hypogonadism and an intact uterus, cy-
clic progestin should be added after 2 years of estrogen 
therapy or when bleeding begins to occur at unpredictable 
times. A simple regimen is to use 100 mg of micronized 
progesterone (Prometrium) at bedtime for 7 to 14 days 
during the second to third week of estrogen therapy  
or equivalent doses of medroxyprogesterone acetate (5 to 
10 mg/day) or norethindrone acetate (5 mg/day). This  
will bring about normal menstruation during the week 
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preceding the resumption of estrogen therapy. The addi-
tion of progestin will decrease the risk of endometrial hy-
perplasia and endometrial carcinoma, but premenstrual 
symptoms should be anticipated.

Once optimal height is achieved, most patients prefer 
to switch to birth control pills as a convenient form of 
estrogen-progestin therapy. The pills containing the 
lowest dose of estrogen that will result in normal men-
strual cycles are advisable. The potential risks of oral 
contraceptives must be kept in mind when counseling 
adolescents.804 The lowest estrogen dosages currently 
available in combination contraceptive pills in the United 
States contain 20 mg (Mircette) to 30 mg (Yasmin) ethinyl 
E2. Low-dose androgen replacement has been contro-
versial but may confer benefits to body composition, 
cognition, bone mineralization, and libido.805

Hypogonadotropic patients can achieve ovulation with 
gonadotropin therapy. Hypothalamic GnRH deficiency 
can be successfully treated by pulsatile GnRH.89,806 Be-
cause several genes in the GnRH signaling system are 
expressed in the gonads, some hypogonadotropic patients 
have primary defects in gonadal function.728,807 Induction 
of ovulation is best carried out by a gynecologist special-
izing in reproductive endocrinology.

Patients with primary ovarian failure usually require 
oocyte donation and in vitro fertilization to successfully 
achieve pregnancy.691,694,808 Activation of residual follicle 
growth in autografts has recently been accomplished, 
with successful pregnancy after embryo transfer.808a 
Turner syndrome patients are, however, at high risk for 

obstetrical complications in the areas of uterine anoma-
lies, carbohydrate intolerance, and cardiovascular com-
plications. Oocyte cryopreservation and ovarian tissue 
cryopreservation and transplantation have been explored 
to preserve fertility in patients with gonadal dysgenesis 
and disorders requiring cytotoxic chemotherapy or go-
nadectomy.809-811 There has been some success with these 
experimental procedures, but outcomes data are sparse. 
Feasibility is a limitation in children because of time con-
straints and the need for ovarian stimulation.709 Female 
germline stem cell research holds promise as a future 
fertility treatment.38 Up-to-date information for physi-
cians and patients can be found through the Oncofertility 
Consortium (myoncofertility.org).

Nonhypoestrogenic Menstrual 
Disturbances
Hypothalamic Anovulation

Hypothalamic anovulation causes menstrual disturbances 
in sexually mature women through a deficiency in GnRH 
secretion that is too subtle to cause frank hypoestrogenism. 
The neuroendocrine system stimulates ovarian estrogen 
secretion to a level normal for an early- or midfollicular 
phase female, but follicular development is inadequate  
for a normal dominant follicle to emerge. Amenorrhea or 
oligomenorrhea may result. However, in some patients  
sufficient estrogenization occurs to cause dysfunctional 
uterine bleeding, which is discussed in the next section.

Age Estradiol Dose

0-6 months 25 mg, day 1-7 each month
6-12 months 25 mg, day 1-14 each month
12-18 months 25 mg, day 1-21 each month
18-24 months 37.5 mg, day 1-21 each month
2-2.5 years 28-day cycle: 50 mg day 1-21 and Prometrium 100 mg† day 12-21 

every 28 days
OR
Continuous: 50 mg day 1-14, then CombiPatch (50 mg estradiol/

0.14 mg norethindrone) day 15-28 every 28 days
2.5-3 years 28-day cycle: 75 mg day 1-21 and Prometrium 100 mg day 12-21 

every 28 days
OR
Continuous: 75 mg day 1-14 then CombiPatch (50 mg estradiol/

norethindrone) day 15-28 every 28 days
3-3.5 years 28-day cycle: 100 mg day 1-21 and Prometrium 100 mg day 12-21 

every 28 days
OR
100 mg day 1-14 then CombiPatch (50 mg estradiol/norethindrone) 

day 15-28 every 28 days
. 3.5 years Continue regimen or offer oral contraceptive pill

TABLE 15-7  Suggested Pubertal Transdermal Estradiol Replacement 
Regimen Beginning at 11 years of Age*

Modified from Rosenfield, R., Kiess, W., & Keizer-Schrama, S. (2006). Physiologic induction of 
puberty in Turner syndrome with very low-dose estradiol. In C. Gravholt, & C. Bondy (Eds.), 
Wellness for girls and women with Turner syndrome (pp. 71–79). Amsterdam: Elsevier Science.

*In children $ 13 years old, consider starting with 25 mg for 2 to 3 weeks monthly and increasing 
the dose at shorter intervals (e.g., 3 months). †If inadequate bleeding, increase Prometrium to 
200 mg day 12-21 or change to CombiPatch 50 mg E2/0.25 mg norethindrone.
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Reduced LH pulsatility812 and failure to generate 
a midcycle LH surge813,814 are characteristic. The patho-
physiology seems to be mediated primarily by undernutri-
tion or CRH excess. Negative energy balance may be 
present even in patients of normal, but less than average, 
weight and fat stores.418,769 Leptin deficiency is an impor-
tant determinant of the decreased LH pulsatility. Ghrelin 
may play a role in LH inhibition.815 The anovulation of 
psychic or physical stress seems to involve CRH excess.770 
In the brain, CRH releases b-endorphin from proopio-
melanocortin, and the endorphin in turn inhibits GnRH 
release. Naloxone blockade of opioid action normalizes 
gonadotropin secretion.89 In the pituitary, CRH increases 
the set point for ACTH release. This brings about a new 
steady state of increased cortisol secretion. Further ACTH 
response to CRH is blunted by the negative feedback  
of this cortisol excess. The result is a mildly Cushingoid 
cortisol rhythm. Cortisol excess itself can contribute to the 
amenorrhea by inhibiting the response to GnRH,816 as 
well as antagonizing some sex hormone actions. Adrenal 
androgens are elevated in competitive athletes who main-
tain body fat stores.817

Causes.  Functional hypothalamic amenorrhea is the term 
commonly used to describe hypothalamic anovulation 
that is unexplained by organic CNS disorders or chronic 
disease. The endocrine features of these patients resem-
ble those of patients with the athletic or psychogenic 
types of hypothalamic anovulation. Twenty-four percent 
of women in one series had a history of delayed men-
arche.573 A primate model indicates that hypothalamic 
anovulation develops in stress-sensitive individuals from 
an innocuous combination of mild stress and mild caloric 
restriction.818 Heterozygosity for genes associated with 
Kallmann syndrome has been identified as a predisposing 
factor in 13% of cases; more than half of those in this 
subgroup had a family history of hypothalamic amenor-
rhea or delayed puberty.573

Athletic amenorrhea is the term given to hypothalamic 
anovulation associated with excessive exercise related to 
low body fat stores. The female athletic triad consists of 
menstrual disturbance, eating disorder, and osteoporo-
sis.819 Primary or secondary amenorrhea, oligomenor-
rhea, or short luteal phase are common in athletes.820 
Ovarian function decreases approximately in proportion 
to the amount of physical activity and dietary restriction. 
Weight-bearing exercise only partially protects against 
the effects of hypoestrogenism on weight-bearing bone. 
There is concern that amenorrheic athletes may be left 
with a permanent deficit in bone mass.821 Weight loss to 
10% below ideal body weight and body fat less than 12% 
are risk factors for amenorrhea. Body mass index does 
not accurately reflect body fat stores in athletes.822 En-
ergy balance seems to be more critical than low body fat 
stores in mediating the anovulation.820,823 Menarche may 
occur or menses may resume when the athlete’s activity 
level suddenly decreases and before weight gain occurs. 
Other factors also contribute to amenorrhea. Nutritional 
deficiencies may coexist. Chronic undernutrition may 
suppress thyroid function as in anorexia nervosa.770 Ath-
letic amenorrhea resembles anorexia nervosa in patients’ 
obsession with weight control.820,824

Psychogenic amenorrhea from severe psychic stress has 
long been known (e.g., “boarding-school amenor-
rhea”).825 The onset of psychogenic amenorrhea may be 
identified as being associated with a discrete event, but 
the ovarian dysfunction tends to be long lasting. Subtle 
nutritional deficits contribute.418

Epilepsy causes menstrual disturbances that seem to re-
sult from abnormal neuroendocrine regulation indepen-
dently of drug treatment.826

Pseudocyesis is an extremely rare form of psychogenic 
amenorrhea that is due to the persistence of the corpus 
luteum. This syndrome tends to occur in infertile women 
with an overwhelming desire for pregnancy and conver-
sion hysteria. Prolactin and LH excess appear to mediate 
this rare syndrome.827

Differential  Diagnosis.  Disorders outside the neuroendo-
crine-gonadal axis may cause or mimic hypothalamic anovu-
lation. These include pregnancy, nutritional disturbance, 
glucocorticoid excess, disturbed thyroid function, drug 
abuse, chronic illness, hyperprolactinemia, and ectopic 
gonadotropin secretion.

Pregnancy must be excluded in all sexually mature 
adolescents with amenorrhea. An elevation of the serum 
b-hCG level is the earliest laboratory sign.828 Placental 
hCG initially drives constant overproduction of estro-
gens and progestins by the maternal corpus luteum, then 
production of estrogen and other sex steroids shifts to  
the fetoplacental unit and suppresses maternal pituitary 
gonadotropin release.

Optimal fat mass is necessary for normal gonadotro-
pin levels in sexually mature women, and both obesity 
and undernutrition suppress gonadotropins: thus, the 
gonadotropin response to relative adipose mass seems 
biphasic.266 Obesity is associated with blunted LH pulse 
amplitude that is partially attributable to the increased 
LH clearance rate. Overproduction of estrogen from 
plasma precursors in adipose tissue378 may play a role in 
suppressing LH pulsatility.829 The extent to which sleep 
disruption may contribute to LH suppression is un-
clear.830 The effect of undernutrition seems to be medi-
ated by factors related to energy balance, as discussed 
under “Hypothalamic Anovulation.”

Cushing syndrome (glucocorticoid excess) of any etiol-
ogy causes anovulation by inhibiting the gonadotropin 
response to GnRH.816 Thyroid hormone deficiency inter-
feres with gonadotropin action on the ovary831 and may 
interfere with endometrial function by influences on 
steroid metabolism832 and action.833 Drug abuse with 
tetrahydrocannabinol, ethanol, or opiates causes hypo-
thalamic anovulation.834,835 Cocaine causes menstrual 
irregularity by suppressing gonadotropin secretion 
through mechanisms that include depletion of dopami-
nergic stores, resulting in hyperprolactinemia, and 
stimulation of CRH release.779,836 Inflammatory illness 
acutely disrupts the E2-induced LH surge,837 and 
chronic illness causes gonadotropin deficiency, which 
may be mediated partly by undernutrition and partly  
by cytokines.188,754 Disorders as diverse as diabetes mel-
litus and iron overload all affect GnRH secretion.838,839 
Chronic renal failure causes complex dysfunction of 
the reproductive system, including poor clearance of 
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gonadotropins and prolactin in the presence of an inhi-
bition of gonadotropins by a nondialyzable factor.840

Hyperprolactinemia occasionally causes secondary 
amenorrhea without frank hypoestrogenism.841 This sit-
uation probably results from a mild diminution in FSH 
secretion that only inhibits the emergence of a dominant 
follicle and, therefore, ovulation.

Post-pill amenorrhea has been a term applied to the 
amenorrhea that sometimes follows the long-term use of 
hormonal contraceptives. In the past this was attributed 
to oversuppression, but oversuppression should not be 
expected to be the case with the current generation of 
oral contraceptives.292 About one third of patients with 
secondary amenorrhea after discontinuation of estrogen 
and progestin-containing pills have a history of previous 
menstrual disturbance and ongoing menstrual prob-
lems.842 Another third can expect spontaneous remission 
of the amenorrhea. In about half of the remaining cases, 
the patient’s menstrual disturbance will resolve after  
induced pregnancy. The most common cause of post-pill 
amenorrhea is probably hyperprolactinemia, because in 
over 20% of such cases the patients have galactorrhea. 
How often this antedates ingestion of the contraceptive 
pill is unknown. Menses may be restored in normopro-
lactinemic cases by dopaminergic treatment, which  
suggests that in such cases there is excessive pituitary 
prolactin secretion that is too subtle to be detected by 
measurement of serum levels.843 The anovulation result-
ing from depot-medroxyprogesterone acetate contracep-
tion is related to the extremely slow rate of absorption 
and metabolism of this steroid; menses returns when the 
blood levels of this progestin fall below the threshold for 
suppression of the LH surge,844 and only rarely has it 
been associated with disturbed prolactin secretion.845

Gonadotropin or hCG secretion by a tumor can cause 
normoestrogenic or hyperestrogenic anovulation.846,847 
In one LH-producing tumor, sex steroid levels were 
normal; the lack of virilization was attributed to ovarian 
desensitization to LH,846 whereas in another case, viril-
ization occurred, which was attributed to preexisting 
polycystic ovary syndrome-hyperthecosis and extreme 
LH elevation.848 Other hyperestrogenic disorders that 
cause anovulatory bleeding are discussed under “Preco-
cious Puberty.”

Hypothalamic anovulation is ordinarily a diagnosis 
of exclusion. The medical evaluation should be per-
formed as discussed in the preceding section, with par-
ticular attention paid to the possibilities of emotional 
stressors, excessive exercise, the use of birth control 
pills or other drugs, and state of health. The physical 
examination should be particularly directed to the state 
of nutrition, the possibilities of intracranial or systemic 
disease, galactorrhea, thyroid dysfunction, glucocorti-
coid excess, hirsutism, and obesity. If this workup is 
negative, an MRI of the hypothalamic-pituitary area is 
indicated. Hypothalamic anovulation may be docu-
mented by demonstrating subnormal LH pulse fre-
quency, but this is not generally practical. Leptin levels 
tend to be low but nondiagnostic.769 The response to a 
GnRH agonist test is normal but seems to lack the nor-
mal priming response to repeat testing.849 Dysfunc-
tional uterine bleeding from hypothalamic anovulation 

must be distinguished from that due to other causes (see 
next section).

Management. Many patients with hypothalamic anovu-
lation will benefit from nutritional counseling. Diet fad-
dists and athletes should be advised about the necessity 
of optimal body energy reserves for the maintenance of 
normal menstrual cycles (see Figure 15-40). The teleo-
logic significance of this factor may be pointed out, 
namely, that inherent in the evolutionary process is the 
inhibition of pregnancy in times of inadequate food sup-
plies. Ongoing psychological counseling is advisable for 
patients who cannot change their dietary or exercise  
patterns because of an abnormal body image. Estrogen 
replacement only partially corrects osteoporosis unless 
nutrition is optimized.795 Obese girls should be advised 
that there is a substantial possibility that reduction to a 
normal weight will restore menses and improve the 
probability of fertility.

Mature teenagers whose amenorrhea is unexplained 
should be assured that they have a high likelihood of 
fertility with appropriate endocrinologic treatment. 
However, such treatment is unlikely to be of any benefit 
to them until such time as they desire to become preg-
nant. In the meanwhile, the main objective of therapy  
is to normalize the endometrial cycle by periodic proges-
tin administration. For this purpose, progestin (micron-
ized progesterone 100 to 200 mg orally at bedtime for  
14 consecutive days) usually is effective in inducing with-
drawal periods. During the first few years after men-
arche, it is reasonable to administer this treatment on 
alternate months to allow detection of late maturation of 
a regular menstrual cycle.

Induction of an ovulatory cycle has been reported to 
occasionally result in the resumption of spontaneous 
normal menses.842 An ovulatory cycle can normally be 
induced by the administration of clomiphene citrate once 
nightly for five doses. If treatment is successful, bleeding 
generally occurs about 1 month from commencement of 
the treatment. One should start with the 50-mg dose, 
because larger doses may cause hyperstimulation of the 
ovaries with the development of ovarian cysts. For this 
reason, an ultrasound examination should be performed 
to rule out cystic ovaries before the patient progresses 
successively to a 100 to 150 mg dosage. This treatment  
is not generally recommended in the teenage years, how-
ever. Dopaminergic therapy has been reported to be  
successful in causing the resumption of ovulation in post-
pill amenorrhea, modest undernutrition, and other unex-
plained cases of secondary amenorrhea. Otherwise,  
induction of ovulation is best left to the endocrinologic 
gynecologist to supervise at such time as the woman 
wishes to conceive. The majority of patients with no ob-
vious cause for their secondary amenorrhea will become 
pregnant after appropriate treatment with estrogen,  
clomiphene, dopaminergic agonist, human menopausal 
gonadotropins, or pulsatile GnRH therapy.

Dysfunctional Uterine Bleeding

Causes. Heavy uterine bleeding is usually due to ovu-
latory dysfunction. It may be abnormally frequent or 
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intermenstrual (“polymenorrhea”), as indicated by in-
tervals less than 21 days, or excessively prolonged or 
profuse (“menometrorrhagia”), as indicated by a men-
strual flow that lasts more than 7 days or soaks more 
than one pad or tampon every 1 to 2 hours.578 Dysfunc-
tional bleeding occurs from an uncycled, hyperplastic 
endometrium.685 It is most often a manifestation of 
physiologic adolescent anovulation. Hyperandrogen-
ism, particularly polycystic ovary syndrome and its 
variants, is a common cause of dysfunctional bleeding. 
In some cases it arises from hypothalamic anovulation. 
Less common are estrogen-producing cysts or tumors, 
hypothyroidism, hyperprolactinemia, and incipient pre-
mature ovarian failure. The workup should, therefore, 
include measurement of serum androgen, prolactin, 
thyroid, and gonadotropin levels.

Corpus luteum insufficiency may present as short (less 
than 21 days) or infertile ovulatory cycles. The immediate 
cause of an inadequate luteal phase is insufficient proges-
terone production to sustain sufficient endometrial devel-
opment to support implantation.850,851 This in turn may 
arise from subtle deficiency of LH or FSH during the 
early follicular phase or an inadequate preovulatory LH 
surge, resultant incomplete emergence of a dominant  
follicle, and the subsequent formation of an inadequate 
corpus luteum. Alternatively, the corpus luteum may not 
be responsive to LH.852 Luteal insufficiency is common 
during early post menarcheal cycles579 and may otherwise 
be the result of hyperprolactinemia,853 obesity,829 hypo-
thalamic amenorrhea, or hyperandrogenism.

Differential Diagnosis.   Dysfunctional uterine bleeding 
must be distinguished from the other causes of abnormal 
genital bleeding listed in Box 15-6.685,854 The possibility 
that it is pregnancy related must be considered and a 
pregnancy test performed. Sexual abuse is a prime consid-
eration in recurrent vaginal bleeding. Genital tract or 
feminizing tumors characteristically cause bleeding that 
cannot be controlled with cyclic progestin or estrogen-
progestin therapy. Menstrual bleeding can be considered 
to be excessive if it is associated with iron deficiency  
anemia. Often, abnormally heavy menstrual flow in ado-
lescents is idiopathic (“essential menorrhagia”); it is theo-
rized to result from an imbalance of vasodilating and va-
soconstricting prostanoid action on the endometrium.855 
However pathologic causes must be considered because 
bleeding disorders are present in about 20% of adoles-
cents with menorrhagia requiring hospitalization and in 
50% of those presenting at menarche. Patients requiring 
hospitalization for abnormal bleeding should have a 
platelet count, prothrombin time, partial thromboplastin 
time, von Willebrand panel, and bleeding time performed. 
Transvaginal ultrasound, which is not often feasible in 
the virginal adolescent, is as reliable as hysteroscopy in 
determining whether or not the endometrial cavity is 
normal.

Failure of serum progesterone to rise over 500 ng/dL 
during the luteal phase is diagnostic of corpus luteum 
insufficiency with 71% accuracy.851 However, a higher 
progesterone level than this must be sustained to 
transform the endometrium sufficiently to support 
implantation.

Management.   Nonsteroidal anti-inflammatory agents 
may lessen the flow. An estrogen-progestin oral contra-
ceptive with 35 mg ethinyl E2 is first-line treatment to 
stop dysfunctional bleeding that is acute or associated 
with anemia. For active bleeding, the dosage is advanced 
rapidly until bleeding stops, up to four times daily, and 
then sustained for 7 days. Treatment is then stopped for 
5 days and the patient warned that heavy withdrawal 
bleeding with cramps may occur. Therapy with a low-
dose pill, given as for contraception, is then initiated to 
prevent the recurrence of dysfunctional bleeding and is 
continued for about three cycles. Hemoglobin should be 
monitored and supplemental iron prescribed.

Cyclic progestin can be used as an alternative to the oral 
contraceptive pill to prevent recurrent dysfunctional 
bleeding in a patient who is not sexually active. Micronized 
progesterone 100 to 200 mg/day for 1 week is given at  
3- to 4-week intervals. After the third month, therapy is 
stopped and the patient is observed for 1 to 2 months for 
spontaneous bleeding. If none occurs, the progestin can be 
given every other month in a dosage of 5 to 10 mg for 7 to 
14 days to prevent recurrent dysfunctional bleeding. If in 
the progestin-free month a normal spontaneous menstrual 
period occurs, progestins are withheld in the subsequent 
month to determine if the patient has developed regular 
ovulatory cycles.

Hemodynamic instability is an indication for hospital-
ization and treatment with intravenous fluids and blood 
products as necessary. Premarin can be administered in a 

BOX 15-6 Differential Diagnosis of Abnormal 
Genital Bleeding

• Ovulatory dysfunction (“dysfunctional”) uterine bleeding
• Physiologic anovulation (perimenarcheal)
• Hyperandrogenism
 —Polycystic ovary syndrome
• Hyperestrogenism
• Hypothyroidism
• Hypothalamic anovulation
 —Hyperprolactinemia
• Chronic disease
• Incipient premature ovarian failure
• Luteal phase defects

• Pregnancy-related uterine bleeding
• Threatened, missed, or incomplete abortion
• Molar pregnancy
• Ectopic pregnancy

• Uterine tumor, polyp, adenomyosis
• Coagulopathy
• Endometrial

• Idiopathic (“essential menorrhagia”)
• Iatrogenic

• Breakthrough bleeding (intrauterine device or 
contraceptive pills)

• Vaginal bleeding
• Trauma
• Tumor
• Foreign body
• Infection

Based on Rosenfield, R. L., & Barnes, R. B. (1993). Menstrual disorders 
in adolescence. Endocrinol Metab Clin North Am, 22, 491.
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dose of 25 mg intravenously every 3 to 4 hours for three 
to four doses.

When medical management fails, a bleeding diathesis 
or uterine structural abnormality should be considered.  
If heavy bleeding persists, a gynecologist should perform 
uterine curettage.

Unexplained (“essential”) menorrhagia is treated much 
the same way as dysmenorrhea. The oral contraceptive pill 
will decrease menstrual blood loss by about 50% in these 
women. Antiprostaglandins, such as naproxen 500 mg 
twice a day, decrease blood loss nearly as effectively.

Perimenstrual Symptoms

Dysmenorrhea.  Uterine cramping is characteristic of 
normal ovulatory cycles, apparently as the result of pros-
taglandin release within the endometrium upon the with-
drawal of progesterone. Pain with menses becomes a 
source of morbidity in 14% of adolescents.856 When pain 
is acute and qualitatively different from the usual men-
strual pain, ectopic pregnancy must be considered.828,857 
An ectopic pregnancy often causes vaginal bleeding that 
occurs 21⁄2 weeks later than the time of the expected next 
menstrual period and is typically light. However, the 
bleeding may be heavy and so resemble an episode of 
dysfunctional uterine bleeding. Ectopic pregnancy is usu-
ally diagnosable by a combination of ultrasonography, a 
serum b-hCG level over 1000 IU/L, and a progesterone 
level of , 2500 ng/dL.

In patients with chronic pelvic pain unresponsive to 
antiprostaglandins or the oral contraceptive pill, psycho-
logical overlay is possible, but attention should be directed 
to the possibility of endometriosis, uterine outlet obstruction, 
gynecologic tract masses, or the poorly defined entity of 
vulvodynia.858 Ultrasonography and laparoscopy may be 
indicated to further evaluate these patients. Endometrio-
sis is an estrogen-dependent disorder that accounts for 
approximately half of the cases of chronic pelvic pain in 
teenagers.859 Genetic factors and congenital obstruction 
of the genital tract predispose to endometriosis, and  
aberrant E2 formation in endometrial stroma has been 
incriminated in the pathogenesis.860 GnRH agonist ther-
apy is approved to provide symptomatic relief, but ado-
lescents are at particular risk for bone loss, and progestin 
therapy may be an effective alternative.

Dysmenorrhea may be ameliorated by antiprostaglan-
din therapy. Naproxen (275 mg qid after a 550 mg loading 
dose) has been shown to be superior to aspirin (650 mg 
qid) or placebo when begun 2 days before the anticipated 
onset of menses.861 The oral contraceptive pill is an alter-
native that will relieve dysmenorrhea in about 90% of 
cases by reducing endometrial mass.685 Because smoking, 
alcohol intake, and excessive weight are risk factors, life-
style counseling is advisable.

Premenstrual Syndrome. This is the term applied when 
cyclic mood changes confined to the second half of the 
menstrual cycle become debilitating.862 It is often disrup-
tive to women’s personal, social, and occupational function. 
If symptoms of marked mood swings, depressed mood, 
anxiety, and irritability occur, it is classified as premenstrual 
dysphoric disorder.863 Neuropsychiatric symptoms may 

include epilepsy864 and bizarre behavior.865 These seem to 
represent aberrant responses to normal cyclic hormonal 
changes.866 Subnormal activation of the hypothalamic-
pituitary-adrenal axis in response to progesterone has been 
found.867 Some evidence indicates that variation in the 
degree of progesterone metabolism to neuroactive steroids 
affects the severity of symptomatology.868 Oral contracep-
tive therapy with the antimineralocorticoid progestin  
drospirenone is indicated if psychotropic therapy is un-
successful. Down-regulation of pituitary gonadotropin 
secretion by GnRH agonist therapy is efficacious, but 
its usefulness is limited by the side effects of estrogen 
deficiency.

The relationship of premenstrual syndrome to rare 
other luteal phase symptomatology, such as recurrent 
fever and autoimmune symptoms, may be related to the 
hyperresponsiveness of cytokines to progesterone.869,870

Hyperandrogenism in Adolescence
Hyperandrogenism of a mild to moderate degree is the 
most common cause of normoestrogenic menstrual distur-
bances. It is usually due to polycystic ovary syndrome, but 
the differential diagnosis includes other ovarian or adrenal 
disorders, abnormal peripheral formation of androgen, 
and drugs (Box 15-7).871,872

BOX 15-7 Causes of Adolescent 
Hyperandrogenism

FuNCTIONAL gONAdAL HyPErANdrOgENISm

• Primary functional ovarian hyperandrogenism 
(common form of polycystic ovary syndrome)

• Secondary polycystic ovary syndrome
• Virilizing congenital adrenal hyperplasia
• Ovarian steroidogenic blocks
• Syndromes of severe insulin resistance
• Acromegaly
• Portohepatic shunting
• Epilepsy 6 valproic acid therapy
• Disorders of sex development
• Chorionic gonadotropin excess

FuNCTIONAL AdrENAL HyPErANdrOgENISm

• Primary functional adrenal hyperandrogenism 
(uncommon form of polycystic ovary syndrome)

• Congenital adrenal hyperplasia and related adrenal 
steroid metabolism disorders

• Prolactin excess
• Dexamethasone-resistant functional adrenal hyperan-

drogenism
• Cushing syndrome
• Glucocorticoid resistance

PErIPHErAL ANdrOgEN OvErPrOduCTION

• Idiopathic hyperandrogenism
• Obesity

TumOrAL HyPErANdrOgENISm

ANdrOgENIC drugS

Modified with permission from Buggs, C., & Rosenfield, R. L. (2005). 
Polycystic ovary syndrome in adolescence. Endocrinol Metab Clin 
North Am, 34, 677–705.
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Causes

Polycystic  Ovary  Syndrome.  Polycystic ovary syn-
drome (PCOS) is the most common cause of hyperan-
drogenism presenting at or after the onset of puberty. 
Ever since its description by Stein and Leventhal as a 
syndrome of amenorrhea and polycystic ovaries, with 
hirsutism (57%) or acne (14%) and/or obesity (57%),873 
the definition of PCOS has evolved.874,875 Most recently, 
three international conferences developed somewhat 
different, but overlapping, diagnostic criteria for adult 
women: National Institutes of Health conference crite-
ria (1992),876 Rotterdam consensus criteria (2004),877 
and Androgen Excess-PCOS Society consensus criteria 
(AES, 2006).878

Rotterdam criteria are the broadest and include features 
of all the others, namely all combinations of otherwise  
unexplained hyperandrogenism, anovulation, and a poly-
cystic ovary. This generates four phenotypes, which are 
here listed in order of decreasing specificity (Box 15-8).879 
Insulin resistance, obesity, and LH excess, though not diag-
nostic features of the syndrome, are common and contrib-
ute to its pathogenesis; like hyperandrogenism, their sever-
ity has generally proven to correlate with specificity.880,881 
Phenotypes 1 to 3 have hyperandrogenic ovarian dysfunc-
tion of successively lesser degree. Phenotype 3, which  
allows diagnosis in the presence of cutaneous or metabolic 
symptoms in the absence of anovulatory symptoms (“ovu-
latory PCOS”), is controversial because it permits a PCOS 

diagnosis in apparently normal females with a polycystic 
ovary and subclinical hyperandrogenemia.534 Phenotype 4, 
which lacks hyperandrogenemia, is the most controver-
sial878; the extent to which it is due to undetected ovarian 
hyperandrogenism is unclear.880,881 Furthermore, it is too 
nonspecific for application to adolescents.

Criteria for PCOS diagnosis have been additionally 
controversial in adolescents because menstrual cycles, 
hyperandrogenic features, polycystic ovary morphology, 
and insulin resistance have special characteristics during 
this developmental stage that have led to the following 
questions.579 How can one be certain that adolescent 
hyperandrogenemia is not a normal phase of pubertal 
development (i.e., the consequence of prolonged anovu-
latory cycles) rather than PCOS? Is the correlation  
between adolescent and adult androgen levels and  
menstrual patterns sufficiently high that adolescent hy-
perandrogenic anovulation accurately predicts adult 
PCOS? Is the polycystic ovary, as currently defined in 
adults, normal during adolescence?

Endocrine Society guidelines recently suggested  
that the diagnosis in adolescents be confined to those 
who have persistent hyperandrogenic oligomenorrhea 
(Box 15-8).882 Persistence of symptoms for two years has 
been suggested by reproductive endocrinology consen-
sus to avoid overdiagnosis.883

However, the actuarial risk of 1 year of persistent men-
strual abnormality persisting is substantial, and the com-
bination of PCOS risk factors and an abnormal menstrual 
pattern may facilitate the documentation of hyperandro-
genemia and permit PCOS diagnosis by NIH criteria 
within 1 year of the last menstrual period. Waiting  
$ 2 years to diagnose and treat PCOS may unnecessarily 
delay treatment and recognition of comorbidities and in-
crease the possibility of lost follow-up.579 The syndrome 
in adolescents resembles that in adults, with similar clini-
cal and endocrinologic heterogeneity. The cardinal symp-
toms typically begin in the perimenarcheal stage, and 
PCOS has been documented in children as young as  
10 years of age.

Clinical Manifestations (Figure 15-44).  Cutaneous 
signs of hyperandrogenism are variably expressed. They 
are present in about two thirds of cases. Hirsutism is the 
most common manifestation, but the hirsutism equiva-
lents, seborrhea, acne vulgaris, or androgenetic alopecia, 
sometimes occur instead. On the other hand, hyperan-
drogenemia may be entirely cryptic, manifesting neither 
cutaneous signs nor anovulatory symptoms.

Menstrual irregularity indicative of anovulation is pres-
ent in approximately two-thirds of cases with the PCOS 
type of ovarian dysfunction.141 The distinction between 
PCOS and physiologic anovulation is often delayed in 
adolescents because patients, families, and physicians alike 
often are unsure about the normal range of menstrual cy-
cle variation. Abnormal degrees of adolescent menstrual 
irregularity are discussed in the “Physiologic Adolescent 
Anovulation” section. PCOS is a state of relative, not  
absolute, infertility in which oligo-amenorrheic patients 
typically ovulate unpredictable. Menstrual regularity does 
not exclude the presence of ovulatory dysfunction. On the 
other hand, many eumenorrheic cases have virtually nor-
mal ovulatory cycles (“ovulatory PCOS”) or have a subtle 

BOX 15-8 Diagnostic Criteria for Polycystic 
Ovary Syndrome*

AduLT CrITErIA

Hyperandrogenic Rotterdam Criteria Phenotypes** (2004)
 1. Phenotype 1 (Classic)

• Clinical or biochemical evidence of hyperandrogenism
• Evidence of oligo-anovulation
• Ultrasonographic evidence of a polycystic ovary

 2. Phenotype 2 (National Institutes of Health Criteria, 
1992)
• Clinical and/or biochemical evidence of hyperan-

drogenism
• Evidence of oligo-anovulation

 3. Phenotype 3 (“Ovulatory PCOS”)
• Clinical and/or biochemical evidence of hyperan-

drogenism
• Ultrasonographic evidence of a polycystic ovary

Nonhyperandrogenic “Rotterdam criteria” Phenotype 
(2004)

 4. Phenotype 4 (Nonhyperandrogenic PCOS)
• Evidence of oligo-anovulation
• Ultrasonographic evidence of a polycystic ovary

AdOLESCENT CrITErIA

The Endocrine Society Clinical Practice Guideline (2013)
• Clinical or biochemical evidence of hyperandrogenism
• Persistent oligomenorrhea

*All criteria involve exclusion of other causes of hyperandrogenism 
and anovulation.

**AES-endorsed criteria 



15  Puberty and its Disorders in the Female 633

ovulatory abnormality that escapes notice until presenta-
tion in adulthood with unexplained infertility884 or recur-
rent miscarriages.885

Obesity, present in approximately half of patients with 
PCOS, often is the initial complaint. PCOS is the single 
most common endocrine obesity syndrome in females. 
The obesity occasionally begins in mid-childhood. Even 
normal-weight young women with PCOS are reported to 
have a body fat content that is 50% greater than normal.886 
The concept that central obesity or visceral fat is more 
fundamentally related than global adiposity to the insulin 
resistance of PCOS has been challenged.887 Acanthosis 
nigricans, a manifestation of insulin resistance, may be 
the presenting complaint of patients with PCOS.

Laboratory Manifestations (see Figure 15-44).  Hyper-
androgenism may be defined on the basis of cutaneous 
signs (see Box 15-8) but is best established biochemically 
if a reliable testosterone assay is available because hir-
sutism, particularly mild hirsutism, is an unreliable 
surrogate for hyperandrogenemia. The problematic na-
ture of many androgen assays is discussed in the “Dif-
ferential Diagnosis” section.

Functional ovarian hyperandrogenism (FOH) can be 
documented in 85% of PCOS cases by specific tests of 
ovarian androgenic function.141,888 The GnRH agonist test 
and hCG tests evaluate the gonadal response to, respec-
tively, endogenous gonadotropin release or exogenous 
administration of the LH analog hCG. In two thirds of 
PCOS patients these tests show a distinctive pattern of 
ovarian steroidogenic hyperresponsiveness in which 
17-hydroxyprogesterone (17OHP) responses are increased 
compared to normal women without PCOS; there is no 
evidence of a steroidogenic block, and, indeed, E2  
is significantly hyperresponsive. The dexamethasone  
androgen-suppression test (DAST) is predicated on the 
principle that residual concentrations of androgens after 
suppression of adrenal function by glucocorticoid admin-
istration ordinarily arise from the ovary. It shows elevated 
testosterone postdexamethasone in 80% of PCOS patients. 
Both ovarian function tests are normal in 15% of PCOS 
patients: the androgen excess of this “nonovarian” PCOS 
appears to be secondary to isolated functional adrenal  

hyperandrogenism (FAH) in about one third of cases or to 
obesity in about two thirds of cases.

A polycystic ovary is found in about two thirds of 
adolescents with PCOS, which is slightly less fre-
quently than in adult PCOS.534 An adult polycystic 
ovary is defined as one with $12 small antral follicles 
(2-9 mm) or >10 cc in volume (in the absence of a fol-
licle >10mm);877 these follicle number criteria are likely 
to change with improved ultrasound technology since 
recent studies indicate that these parameters fall during 
the adult reproductive years and about half of normal 
young adults have a polycystic ovary by follicle count 
criteria.579 The normal adolescent ovary often exceeds 
these adult criteria 73,116-119 (see the section of this chap-
ter Maturation of the Neuroendocrine-Ovarian Axis, 
Adolescent).

A polycystic ovary occurs in 10% of regularly menstru-
ating schoolgirls,73,117 and up to half of adolescent research 
volunteers.116,119,534 Polycystic ovary morphology is not 
highly stable during adolescence: it develops transiently in 
about one third of adolescents, yet it may not develop 
until 2 or more years after menarche.116,121

Polycystic ovaries are functionally heterogeneous.534 
Most asymptomatic young women with a polycystic 
ovary have normal serum androgen concentrations.  Such 
women typically ovulate normally and seldom develop 
PCOS. Serum levels of anti-Müllerian hormone (AMH) 
are mildly, but significantly, increased in such females.889 
This seems to indicate an enlarged follicle pool (“in-
creased ovarian reserve”) and prognosticate a lengthened 
reproductive life span.889

On the other hand, many asymptomatic volunteers 
with a polycystic ovary have subclinical abnormalities 
of ovarian androgenic function. This group is itself 
heterogeneous. Some of them have baseline hyperan-
drogenemia and thus meet Rotterdam/AES criteria for 
PCOS. Those without baseline hyperandrogenemia 
have been postulated to be carriers for PCOS.534,890 
These considerations call into question the clinical 
significance of making a diagnosis of PCOS by polycys-
tic ovary criteria in the absence of hyperandrogenic 
symptoms.

FIGURE 15-44 n   The major clinical and laboratory manifestations of polycystic ovary syndrome (PCOS) are shown in approximate 
proportion to their relative incidence and coincidence. (Modified with permission from Buggs, C., & Rosenfield, R. L. (2005). Polycystic 
ovary syndrome in adolescence. Endocrinol Metab Clin North Am, 34, 677–705.)
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AMH levels are independently associated with poly-
cystic ovaries and hyperandrogenism.889 Thus, although 
a mildly increased AMH level is common in asymptom-
atic females with a polycystic ovary, AMH elevation of 
twofold or more suggests PCOS with high specificity. 
AMH elevation occurs in PCOS because of an increased 
number of small growing follicles. The underlying al-
tered granulosa cell function of PCOS seems likely to 
result from excessive androgen production by intrinsi-
cally defective theca cells,891 although it may in part be 
intrinsic.889

The increased LH of PCOS was initially considered 
the cause of the androgen excess and was long considered 
diagnostic.892 However, accumulating evidence suggests 
that LH levels in PCOS are determined by the severity 
of hyperandrogenemia, moderate degrees of which stim-
ulate LH production, and the extent of obesity, which 
suppresses LH levels.266

Insulin resistance has been estimated from homeo-
static model assessment data to occur in 50% to 75% of 
adults with PCOS.893 It is excessive for the degree of 
adiposity. About half of obese adolescents with PCOS 
have greater insulin resistance than do age-, stage- and 
BMI-matched adolescents according to the euglycemic 
clamp method.894 Adolescents with PCOS are also at 
increased risk for glucose intolerance,895,896 consistent 
with an independent relationship of PCOS to pancreatic 
beta-cell dysfunction.

Metabolic syndrome results from the interaction of 
insulin resistance with obesity and age. It is a cluster  
of critical levels of abdominal obesity, blood pressure, 
serum triglycerides, HDL cholesterol, and glucose. It is 
found in approximately 25% of adolescents with PCOS, 
which is two- threefold the prevalence expected for BMI 
of matched populations.897 It poses a twofold increased 
risk for sleep-disordered breathing in adolescence, as 
well as long-tem risks for diabetes and cardiovascular 
disease.898

Pathogenesis.  Excessive LH secretion, found in 50% 
to 75% of cases, was once thought to be central to the 
pathogenesis of PCOS. Although PCOS is gonadotropin 
dependent, gonadotropins being necessary for the ex-
pression of gonadal steroidogenic enzymes, LH excess 
does not seem to ordinarily be the fundamental cause of 
the hyperandrogenism. The variable LH excess seems to 
depend on obesity-androgen balance.266 When LH is 
elevated, homologous desensitization normally limits the 
androgenic response to it: thus, LH excess alone seems 
unlikely to cause the hyperandrogenism of PCOS,  
although it may aggravate it in PCOS, where intrinsic 
ovarian dysfunction causes “escape” from desensitization. 
Evidence is accumulating that LH excess results from 
hyperandrogenemia interfering with the progesterone 
negative feedback effect on LH secretion. Nevertheless, 
the possibility of a primary role for LH excess remains, 
particularly in the PCOS that is secondary to congenital 
virilizing disorders.

PCOS ordinarily seems to be due to intraovarian an-
drogen excess (Figure 15-45). The disproportionately 
high intraovarian androgen concentration arising from 
FOH seems to cause polycystic ovaries by recruiting  
excessive growth of small follicles while hindering the 

emergence of a dominant follicle, as well as causing the-
cal and stromal hyperplasia. The hyperandrogenemia 
results in the pilosebaceous manifestations.

The FOH of PCOS, in turn, seems to arise from a 
unique (“primary”) dysregulation of steroidogenesis that 
is ordinarily due to intrinsic theca cell dysfunction.141,299,300 
The dysregulation is thought to result from imbalance 
among the various intrinsic and extrinsic factors involved 
in the modulation of trophic hormone action. Within  
the ovary, there appear to be flaws in the processes that 
normally coordinate androgen and estrogen secretion 
(see Figure 15-20). The intrinsic theca cell defect causes 
constitutive overexpression of most steroidogenic en-
zymes, most prominently at the level of 17-hydroxylase 
and 17,20-lyase activites, both properties of P450c17, 
which are the rate-limiting steps in the biosynthesis  
of testosterone precursors. As in the ovary, dysregulation 
of local steroidogenic regulatory processes within the 
adrenal cortex appears to cause a characteristic type of 
primary FAH in which excessive dehydroepiandrosterone 
is formed as a by-product of cortisol secretion.

As a consequence of dysregulated steroidogenesis, 
PCOS theca cells do not undergo the normal down-
regulation of steroidogenesis in response to excess LH 
stimulation, and so are hypersensitive to LH stimulation. 
“Escape” from desensitization to LH excess appears to be 

FIGURE 15-45 n   A model for the pathogenesis of PCOS. Ovarian 
hyperandrogenism is nearly universal and causes the cardinal 
clinical features of the syndrome, including the polycystic ovary 
(PCO). About half of patients have insulin-resistant hyperinsulin-
ism, which aggravates ovarian hyperandrogenism and contrib-
utes to adiposity. Androgen excess may also cause LH excess, 
which aggravates ovarian hyperandrogenism in the presence of 
hyperinsulinism. Obesity increases insulin-resistance, and the 
resultant increased hyperinsulinism further aggravates hyperan-
drogenism. The cause of the ovarian hyperandrogenism and  
insulin resistance is usually intrinsic and may have common  
genetic or environmental determinants. This model does not 
exclude the possibility that the unknown intrinsic ovarian defects 
that underpin the ovarian steroidogenic dysfunction involve 
granulosa cell folliculogenesis as well, and it does not depict 
other associated defects, such as the adrenal hyperandrogenism 
that parallels the ovarian hyperandrogenism. Excess adipose  
tissue can produce excess androgen as well as estrogen. How-
ever, as with most other extrinsic causes of androgen excess, the 
hyperandrogenemia of simple obesity is mild and polycystic 
ovaries unusual. In contrast to PCOS, the anovulation of simple 
obesity is the consequence of suppression, rather than augmen-
tation, of LH pulse amplitude.
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the basis for the distinctive pattern of steroidogenic  
hyperresponse to GnRH agonist or hCG testing, which 
is characterized by disproportionate hyperresponsiveness 
of 17-hydroxyprogesterone relative to other ovarian  
steroids without evidence of a steroidogenic block.

Granulosa cell functions are also defective in PCOS. 
Folliculogenesis of small follicles is excessive, which con-
tributes to the tendency of PCOS women to develop the 
dangerous ovarian hyperstimulation syndrome during 
fertility treatment. Inhibin-B hyperresponsiveness to 
FSH also appears to aggravate thecal androgen secretion 
via a paracrine action.899

Insulin-resistant hyperinsulinism appears to be an im-
portant extrinsic factor in dysregulation. Insulin resistance 
results in compensatory hyperinsulinemia. Insulin, like 
IGFs, synergizes with trophic hormones to cause ovarian 
or adrenal androgen excess. The ovaries and adrenal 
glands function as if responding to the hyperinsulinemic 
state in spite of the resistance to the effects of insulin on 
skeletal glucose metabolism. This paradox seems to result 
from differential insulin sensitivity of insulin target tissues, 
some of which appear to be result from intrinsic signaling 
defects and others from the endocrine environment.900,901 
Notably, a common transcription factor, KLF15, mediates 
insulin stimulation of both adipogenesis and testosterone 
formation.902 This has led to the proposal that increased 
KLF15 expression in response to the compensatory hyper-
insulinemia of insulin resistance may mediate the obesity 
of PCOS, while aggravating hyperandrogenism. These 
observations suggest that PCOS commonly results from 
intrinsic ovarian dysfunction that seems to be but one 
manifestation of a generalized disorder in which there is 
dysregulation of transcription factors common to the 
function of a wide variety of tissues.

Etiology. Increasing evidence suggests that PCOS 
arises as a complex trait with contributions from both 
heritable and nonheritable factors.15 Twin studies indicate 
that genetic factors explain about 70% of the variance in 
pathogenesis. Hyperandrogenemia and polycystic ovaries 
each appear to be inherited as an independent autosomal 
dominant trait. Nearly half of sisters of women with 
PCOS have an elevated serum testosterone level, although 
only half of them are symptomatic. Seventy percent of 
sisters of PCOS probands, diagnosed by either NIH 
(80%) or Rotterdam criteria, had a polycystic ovary; 25% 
of these met NIH criteria and 42% met other Rotterdam 
criteria for PCOS.903 Central obesity and insulin resistance 
not only seem to play important roles in PCOS by accen-
tuating steroidogenic dysregulation, but polycystic ovaries 
in PCOS probands that were unrelated to a maternal poly-
cystic ovary were reported to be associated with paternal 
metabolic syndrome. Gestational factors have also been 
incriminated: the syndrome has been associated with both 
high and low birthweight, and it can develop secondary to 
fetal virilization. Thus, the syndrome seems to become 
manifest when an intrinsic genetic trait interacts at  
puberty with other congenital or environmental factors, 
excessive adiposity being a common precipitant.

Other  Causes  of  Functional  Ovarian  Hyperan-
drogenism.  Secondary PCOS can result from several 
disorders (see Box 15-7).904 Virilizing congenital adrenal 

hyperplasia frequently causes ovarian hyperandrogenism. 
Three mechanisms are involved.905 For one, poor control 
of adrenal hyperandrogenism causes polycystic ovaries 
and amenorrhea by direct effects on the ovary. Adrenal 
rests of the ovaries may cause polycystic ovaries and hy-
perandrogenism. Finally, patients with CAH, particularly 
those with classic CAH, are at high risk for the emer-
gence of PCOS at puberty due to developmental  
programming (see “Disorders of Sex Development,” pre-
sented earlier).

Steroidogenic blocks in ovarian steroid synthetic path-
ways, such as caused by 3b-HSD906 or aromatase defi-
ciency,907 can cause hyperandrogenism in association 
with grossly polycystic ovaries and elevated LH levels. 
Ovarian 17-ketosteroid reductase deficiency has been 
reported to be responsible for a PCOS-like picture in 
two families, but there has been no molecular confirma-
tion of an underlying mutation.908

All known forms of extreme insulin resistance, includ-
ing hereditary cases of insulin receptor mutations and 
acquired lipodystrophy, are accompanied by PCOS, pos-
sibly by acting through the IGF-1 signal transduction 
pathway to cause escape from desensitization to LH. 
Acromegaly itself is associated with PCOS. PCOS has 
also been reported as a complication of portasystemic 
shunting; impaired steroid metabolism has been postu-
lated as the mechanism. The antiepileptic drug valproic 
acid causes hyperandrogenism and polycystic ovaries, 
and an association of epilepsy itself with PCOS is possi-
ble.383,826 Functional ovarian hyperandrogenism may also 
result from an ovotesticular disorder of sex development.

Excessive hCG stimulation mediates the hyperan-
drogenism of hyperreactio luteinalis and luteoma of 
pregnancy,909 and excessive LH appeared to mediate hi-
lus cell hyperplasia in a case of FSH-resistant ovarian 
follicles.910 An extremely high level of hCG due to tumor 
has been reported to virilize a nonpregnant woman with 
preexisting PCOS.848

Other  Causes  of  Functional  Adrenal  Hyperan-
drogenism.  The PCOS type of primary FAH that 
appears to arise from dysregulation of adrenal steroido-
genesis occurs as an isolated entity, not associated with 
FOH, in 15% to 25% of hyperandrogenic women.888 
This may sometimes be an outcome of premature adre-
narche. This type of adrenal dysfunction was previously 
mistaken for nonclassical 3b-hydroxysteroid dehydro-
genase deficiency, which is now known to be a rare 
disorder.911 Less than 10% of adrenal hyperandrogen-
ism can be attributed to the more well-understood  
disorders listed in Box 15-7. The most common of these 
are nonclassic congenital adrenal hyperplasia, which  
accounts for under 5% of hyperandrogenism in the 
general U.S. population, and the more rare various hy-
perandrogenic forms of Cushing syndrome. Prolactin 
excess causes adrenal hyperandrogenism, sometimes in 
association with polycystic ovaries. Adrenal hyperan-
drogenism can on rare occasions arise from other rare 
congenital disorders of adrenal steroid action or me-
tabolism, such as glucocorticoid resistance, apparent 
cortisone reductase deficiency, and apparent sulfotrans-
ferase deficiency.326,912,913
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Peripheral Androgen Overproduction. In about 10% of 
hyperandrogenemic patients, an ovarian or adrenal source 
cannot be ascertained by thorough testing. This is discov-
ered in two settings. When hirsutism is not accompanied 
by evidence of ovarian dysfunction, it is termed idiopathic 
hyperandrogenism (as distinct from idiopathic hirsutism, dis-
cussed later).383 Quirks in steroid peripheral metabolism 
have been suspected to be the cause. When the source of 
androgen cannot be located in subjects with hyperandro-
genic anovulation, it has been termed functionally atypical 
PCOS.888 Obesity may explain such cases, because adipose 
tissue has the capacity to both cause anovulation and to 
form testosterone from androstenedione.

Tumoral  Hyperandrogenism.  Virilizing tumors are 
rare, accounting for about 0.2% of hyperandrogenism; 
about half are malignant.383 About half are ovarian, half 
adrenal. Masculinizing sex cord-stromal tumors of the 
ovary are unusual before the teenage years. Leydig-
Sertoli cell tumor (androblastoma, arrhenoblastoma) is 
the most common type. Virilizing granulosa-theca cell 
tumor (thecoma) is unusual before menopause.848,914 
Dysgerminomas virilize only if they have interstitial cell 
elements. Lipid cell tumors tend to respond to ACTH 
as well as LH and produce 17-hydroxyprogesterone; 
thus, they must be considered in the differential diagno-
sis of late-onset congenital adrenal hyperplasia.915 The 
abnormal differentiation that underlies tumor forma-
tion typically leads to an abnormal pattern of steroid 
secretion with androstenedione predominating over 
testosterone secretion.916 However, some thecomas 
have been reported to predominantly secrete testoster-
one.917,918 Gonadoblastomas are virilizing tumors virtu-
ally confined to individuals with dysgenetic gonads with 
Y-chromosomal material in their genome. Some mascu-
linizing ovarian sex cord-stromal tumors may be caused 
by activating mutations of stimulatory G proteins.919 
Leydig cell and adrenal rest tumors of the ovary  
are extremely rare causes of masculinization in child-
hood.20,358,920 Adrenal virilizing tumors are rare in ado-
lescence; their peak incidence is in early childhood and 
adulthood637 (see the “Incomplete Precocity” section).

Androgenic  Drugs.  Drug-induced masculinization in 
adolescence is encountered most often in athletes. The 
medical history is important in detection, as standard 
clinical laboratory tests for androgens are not helpful in 
the detection of either natural or artificial androgens.921 
This is also the case for masculinization that results from 
unintended contact with topical androgens used by a par-
ent or by a sexual partner.643 Valproic acid use in epileptics 
raises testosterone levels and may mimic PCOS.383

Differential Diagnosis.

Hyperandrogenism should be considered in any girl who 
presents with hirsutism or cutaneous hirsutism equiva-
lents, menstrual disturbance, or central obesity during 
puberty.

Hirsutism and hirsutism equivalents are variably ex-
pressed manifestations of excess androgens that are present 
in approximately two thirds of hyperandrogenic females. 

Hirsutism may be absent in young adolescents whose  
hyperandrogenism has not evolved fully.

Hirsutism is defined clinically as excessive sexual hair 
that appears in a male pattern.383 It is commonly graded 
according to the hormonal Ferriman-Gallwey system, 
which quantitates the extent of hair growth in the most 
androgen-sensitive areas (Figure 15-46). Focal hirsutism 
(score , 8) is a common normal variant, whereas general-
ized hirsutism (score of 8 or more) is abnormal in the  
general U.S. population. The normal score is lower in Asian 
populations and higher in Mediterranean populations.922

Hirsutism must be distinguished from hypertrichosis, 
the generalized excess growth of vellus hair that sometimes 
occurs on a hereditary basis or in patients taking glucocor-
ticoids, phenytoins, diazoxide, or cyclosporine. Hypertri-
chosis is distributed in a nonsexual pattern (e.g., generalized 
distribution or more prominent distribution on the fore-
head or shoulders) and is not caused by excess androgen, 
although it may be aggravated by excess androgen.

The absence of hirsutism in approximately one third of 
hyperandrogenic adults appears to be because of relatively 
low sensitivity of their pilosebaceous unit to androgens. 
Conversely, hirsutism without elevated circulating levels of 
androgen—”idiopathic hirsutism”—accounts for approxi-
mately half of mild hirsutism and one sixth of moderate-
severe hirsutism.

Acne vulgaris, androgenetic (pattern) alopecia, sebor-
rhea, hyperhidrosis, and hidradenitis suppurativa are cuta-
neous hirsutism equivalents. Hyperandrogenism should be 
considered in adolescent females who have inflammatory 
acne that is unusual in severity (≥ moderate) or poorly re-
sponsive to topical dermatologic therapy.583 Balding may 
be either male pattern (affecting the fronto-temporo- 
occipital scalp) or pattern (affecting the crown, typically 
manifest early as a midline part widened in a “Christmas 
tree” pattern).

Symptomatic menstrual abnormality (primary or sec-
ondary amenorrhea, oligo-amenorrhea, or dysfunctional 
uterine bleeding) in a normally feminized girl is reason to 
consider hyperandrogenism. Failure to establish normal 
adult menstrual cyclicity by 2 years after menarche is a 
strong indication for investigation even in the absence of 
hirsutism or obesity (see the “Physiologic Adolescent 
Anovulation” section, presented earlier).

Intractable obesity, high waist circumference (. 88 cm), 
or acanthosis nigricans should raise concern for PCOS. 
The possibility of PCOS is heightened if the preceding 
symptoms are associated with a history of prepubertal 
risk factors for PCOS: congenital virilizing disorders; 
premature adrenarche; intractable prepubertal obesity, 
particularly if associated with pseudo-Cushing syndrome 
or pseudo-acromegaly; or a family history of PCOS or 
metabolic syndrome.

Diagnostic Approach

The goals of the laboratory evaluation for hyperan-
drogenism are to attempt to obtain evidence of hyperan-
drogenism and anovulation, to determine the specific 
etiology, and to provide a baseline in case it becomes  
necessary to reassess because of progression of the disor-
der. The diagnosis of hyperandrogenism is on the firmest 
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grounds if hyperandrogenemia is demonstrated bio-
chemically, rather than relying on hirsutism as a clinical 
surrogate for it, although documentation of hyperandro-
genemia can be problematic. Menstrual abnormality of 
most sorts provides evidence of anovulation.

Most hyperandrogenic girls present when fully femi-
nized. In girls with menstrual irregularity who lack cutane-
ous manifestations of hyperandrogenism, the evaluation 
should address the possibility of hypoestrogenism by in-
cluding bone age, E2, and gonadotropin levels, as outlined 
earlier (see Figure 15-43).

An approach to the workup that depends on assessing 
the degree of hirsutism, identifying anovulatory symp-
toms, and elucidating risk factors for virilizing disorders, 
androgenic medications, and other endocrinopathies (see 
Box 15-7) is suggested (Figure 15-47).383 A rapid pace 
of development or progression of hirsutism, evidence of 
virilization (such as clitoromegaly, genital ambiguity, or 
increasing muscularity), or an abdominal mass raise con-
cern for an androgen-secreting neoplasm. However, tu-
mors producing moderately excessive androgen can have 
indolent presentations. Inspection of the external genitalia 
is indicated, but an internal pelvic examination seldom is 
necessary.782 If hirsutism is sufficiently mild or focal that it 
can be managed by dermatologic means and menses is 
regular with no evidence of risk factors that would suggest 
an underlying cause, it is reasonable not to pursue labora-
tory evaluation, given the high likelihood of idiopathic 

hirsutism (a cutaneous rather than an endocrine disorder), 
unless the patient is of Asian ethnicity. If hirsutism is  
sufficiently symptomatic that hormonal therapy is con-
templated922 or there are features to suggest an underlying 
disorder, excess androgen production should be ruled out. 
Risk factor assessment includes follow-up to evaluate  
response to therapy.

Serum testosterone is the single most important andro-
gen to evaluate (see Figure 15-47). Serum free testoster-
one is about 50% more sensitive in detecting excessive 
androgen production because hyperandrogenic women 
have a relatively low level of SHBG. There are many pit-
falls in testosterone assays at the low levels found in 
women and children, and reliable testosterone assays are 
not available to many physicians. Assays of high sensitivity 
and specificity, such as those provided by postchromato-
graphic radioimmunoassay or tandem mass spectrometry, 
are required; furthermore, they are best performed by a 
specialty laboratory that has extensively validated them. 
Assaying the free testosterone level introduces other  
potential sources of error. Direct assays of the free testos-
terone concentration are inaccurate and should be avoided. 
The best methods calculate free testosterone as the prod-
uct of the total testosterone and a function of SHBG: free 
testosterone 5 total testosterone 3 percentage of free 
testosterone, where the percentage of free testosterone  
is most commonly determined by dialysis or calculated 
from the SHBG concentration. The combination of a 

FIGURE 15-46 n   Ferriman-Gallwey hirsutism scoring system. Each of the nine body areas most sensitive to androgen is assigned a 
score from 0 (no hair) to 4 (frankly virile), and these are summed to provide a hormonal hirsutism score. (Copyright © 2008, The 
Endocrine Society. Reproduced with permission from Martin, K. A., Chang, R. J., Ehrmann, D. A., et al. (2008). Evaluation and treatment of 
hirsutism in premenopausal women: an Endocrine Society Clinical Practice Guideline. J Clin Endocrin Metab, 93, 1105–1120.)
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high-normal total testosterone and a low-normal SHBG 
yields a high free testosterone concentration.

Although other androgens are present in blood, their 
assessment ordinarily makes little difference in diagnosis 
and management if serum free testosterone is normal. 
However, the variation in androgen levels may miss an 
occasional case of nonclassic congenital adrenal hyper-
plasia, so further studies are indicated in patients at high 
risk by virtue of family history or ethnicity.

If otherwise unexplained hyperandrogenism is con-
firmed, the next step in the workup is ordinarily to obtain 
an ultrasound examination of the pelvis (Figure 15-48). 
These findings are not completely specific for PCOS, 

and require excluding disorders that may secondarily 
cause PCOS. On the other hand, a normal ultrasound 
examination does not exclude PCOS. However, it is use-
ful for ruling out tumor and disorders of sexual differen-
tiation as a cause of the androgen excess. Simultaneous 
ultrasound imaging of the abdomen can be a cost-effective 
screening test for adrenal neoplasm in the hands of an 
experienced ultrasonographer.

Endocrine screening is indicated to rule out the most 
common mimes of PCOS. These include exclusion of 
pregnancy and hyperprolactinemia. It may also include 
measurement of DHEAS and early morning 17-hydroxy-
progesterone to screen for nonclassic congenital adrenal 

FIGURE 15-47 n   Initial evaluation of women for hyperandrogenism. Risk assessment includes more than the degree of hirsutism. 
Drugs that cause hirsutism include anabolic or androgenic steroids (which should be considered in athletes and patients with sexual 
dysfunction) and valproic acid (which should be considered for neurologic disorders). Localized areas of hair growth that do not meet 
the criteria for hirsutism (“focal hirsutism”) and are not accompanied by other risk factors for hyperandrogenism do not require an 
endocrine workup if hormonal treatment is not contemplated. In women with symptomatic hirsutism who will have hormonal treat-
ment, androgen levels should be assessed. PCOS is the most common cause to be considered, but androgen-secreting tumors, 
congenital adrenal hyperplasia, and diverse androgenic disorders, as shown, should be excluded. Serum testosterone is best as-
sessed in the early morning, on days 4 to 10 of the menstrual cycle in eumenorrheic women and on random days in amenorrheic 
women. Females with mild hirsutism (a score of 8 to 15), normal total testosterone level, and no risk factors probably have idiopathic 
hirsutism, which may be responsive to oral contraceptive therapy. Serum free testosterone should be measured (which involves 
measuring total testosterone and either SHBG or the percentage of free testosterone by dialysis) in a specialty reference laboratory 
if the serum total testosterone is normal in the presence of risk factors or progression of hirsutism on therapy. A simultaneous assay 
of 17-hydroxyprogesterone may be indicated in subjects at high risk for congenital adrenal hyperplasia. Some women diagnosed 
with idiopathic hirsutism by this algorithm will have polycystic ovaries on ultrasound, but the significance is unclear in the absence 
of ovulatory dysfunction. Progression of hyperandrogenism in the presence of a normal serum free testosterone is very unusual; 
such patients should be thoroughly reevaluated. (Modified with permission from Martin, K. A., Chang, R. J., Ehrmann, D. A., et al. (2008). 
Evaluation and treatment of hirsutism in premenopausal women: an endocrine society clinical practice guideline. J Clin Endocrin Metab, 93, 
1105–1120. © The Endocrine Society).

Course stable  
or improving

Course 
unsatisfactory 
or risk factors  

emerge 

Endocrine 
workup accordingly 

Initial Evaluation for Hyperandrogenism Risk Factors

Other endocrinopathy
risk factors: 

congenital adrenal hyperplasia, 
cortisol excess,

hyperprolactinemia, 
growth hormone excess, 

thyroid dysfunction 

Polycystic ovary syndrome 
risk factors: 

Menstrual irregularity, 
treatment-resistant acne, 

acanthosis nigricans, 
obesity 

Discontinue 
if possible

Hirsutism 
without other 

 hyperandrogenism 
risk factors

Trial of dermatologic or   
contraceptive therapy 

Hirsutism mild and 
risk factors absent

Testosterone normal

Total testosterone blood level 
in specialty laboratory* 

Neoplasm 
risk factors:

Sudden onset hirsutism, 
rapid progression, 

virilization, 
abdominal/pelvic mass

Hyperandrogenism 
laboratory work-up

•8AM in early follicular or  
  amenorrheic  phase of cycle

Idiopathic hirsutism 

 Normal 
variant 

Focal  hirsutism 
without 

 hyperandrogenism 
risk factors

Trial of dermatologic 
therapy 

Course  
unsatisfactory 
or risk factors 

emerge 

Course stable  
or improving

Drug or 
medication 

 use

Testosterone elevated 

Re-evaluate if course progressive 

Free testosterone  
normal

Free testosterone 
elevated 

Calculated free testosterone blood level 
(total testosterone and SHBG) 

in specialty laboratory* 

Hirsutism moderate
or risk factors present



15  Puberty and its Disorders in the Female 639

FIGURE 15-48 n Initial workup for causes of hyperandrogenism. This algorithm identifies the common causes of hyperandrogenism, 
which is most often due to PCOS.  (Modified with permission from Rosenfield, R. L. (2012). Polycystic ovary syndrome in adolescence: 
clinical features and diagnosis of polycystic ovary syndrome in adolescents. UpToDate. Retrieved from http://www.uptodate.com)

 A. Ultrasonography is the initial study that detects polycystic ovaries and excludes ovarian pathology other than polycystic ovaries. The abdomi-
nal ultrasound that is indicated for pelvic ultrasonographic imaging in virginal adolescents can be used to screen for adrenal enlargement/mass. 
A polycystic ovary has been defined by international consensus in adults as an ovary with a volume . 10 cc or containing $ 12 follicles 2 to 
9 mm in diameter in the absence of a dominant follicle ($ 10 mm diameter) or corpus luteum. In adolescents ovaries are normally are up to 
10-8-11.8 cc in volume with 10-17 follicles in the maximum plane. Unless the ultrasound reveals an abnormality other than a polycystic ovary, 
further workup for hyperandrogenism is indicated.

 B. Ovotesticular disorder of sex development (DSD) was formerly termed true hermaphroditism.
 C. Virilization during pregnancy may be due to androgen hypersecretion by a luteoma or hyperreactio luteinalis.
 D. The presence of a polycystic ovary supports the diagnosis of PCOS in hyperandrogenic patients. The presence of a polycystic ovary is not 

necessary—nor does it suffice—for the diagnosis of PCOS in a patient with hyperandrogenic anovulation.
 E. In a eumenorrheic symptomatically hyperandrogenic adolescent with normal menses, the presence of a polycystic ovary (which meets 

Rotterdam-AES diagnostic criteria in adults) is provisional evidence for the diagnosis of PCOS.
 F. A polycystic ovary is not specific for PCOS; it has been reported in several specific endocrinopathies (e.g., hypothyroidism and Cushing 

disease) and is also common in asymptomatic individuals.
 G. Further evaluation should include levels of serum prolactin, thyroid-stimulating hormone (TSH), insulin-like growth factor 1 (IGF-1), cortisol, 

17-hydroxyprogesterone, and dehydroepiandrosterone sulfate (DHEAS). An abnormality of any of these endocrine tests is suggestive of one of 
the hyperandrogenic disorders that most commonly mimics PCOS.

 H. Plasma cortisol , 10 mg/dL essentially rules out endogenous Cushing syndrome unless the clinical index of suspicion is high.
 I. 8AM 17-hydroxyprogesterone . 170 to 200 ng/dL is approximately 95% sensitive and 90% specific for detecting common type (21-hydroxylase 

deficient) nonclassic congenital adrenal hyperplasia (CAH) in anovulatory or follicular phase women; it is often found in virilizing neoplasms. 
DHEAS . 700 mg/dL suggests an adrenal virilizing tumor or a rare type of CAH (3b-hydroxysteroid dehydrogenase deficiency).

 J. Computed tomographic scanning of the adrenal gland is a more definitive study for identifying adrenal tumor than is ultrasound.
 K. Exclusion of the preceding disorders in a hyperandrogenic patient with menstrual dysfunction meets standard diagnostic criteria for PCOS 

with approximately 95% reliability. However, this workup does not identify rare adrenal disorders (e.g., some types of CAH and related types 
of congenital adrenal steroid metabolic disorders), the rare testosterone-secreting adrenal tumor, or, most commonly, idiopathic hyperan-
drogenism (hyperandrogenism of unknown origin, which can arise from obesity or possibly metabolic abnormalities). 
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hyperplasia, and assessment for Cushing syndrome, thy-
roid dysfunction, or acromegaly, if clinically indicated.  
If this evaluation for the most common disorders that 
mimic polycystic ovary syndrome is negative, the combi-
nation of testosterone elevation with anovulatory symp-
toms fulfills the most widely accepted diagnostic criteria 
(criteria established by the National Institutes of Health 
[NIH]) for PCOS. The combination of testosterone ele-
vation with a polycystic ovary in the absence of menstrual 
irregularity permits a provisional diagnosis of PCOS by 
Rotterdam/AES criteria (see Box 15-8). However, this evalu-
ation does not exclude some fairly rare hyperandrogenic 

disorders that mimic PCOS. The approach to further 
studies to determine the source of hyperandrogenemia 
varies among subspecialists and with the needs of the in-
dividual patient.

Our preference is to use a dexamethasone androgen-
suppression test (DAST) to attempt to make a positive  
diagnosis of the ovarian dysfunction of PCOS versus deter-
mining whether further workup is necessary for rare forms 
of CAH or other rare adrenal disorders (Figure 15-49).888 
Suppression of serum androgens and cortisol in response  
to a low-dose dexamethasone suppression test segregates 
patients diagnostically. Subnormal testosterone suppression 
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FIGURE 15-49 n   An approach to determining the source of androgen excess. The association of testosterone elevation with otherwise 
unexplained anovulatory symptoms (see Figures 15-42 and 15-43) or a polycystic ovary fulfills standard diagnostic criteria for PCOS, 
which accounts for over 80% of adolescent hyperandrogenism. Determination of the source of excess androgen often permits a 
positive diagnosis of the characteristic ovarian and adrenal dysfunction of PCOS and will elucidate rare disorders that mimic PCOS. 
 (Modified with permission from Rosenfield, R. L. (2012). Polycystic ovary syndrome in adolescence: clinical features and diagnosis of polycystic 
ovary syndrome in adolescents. UpToDate. Retrieved from http://www.uptodate.com)

 A. After obtaining an early morning blood sample for baseline steroid intermediates (e.g., 17-hydroxypregnenolone, 17-hydroxyprogesterone, 
11-deoxycortisol, dehydroepiandrosterone, androstenedione) and a 24-hour urine for corticoids (i.e., free cortisol and 17a-hydroxycorticoids, 
as well as creatinine to control for completeness of collection), a dexamethasone androgen-suppression test (DAST) is performed.

 B. A short DAST (sampling blood 4 hours after a single noontime 0.5 mg dexamethasone dose) maximally suppresses total and free testosterone 
and 17-hydroxyprogesterone, but DHEAS and cortisol are not maximally suppressed in comparison to the 4-day DAST. A long (4-day) 
DAST is a definitive test: this consists of a 4-day course of dexamethasone 0.5 mg four times daily prior to an early morning posttest blood 
sample on day 5.

 C. Normal androgen suppression in response to the 4-day DAST is indicated by total testosterone , 28 ng/dL (1 nmol/L), free testosterone 
, 8 pg/mL (28 pmol/L), DHEAS , 40 mg/dL (1 micromol/L) (. 75% fall), and 17-hydroxyprogesterone , 26 ng/dL (0.8 nmol/L).

 D. Normal corticoid suppression is indicated by serum cortisol , 1.5 mg/dL (40 nmol/L) and urinary cortisol , 10 mg (27 nmol) per 24 hours 
by the second day of dexamethasone administration.

 E. If androgen and cortisol are both not normally suppressed, Cushing syndrome and cortisol resistance should be considered. Poor suppression 
can also result from noncompliance with the dexamethasone regimen.

 F. Subnormal suppression of testosterone (as well as androstenedione and 17-hydroxyprogesterone) and a normal suppression of cortisol and 
DHEAS are characteristic of PCOS, but the rare virilizing adrenal tumor or adrenal rests should be considered on the basis of clinical factors.

 G. A cosyntropin (ACTH) stimulation test is appropriate if androgen suppression by dexamethasone is normal.
 H. The diagnosis of congenital adrenal hyperplasia (CAH) is suggested if the response to ACTH is . 5 SD above the average: for 

17-hydroxyprogesterone this is . 1000 ng/dL (30 nmol/L) and for 17-hydroxypregnenolone it is . 5000 ng/dL (158 nmol/L).
 I. Primary functional adrenal hyperandrogenism (FAH) (suggested by a modest rise in 17-hydroxypregnenolone or 17-hydroxyprogesterone 

that does not meet the criteria for the diagnosis of CAH) is sometimes the only demonstrable source of androgen excess in PCOS. A rare 
mime of FAH and idiopathic hyperandrogenemia is (apparent) cortisone reductase deficiency: baseline urinary corticoids consist primarily 
of cortisone metabolites rather than cortisol metabolites, so 17a-hydroxycorticoid excretion is elevated, but cortisol excretion is normal.

 J. Idiopathic hyperandrogenism (distinct from idiopathic hirsutism) is the diagnosis when the source of hyperandrogenemia remains unex-
plained after intensive investigation (occurs in approximately 10% of cases). It often appears to be due to obesity. 
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with normal adrenocortical suppression indicates a source 
of androgen other than an ACTH-dependent adrenal one 
and is found in 80% of PCOS. However, tumor or other 
ovarian pathology must be excluded by ultrasound exami-
nation. If both cortisol and androgen suppression are  
subnormal, then the androgen excess may be secondary  
to noncompliance with taking dexamethasone, Cushing 
syndrome, or glucocorticoid resistance. If testosterone sup-
pression is normal, then ACTH (cosyntropin) stimulation 
testing to rule out nonclassic congenital adrenal hyperpla-
sia is recommended. If both dexamethasone and ACTH 

testing are normal, the most likely diagnosis is idiopathic 
hyperandrogenism, of which obesity seems to be the most 
likely cause.

A short (4-hour) DAST, as described in the legend 
for Figure 15-49, suffices in the absence of high suspi-
cion for virilizing disorder. It is helpful in distinguishing 
the potentially reversible pseudo-PCOS of simple obe-
sity, in which case testosterone suppresses normally, 
from the persistent ovarian dysfunction of ordinary 
PCOS.888 However, a more prolonged course of low-
dose dexamethasone (long DAST, 4-days) is required to 
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suppress the hyperandrogenism of congenital adrenal 
hyperplasia.

Further extensive diagnostic studies are seldom indicated 
unless there is reason to suspect a virilizing tumor or a dis-
order of sexual differentiation. On rare occasions, ultraso-
nography has been insensitive in detecting a virilizing ovarian 
tumor in adults.660 Computed tomography and magnetic 
resonance imaging permit the best visualization and more 
detailed assessment of tumors. Further or alternative 
workup may include acute gonadotropin releasing hormone 
agonist testing or assessment of the response to ovarian sup-
pression treatment to determine the source of androgen.

Management

Management is individualized according to symptoms 
and patient goals—hirsutism, acne, and alopecia; men-
strual irregularity; obesity and insulin resistance—and 
the source of androgen excess.871,872,923 Because PCOS is 
associated with the early development of type 2 diabetes 
mellitus and metabolic syndrome, a fasting lipid panel 
and oral glucose tolerance test are recommended in pa-
tients with obesity or risk factors for these metabolic 
dysfunctions.897 Obesity and insulin-resistant patients 
should be screened for sleep-disordered breathing. Be-
cause PCOS is closely related to parental metabolic syn-
drome, we recommend a similar evaluation of primary 
relatives. Women with PCOS are at increased risk of 
mood and anxiety disorders and depression and should be 
screened for these disorders.924

Cosmetic measures are the cornerstone of care for 
hirsutism.383 Bleaching and shaving suffice for many. De-
pilating agents and waxing treatments are useful but 
prone to cause skin irritation. Eflornithine hydrochloride 
cream brings about marked improvement of hirsutism in 
32%, with the maximal effect by 2 to 6 months. The 
FDA has permitted marketing of many laser devices, and 
equivalents such as diode and flashlamp, as effective for 
permanent hair reduction, for which the criterion is per-
sistent reduction in hair density by 30% or more after 
three to four treatments of a site. Wavelengths between 
694 and 1064 nm damage hair follicles by combining 
relatively selective absorption of heat by dark hairs with 
penetration into the dermis. Light-skinned individuals 
are the best candidates, requiring the lower energy 
pulses. Those with heavily tanned or darker skin require 
the use of cooling procedures and adjustment of energy 
levels to minimize the risk of skin side effects. Laser 
treatment is preferred to electrolysis, but both types  
of treatment require trained personnel; are repetitious, 
expensive, and painful; are practical only for treating 
limited areas; and may result in local reactions, including 
burns, dyspigmentation, and scarring. Endocrine therapy 
is directed at interrupting androgen production or ac-
tion. This causes the pilosebaceous unit to revert toward 
the prepubertal vellus type.

Endocrinologic treatment of cutaneous symptoms is 
indicated before undertaking treatment with laser treat-
ment, Accutane, or Rogaine if standard cosmetic or topical 
dermatologic measures are inadequate. The maximal  
effect on the sebaceous gland occurs within 3 months, but 
that on sexual hairs requires 9 to 12 months of treatment, 

because of the long duration of the hair growth cycle. All 
are effective only as long as the patient wishes to maintain 
her improvement in hirsutism.

Combination oral contraceptive pills (OCPs) are the first-
line endocrine treatment for women with the dermatologic 
or menstrual abnormalities of PCOS. They act by sup-
pressing serum androgens, particularly free testosterone, 
mainly by inhibiting ovarian function. They also raise 
SHBG and modestly lower DHEA sulfate levels. They 
normalize androgen levels by 3 weeks of therapy.

All estrogen-progestin combinations generally suffice 
for women with acne or mild hirsutism, in combination 
with cosmetic measures. Those with nonandrogenic pro-
gestins, such as norgestimate or ethynodiol diacetate 
combined with 35-mg ethinyl E2, have generally favor-
able risk-benefit ratios and optimize lipid profiles. Those 
with antiandrogenic progestins in low doses may confer 
an additional benefit: drospirenone is available in the 
United States with 30-mg ethinyl E2 and cyproterone 
acetate 2 mg with 35-mg ethinyl E2 in Canada, Mexico, 
and elsewhere. The larger estrogen doses may be neces-
sary in larger girls to provide menstrual regularity. Over-
all, combination pills carry about a 4-fold increased risk of 
venous thromboembolism in first-time users; this risk 
decreases with duration of use and decreasing estrogen 
dose but is less than that of pregnancy.528,529,579

OCPs are also effective in the management of men-
strual irregularity, which requires treatment because 
chronic anovulation is associated with increased risk of 
developing endometrial hyperplasia and carcinoma. 
There are, however, several potential disadvantages to 
the use of OCPs in the management of PCOS in adoles-
cents. They will bring growth to end in perimenarcheal 
girls. OCPs may be contraindicated in patients who are 
at risk for venous thrombosis, and they should be used 
with caution and in the lowest estrogen dose possible in 
patients with migraine headaches. Patients may use 
OCPs as an excuse for not losing weight. The patient 
may believe that the treatment is curative and defer a 
definitive diagnostic workup. OCPs do not permit  
conception if and when it is desired. The long-term  
consequences of these agents on fertility are unknown; 
although there is the theoretic possibility of post-pill 
amenorrhea, very high-dose estrogen initiated in early 
adolescence increases the risk of primary ovarian insuffi-
ciency rather than hypogonadotropinism.690

It is advisable to recheck patients after 3 months of 
therapy to assess the efficacy of treatment and normaliza-
tion of androgen levels. As a general rule, OCP treatment 
should be continued until the patient is gynecologically 
mature (5 years postmenarcheal) or has lost a substantial 
amount of excess weight. At that point, withholding treat-
ment for a few months to allow recovery of suppression of 
pituitary-gonadal function and to ascertain whether the 
menstrual abnormality persists is usually advisable. In do-
ing so, however, one must keep in mind that the anovula-
tory cycles of PCOS lead to relative infertility, not absolute 
infertility. The need for continued use of OCP for contra-
ceptive purposes must be considered.

Progestin monotherapy is an alternative to OCPs for 
the control of menstrual irregularities. Micronized pro-
gesterone (Prometrium) 100 to 200 mg daily at bedtime 
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for 7 to 10 days induces withdrawal bleeding in the ma-
jority of patients, but some do not respond, apparently 
because of an antiestrogenic effect of androgen excess 
on the endometrium, and breakthrough bleeding is 
more likely than with OCPs. Progestin therapy has the 
appeal of permitting the detection of the emergence of 
normal menstrual cyclicity. However, it does not nor-
malize androgen levels and is not an adequate treatment 
if hirsutism or hirsutism equivalents are a problem. The 
perimenarcheal girl who responds well to progestin 
therapy can be maintained at approximately 6-week 
cycles to permit the detection of spontaneous menses. 
Side effects of progestin include mood symptoms (de-
pression), bloating, and breast soreness. Patients must 
be informed that oral progestin dosed in this way is not 
a means of contraception.

Antiandrogens generally yield improvement in hirsutism 
beyond that attainable with OCPs. They can be expected 
to reduce the Ferriman-Gallwey score by 15% to 40%, 
although there is considerable variation among individu-
als. Antiandrogen use for this purpose is off-label because 
all carry the risk of causing pseudohermaphroditism of  
the male fetus. Therefore, all antiandrogens should be 
prescribed with a contraceptive, preferably an OCP. They 
may have a modest effect on the metabolic abnormalities 
associated with PCOS.925

Spironolactone in high dosage is the safest potent 
antiandrogen in the United States. We recommend 
starting with 100 mg twice a day until the maximal effect 
has been achieved and then attempting to reduce the 
dose to 50 mg twice a day for maintenance therapy.  
Spironolactone usually is well tolerated, but it is contra-
indicated in patients with adrenal, hepatic, or renal in-
sufficiency. Women are at risk of hyperkalemia if on 
potassium-sparing diuretics, potassium supplements, 
daily nonsteroidal anti-inflammatory drugs, angiotensin 
converting enzyme inhibitors, heparin, or such drugs. 
Therefore, electrolytes should be monitored. Alone, it 
tends to cause irregular bleeding.

Other antiandrogens used to treat hirsutism and 
hirsutism equivalents include cyproterone acetate, flu-
tamide, and finasteride. Cyproterone acetate is a potent 
progestational antiandrogen that is used with estrogen 
in a reverse sequential regimen: 50 to 100 mg is given 
during days 1 to 10 of cycles in which estrogen is given 
from days 1 to 21. Flutamide is a more specific antian-
drogen with efficacy similar to that of cyproterone and 
spironolactone, but it is more expensive and carries  
a seemingly idiosyncratic risk of fatal hepatocellular 
toxicity. Finasteride, a type 1 5-alpha-reductase inhibi-
tor, may be as effective as other antiandrogens in the 
treatment of hirsutism, but it is less effective in pattern 
hair loss in females than in males. Although topical 
minoxidil is the only medication approved for alopecia 
treatment, antiandrogen-OCP therapy may be superior 
in those with PCOS.

Insulin-lowering treatments, from weight loss to drug 
treatment, uniformly improve hyperandrogenism. 
They have about a 50% probability of improving men-
strual cyclicity and ovulatory status, which seems 
greater than explicable by the modest reduction in 

androgen levels that they bring about. The effect  
on hirsutism is negligible. Although weight reduction 
is indicated in obese PCOS patients, it is typically  
difficult to achieve. Bariatric surgery has led to  
improvement in androgen levels and menses in the 
majority, but improvements in hirsutism and ovulation 
have been inconsistent in adults. 926,927 This option is 
currently limited in adolescents to select patients with 
extremely high BMI and access to highly specialized 
centers.926

Metformin appears to have more utility than thiazoli-
dines in management because it suppresses appetite and 
enhances weight loss. However, well-controlled studies in 
adults indicate that metformin therapy offers no advan-
tage over lifestyle modification in regard to weight, men-
strual frequency, or ovulation,883,928,929 though it may have 
additive biochemical effects.930 Abnormal glucose toler-
ance is the only clear indication for metformin. Thus, 
metformin is most effective in combination with a behav-
ioral weight-reduction program.925,926 Therapy should 
start with 500 mg daily of the extended release form  
before the evening meal, with an increase in the dose by 
500 mg per week to a maximal dose of 2000 mg daily as 
tolerated. The larger doses often are better tolerated 
when divided into two daily doses. It is advisable to obtain 
a comprehensive metabolic panel at baseline to confirm 
normal hepatic and renal function. Although extremely 
rare, lactic acidosis is a potential complication of metfor-
min use; patients should be made aware of this risk.

Other hormonal manipulations may be useful in spe-
cific unusual situations. Prednisone therapy has little 
utility in the management of the hirsutism or menstrual 
irregularity of PCOS. Gonadotropin releasing hor-
mone agonists are an alternative when OCPs are con-
traindicated; they should be used with E2 replacement 
therapy.

FUTURE DIRECTIONS

Tremendous advances continue to occur in our under-
standing of puberty. The identification of genes in-
volved in ovarian differentiation, the discovery of new 
hormones and hormone receptors, new insights into 
the regulation of gene transcription and signal trans-
duction, further identification of the role of genetic 
factors and prenatal imprinting on pubertal disorders, 
and advances in the application of mass spectrometry to 
steroid assays can also be anticipated to occur in the 
coming years. We are in the midst of an explosion of 
information in the biologic sciences. It is becoming 
clear that the body puts a wide but finite repertoire of 
hormones and growth factors to myriad and unex-
pected uses. Many concepts that we hold dear at this 
moment are, at best, likely to be shown to be oversim-
plifications or, at worst, likely to be wrong. New infor-
mation comes to light faster than we can assimilate it. 
The understanding of the interactions of the human 
genome with environmental factors can be expected to 
yield new insights into our understanding of puberty 
and its disorders.
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QUESTIONS

 4. A 5-year-old girl presents to you after an episode of 
vaginal bleeding. Her height is at the 75th percentile 
for age, her weight is at the 90th percentile for age; 
Her mid-parental height is at the 50th percentile. Her 
examination was unremarkable except for Tanner II 
breast development without pubic hair development. 
Laboratory studies show an LH , 0.2 U/L, FSH 
, 0.2 U/L, estradiol 115 pg/ml.  The best next step 
in evaluating this child would be:
 a. Brain MRI
 b. Pelvic ultrasound
 c. Exploratory laparotomy
 d. GnRH agonist stimulation test

Answer: b

 5. Which statement is true about LH secretion:
 a. In the normal child, there is no LH secretion after 

infancy until the onset of puberty
 b. In early puberty, LH secretion is pulsatile, which 

becomes continuous once menstrual cycles are 
established.

 c. In early puberty, the majority of LH is secreted 
during the night

 d. An LH level less than 0.5 U/L is sufficient to  
exclude a diagnosis of central precocious puberty

Answer: c

 1. Which statement is true about the control of GnRH 
secretion in the hypothalamus:
 a. Secreted factors from the gonads are necessary 

for the prepubertal restraint of the GnRH pulse 
generator.

 b. Prior to the onset of puberty, there is a decrease in 
the expression of GPR54.

 c. Leptin serves as a signal of sufficient nutritional 
stores with a threshold level necessary for activa-
tion of the GnRH pulse generator at the onset of 
puberty.

 d. Prepubertal secretion of kisspeptin suppresses 
GnRH production through activation of its recep-
tor, GPR54.

Answer: c

 2. Which statement is false:
 a. Multiple isoforms of LH are produced in the pitu-

itary gland; these isoforms differ in bioactivity, 
with androgens and estrogens affecting the rela-
tive expression of these isoforms.

 b. Prolactin secretion is stimulated by estrogen and 
TRH, and is inhibited by thyroxine, dopamine and 
prolactin release-inhibiting factor.

 c. Activins and inhibins are different splice variants 
of a single gene

 d. Gonadotropin-releasing hormone and prolactin 
release-inhibiting hormone are unique cleavage 
products of a common precursor protein.

Answer: c

 3. Which statement about sex steroid receptor signaling 
is false:
 a. There are two estrogen receptors (a and b) that 

are encoded by separate genes
 b. Estrogen can rapidly stimulate intracellular 

phosphorylation pathways through binding to 
membrane-associated estrogen receptors.

 c. The A and B forms of the androgen receptor  
are produced through differing post-translational 
modifications

 d. Selective estrogen receptor modulators (SERMs; 
e.g. tamoxifen and raloxifene) are estradiol ago-
nists in some tissues, but are anti-estrogenic in 
other tissues, effects predominantly related to 
their relative affinity for the a versus b isoforms of 
the estrogen receptor.

 e. The genomic response to estrogen varies depend-
ing on the relative expression of co-activators and 
co-repressors within target cells

Answer: d
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HISTORICAL BACKGROUND

Turner syndrome is a chromosomal disorder due to 
complete or partial monosomy for the X chromosome, 
associated with short stature and primary ovarian failure 
in phenotypic females. The eponym derives from a 
study published in 1938 by Henry Turner describing 
seven women with short stature, sexual immaturity, 
neck webbing, low posterior hairline, and cubitus 
valgus1(Figure 16-1). Several years earlier, Otto Ullrich 
had described an 8-year-old girl with short stature, 
lymphedema of the hands and feet, neck webbing, high 
arched palate, low-set auricles, and several other features 
now associated with Turner syndrome.2 Ullrich later 
recognized that his patient and those of Turner appeared 
to have the same condition3 and called attention to the 
work of Bonnevie, who described cervical distention and 
malformations of the ears, face, and limb buds in mice 
secondary to dissection of subcutaneous fetal tissues by 
fluid. Ullrich suggested that fetal lymphatic obstruction 
may cause neck webbing and other superficial features of 
Turner syndrome and proposed the eponym Bonnevie-
Ullrich to describe this constellation of anomalies. 
Ullrich’s contributions gave rise to the eponym Ullrich-
Turner syndrome sometimes used in Europe.

Endocrine and pathology studies of the 1940s re-
vealed primary ovarian failure in women with Turner 

syndrome, associated with elevated gonadotropins, 
reduced estrogen and “streak” ovaries consisting of 
connective tissue depleted of germ cells. These early 
studies also discovered an extraordinary incidence of 
hypertension and aortic disease in young women with 
Turner syndrome.4 The first link between Turner syn-
drome and sex chromosome anomaly was provided in 
1954 by Polani and colleagues, who reported three 
patients with Turner syndrome and coarctation of the 
aorta who were sex chromatin negative.5 Soon there-
after advances in cytogenetic identification of specific 
chromosomes revealed that Turner syndrome was as-
sociated with the presence of a single X chromosome 
(X monosomy).6 These observations were paradigm 
shifting in our understanding of the role of the human 
sex chromosomes in sex determination, as reviewed by 
Opitz and Pallister.7 They also described the signifi-
cant heterogeneity of patients grouped under the 
concept of gonadal dysgenesis and pointed out that 
the terms dysgenesis and agenesis are inaccurate, as 
fetal ovarian development seems to be normal in 
Turner syndrome, with degeneration occurring in 
most cases around the time of birth. Although ep-
onyms have their disadvantages, the designation 
Turner or Ullrich-Turner syndrome is more specific 
than gonadal dysgenesis.
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abortions versus 1/5000 live births,2-13 indicating that 
most 45,X gestations do not survive to birth. The ratio 
of 46,X,i(X)q and 46,X,r(X) to 45,X cases increases from 
early gestation to birth, leading to the view that  
X monosomy is incompatible with survival and that sur-
viving 45,X girls started out as 46,X, fragmentary X or  
Y gestations.13 It was hypothesized that fragmentary sex 
chromosomes are lost due to mitotic instability during 
the course of fetal development, so the girls appear to be 
45,X after birth.13,14 Early in the study of aneuploidy it 
was thought that monosomy per se would interfere with 
normal cell proliferation and differentiation.15 However, 
it has since been learned that mice with pure X mono-
somy have normal survival, development, and fertility16 
and that human 45,X cells are able to proliferate and 
differentiate into various cell types in vitro.17,18 Thus, it 
seems that X monosomy need not always be lethal, and 
the survival and relatively healthy development of some 
45,X girls may be related to variations in autosomal 
genes that compensate for the X chromosome haploin-
sufficiency. Newborn cytogenetic screening during the 
1970s and 1980s found that approximately 1:2500 live-
born females had complete or partial X monosomy consis-
tent with Turner syndrome.12,13,19 Danish health registry 
data indicate, however, that only about half the number of 
cases predicted by the birth incidence receive a clinical 
diagnosis.20 This discrepancy may be due to a relatively 
mild phenotype in some cases. The birth rate for Turner 
syndrome is going down in some countries,21 associated 
with the increasing use of fetal ultrasound screening.22

Turner syndrome is reported in all races and countries 
with similar prevalence. X monosomy does not run in 
families and is not associated with any known environ-
mental or behavioral factors.23 There is one known case 
of an apparently pure 45,X woman with spontaneous 
puberty and pregnancy giving birth to a 45,X daughter.24 
Epidemiologic observations including more than 1000 
girls with Turner and their families suggest that increased 
parental age modestly increases the risk of having a child 
with Turner syndrome.23,25 The single normal X chro-
mosome is identified as maternal in approximately 70% 

GENETICS
Chromosomal Origins
Refinements in cytogenetic methodology over the last 
half of the 20th century promoted the elucidation of the 
chromosomal basis for Turner syndrome and other aneu-
ploidies. The standard cytogenetic karyotype describes 
the number and morphologic features of condensed 
metaphase chromosomes under light microscopy (Figure 
16-2A). Karyotype studies of the products of conception 
and newborns have shown that X monosomy is the only 
chromosomal monosomy compatible with life, as mono-
somy for the Y chromosome or autosomes have never 
been reported.8 This distinction among chromosomes is 
explained by the fact that the Y chromosome has rela-
tively few essential genes aside from those involved in 
male sex determination and spermatogenesis, and the 
second X chromosome in females is largely inactivated, 
or silenced early in development. There are, however, a 
number of genes that escape X inactivation and that have 
homologs represented on the Y chromosome.9 Haploin-
sufficiency for these genes results in short stature and 
other aspects of the Turner phenotype (discussed later).

The loss or fragmentation of a sex chromosome is most 
commonly traced to error(s) of recombination and segrega-
tion occurring during meiotic divisions.8 The molecular 
triggers for such errors are poorly understood but appear to 
differ for autosomes and sex chromosomes.10 Thus, in con-
trast to trisomy 21, Turner syndrome is not preferentially 
linked to maternal meiotic errors or age and may be more 
commonly associated with paternal meiotic errors.11 A less 
common cause of Turner syndrome is the loss of a sex chro-
mosome due nondisjunction in early embryonic mitotic cell 
divisions, resulting in a 45,X cell line together with cell lines 
with normal or supernumerary sex chromosome comple-
ment (e.g., 45,X/47,XXX; 45,X/46,XX; 45,X/46,XY).

Epidemiology
Cytogenetic studies found that X chromosome monosomy 
(45,X) was present in approximately 1/300 spontaneous 

FIGURE 16-1 n Patients described by Dr. Henry Turner. Note the height marker at the left indicating the short stature, although with 
large variation in absolute height among these women. Note also lack of obesity among these women evaluated in the 1930s. (From 
Turner, H. H. (1938). A syndrome of infantilism, congenital webbed neck and cubitus valgus. Endocrinology, 23, 566.)
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and paternal in origin in ,30% of cases with cytogeneti-
cally confirmed Turner syndrome.26-29 The expected 
ratio, if each parent has an equal probability of contributing 
a normal X to offspring, is 2:1. The consistent finding of 
a slightly greater than expected prevalence of X-maternal 
cases suggests that there may a greater propensity for 

meiotic errors involving the sex chromosomes during 
spermatogenesis. Women with Turner syndrome due to 
partial Xp deletion or translocation who are fertile may 
pass on the abnormal X chromosome to offspring.30-32 
The possibility of passing on a fragmented sex chromo-
some underscores the importance of obtaining a full 
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FIGURE 16-2 n Sex chromosome analyses. A, Standard G-banded metaphase karyotype in which the 22 pairs of autosomes are 
grouped according to size and the sex chromosomes placed at the end; in this case, there is only one X chromosome. B, Fluorescent 
in situ hybridization (FISH) of metaphase chromosomes showing a normal X chromosome on the left side of the micrograph identi-
fied by an X centromere-specific probe (DXZ1; green). The abnormal chromosome seen on the right has an X long arm and centro-
mere joined to a Y chromosome centromere (DYZ3; red bifurcated signal) and long arm (DYZ; large blue signal). This is described 
in cytogenetic terms as der(X)t(X;Y)(p.11.4;p11.2). C, SNP genotyping array of DNA isolated from a Turner patient blood sample. The 
beta-allele frequency is a measure of the allelic intensity ratio, plotted as (blue) dots with reference to the left y-axis. When there is 
equal representation of two alternative SNP alleles, the beta allele frequency is 0.5; when only one allele is present, the frequency is 
1.0 or 0. The log R ratio is a measure of total signal intensity for the test subject compared to control and is plotted as (red) graph 
against the y-axis on the right. When test subject signal intensity is equal to that for the control, the ratio is 1:1 and the log is 0. The 
array results are plotted alongside the X chromosomal ideogram at the top of the panel and show a loss of heterozygosity and re-
duced signal intensity from chrX: 0-41,500,000, consistent with the deletion of more than half the X chromosome short arm with 
breakpoint at cytologic band Xp11.4. (B, The FISH micrograph was kindly provided by Dr. Marie-France Portnoi of Service de génétique et 
embryologie médicales, Hôpital Armand-Trousseau, Paris, France.This image can be viewed in full color online at ExpertConsult) 
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karyotype in the diagnosis of Turner syndrome, because 
if such a chromosome is found in the child, the parents 
need genetic testing and counseling about potential re-
currence, or transmission if the daughter is fertile. There 
does not seem to be an increase in monosomy X or any 
aneuploidy in assisted pregnancies compared to natural 
conceptions.33 Historical case reports have described an 
association of trisomy 21 and mosaic X monosomy,34 
but this association has not been observed in a large 
population-based investigation.23

Turner Karyotypes
Cytogenetic nomenclature reports the total number of 
chromosomes followed by the sex chromosomes listed 
individually, thus the normal female karyotype is “46,XX” 
and Turner syndrome patients with a single X chromo-
some are “45,X.” The most common karyotype found in 
Turner syndrome is 45,X.11,35,36 Mosaicism is defined as 
the presence of two or more cell lines showing different 
chromosome constitutions. If more than one cell line is 
detected, the karyotypes are separated by a slash, with the 
relative cell counts in brackets. For example, 45,X 
[10]/46,XX[10] describes an individual with 50:50 mosa-
icism for X monosomic and normal 46,XX cells based on 
scoring 20 metaphases. This type of cell line mosaicism  
occurs due to sex chromosome nondisjunction during 
postzygotic cell divisions. Depending on the develop-
mental timing and cell populations affected, the clinical 
phenotype may be attenuated by mosaicism for a normal 
cell line.

The isoXq chromosome is the most common struc-
tural abnormality causing Turner syndrome.11,35,37 It is a 
mirror image chromosome composed of two copies of 
the long arm fused head to head with a variable amount 
of centromeric and proximal Xp sequences in between, 
most commonly reported as 46,X,i(X)q. Variants that 
have subtotal Xp deletion are termed isodicentric 
and pseudo-isodicentric X chromosomes.38,39 Individuals 
with isoXq chromosome are monosomic for the X short 
arm and trisomic for the X long arm. The presence of  
an isoXq chromosome is commonly associated with a 
45,X cell line, as the abnormal isoXq chromosome is 
frequently lost during postzygotic cell divisions. This 
mosaic chromosomal constitution is reported as 
45,X/46,X,i(X)q. Because all cells are monosomic for Xp, 
there is no tendency for moderation of the monosomic 
phenotype in this type of cell line mosaicism. The isoXq 
chromosome is not associated with mosaicism for a  
normal 46,XX cell line.

A ring X chromosome (rX) is fairly common in the 
etiology of Turner syndrome; the ring results from  
fusion of broken ends of short and long arms. Most often 
the ring has lost a major portion of Xp but retains the 
large part of Xq, and it is functionally equivalent to  
Xp deletion. The ring X is commonly lost during cell 
divisions in the course of development, resulting in mo-
saicism denoted as 45,X/46X,r(X). A ring X missing the 
X inactivation site (XIST) at Xq13.2 has been associated 
with severe mental retardation and somatic features 
atypical of Turner syndrome.40,41 The XIST locus is 
required for inactivation of the second X chromosome, 

and deletion or deficient transcription of XIST may  
result in failure of X inactivation. The severe phenotype 
in girls with a small rX or with unbalanced Xp transloca-
tion is thought to be due to functional disomy of certain 
Xp loci that are normally inactivated.42

About 5% of clinically diagnosed Turner syndrome 
patients have a significant Xp deletion, denoted 
46,X,del(X)p, with or without mosaicism for a 45,X cell 
line. Xq deletions are associated with clinical features of 
Turner syndrome mainly in patients with 45,X/46,X, 
del(X)q mosaicism; women with terminal Xq deletion 
without 45,X cells do not usually have short stature or 
other features aside from premature ovarian failure.43

Conventional karyotyping reveals mosaicism for 
45,X/46,XY or 46,X,fragmentaryY cell lines in about 
10% of clinically diagnosed girls with Turner syndrome.11 
In cases where the Y chromosome is intact, it is likely 
that the proportion of normal 46,XY cells was too low in 
the developing gonad to induce normal testis develop-
ment and male differentiation. Phenotypic males with 
45,X/46,XY chromosomal constitutions may have short 
stature and congenital cardiovascular malformations  
similar to those with Turner syndrome44,45 but are con-
sidered under the diagnostic category of Disorders of 
Sexual Differentiation. In girls with Y chromosome 
structural abnormalities, the sex determining gene SRY 
may be deleted or inactivated, resulting in absent male 
differentiation.46 The presence of Y chromosome mate-
rial is clinically relevant because of the risk for develop-
ment of a gonadoblastoma in females with Y chromo-
some material.47 The diagnostic issues related to 
Y chromosome detection and clinical implications with 
regard to gonadoblastoma are discussed later in sections 
on “Diagnostic Tests” and “Gonadoblastoma.”

X Chromosome Genes and Turner 
Syndrome
In a classic article published in 1965, Ferguson-Smith 
analyzed the karyotypes of 307 patients with various 
forms of gonadal dysgenesis in relation to their clinical 
findings.48 He proposed that monosomy for the short 
arm of the X chromosome was responsible the short stat-
ure and congenital malformations found in Turner syn-
drome, and he noted that Yp deletion was associated with 
a similar phenotype. Based on this analysis, Ferguson-
Smith hypothesized that some Xp genes escape from  
X-inactivation in 46,XX females and that homologous 
genes were located on the Y chromosome short arm.48 
In addition, he reported that patients with mosaicism for 
a normal 46,XX line (i.e., 45,X/46,XX) tended to have 
fewer phenotypic abnormalities.48 These observations 
were confirmed in subsequent chromosomal banding35 
and molecular studies.49

As predicted, genes currently implicated in the Turner 
phenotype are located on the X chromosome short arm, 
escape the process of X inactivation, and have functional 
homologs on the Y chromosome.50 The human sex chro-
mosomes share homologous gene encoding regions  
located at the termini of the short and long arms. They 
are termed pseudoautosomal because genes in these 
regions behave like autosomal genes and do not undergo 
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X inactivation. These regions ensure that X-Y meiotic 
pairing and recombination takes place, which is essential 
for male meiosis. The major pseudoautosomal region 
(PAR1) is located at the Xp and Yp terminal regions and 
includes at least 25genes.51 Two groups independently 
identified a PAR1 gene, which when deleted was associ-
ated with skeletal deformities and short stature.52,53 
This gene is termed SHOX, for “short stature homeo-
box” and is located ,500 kb from the telomere of the sex 
chromosomes at Xp22.3 and at Yp11.3 (Figure 16-3). 
SHOX encodes a transcription factor that is highly ex-
pressed in human bone morphogenetic tissue.54 SHOX 
haploinsufficiency due to mutation or microdeletion 
causes Leri-Weill dyschondrosteosis, characterized by me-
somelic short stature and shortening and bowing of the 
radius with a dorsal subluxation of the distal ulna (Made-
lung deformity).55 Homozygous SHOX deficiency causes 
Langer mesomelic dysplasia, producing extreme short 
stature, profound mesomelia, and limb deformity. SHOX 
mutations or deletions are found in 2% to 15% of children 
with idiopathic short stature, without obvious skeletal dys-
morphology.55,56 These observations have established the 
view that SHOX haploinsufficiency due to deletion of Xp 
or Yp terminal regions causes the skeletal anomalies and 
short stature occurring in Turner syndrome. 

Isolated SHOX haploinsufficiency in Leri-Weil or 
Langer syndromes has not been linked to nonskeletal  
features of Turner syndrome such as lymphatic obstruc-
tion, congenital heart defects, renal anomalies, or hearing 
loss. It seems likely that haploinsufficiency for other, as  
yet unknown PAR1 gene(s) contributes to these important 
defects. This is inferred from the fact that rats and mice 
that lack PAR1 genes on the sex chromosomes are normal 
in size, fertile, and without apparent somatic or visceral 
defects.16 In contrast, canine, feline, and equine species that 
share a conserved PAR1 region with humans exhibit dwarf-
ism, infertility, and aortic coarctation in X monosomy.50 
Several Xp genes outside of PAR1 escape X-inactivation 
and have Y-homologues, and thus may play a role in Turner 
syndrome, as recently reviewed.50 Xp deletion mapping data 
suggested that distinctive neurocognitive characteristics of 

Turner syndrome are linked to haploinsufficiency for PAR1 
or nearby loci.57 Ogata and colleagues ascertained a 
“lymphedema critical” region at Xp11.4,58 although this 
localization was not confirmed in a more recent study.59 
Bondy and associates have demonstrated that the locus for 
bicuspid aortic valve and aortic coarctation is telomeric to 
Xp11.4.60 Hearing loss also maps to Xp deletion.61,62 Genes 
located on the X chromosome long arm (Xq) are not likely 
candidates given that girls with normal Xq constitution 
(e.g., 46,X,del(X)p) and girls that actually have an  
extra copy of Xq (46,X,i(X)q) have the consistent Turner 
phenotype.63

X Chromosome Genomic Imprinting
Although haploinsufficiency for Xp genes is clearly im-
plicated in major features of Turner syndrome,64 it is also 
possible that the exclusive expression of maternally or 
paternally derived X chromosome may differentiate 45,X 
girls from the 46,XX population that express an equal 
ratio of X maternal to X paternal genes secondary to 
random X inactivation. Important male-female differ-
ences such as adult height, brain size, risk for autistic 
spectrum disorders, abdominal adiposity, and atheroscle-
rosis are independent of gonadal effects and could be 
influenced by X chromosome genomic imprinting.65 
Skuse and colleagues reported impaired social and verbal 
skills among girls with Turner syndrome who were 
monosomic for a maternal X chromosome compared to a 
group monosomic for a paternal X, and they suggested 
that imprinting of X-linked genes contributes to sex-
based differences in risk for autism spectrum disorders.66 
Subsequent studies have not supported this view67; how-
ever, one MRI study found that brain volumes are greatest 
in prepubertal girls monosomic for X-maternal, interme-
diate in 46,XX girls, and smallest in girls monosomic for 
X-paternal, consistent with a maternal X chromosome 
dose effect on brain volume.68

Adult height is a sexually dimorphic trait; however, 
there is no apparent height difference between Turner 
groups monosomic for either parental chromosome.69-73 
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FIGURE 16-3 n X and Y chromosome ideograms showing the terminal pseudoautosomal regions (PAR) at Xp22.3 and Yp11.3 where the 
SHOX gene has been mapped, (A&C) and X chromosome regions historically associated with aspects of phenotype. (From Zinn, A. R. 
(1997). Growing interest in Turner Syndrome. Nat Genet, 16, 3. Reprinted with permission from Macmillan Publisher Ltd.)
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Interestingly, adult height in women with Turner syn-
drome, regardless of X parental origin, tracks maternal 
but not paternal height.29,70,72-74 One study suggested that 
response to growth hormone treatment was influenced 
by the parental origin of the single X chromosome,74 
but this has not been confirmed in larger, more recent 
studies.37,75 Male-pattern abdominal adiposity is observed 
in females with monosomy for the maternal X chromo-
some and is associated with an atherogenic lipid profile,76 
which may contribute to greater risk for atherosclerosis 
among women with Turner syndrome and among the 
general male population, as males are constitutionally 
monosomic for a maternally derived X chromosome.

Diagnostic Tests
A chromosomal karyotype has been required for the de-
finitive diagnosis of Turner syndrome.77,78 This test usu-
ally entails obtaining a fresh blood sample from which 
mononuclear cells are extracted and placed into culture 
medium. A mitogen such as phytohemagglutinin is used 
to stimulate lymphocyte proliferation, and after several 
days, colchicine is used to arrest the cells in metaphase. 
After fixation, cells are spread on glass slides and treated 
with Giemsa stain to produce the G-banding pattern, 
which allows chromosome identification and character-
ization of major structural anomalies under the light 
microscope (see Figure 16-2A). Fluorescent-labeled mo-
lecular probes corresponding to specific DNA sequences 
are used to further identify chromosomal deletions or 
translocations in a process termed fluorescent in situ  
hybridization or FISH (Figure 16-2B).

For the diagnosis of Turner syndrome, the American 
College of Medical Genetics recommends scoring a 
minimum of 20 metaphases from peripheral blood cells.37 
If there is a high degree of clinical suspicion but the ini-
tial karyotype is normal, another 10 metaphase spreads 
should be analyzed. In addition, a standard metaphase 
karyotype may be performed on cultured fibroblasts or 
interphase FISH may be used on available cells or tissue, 
although such tests are not well established. In fact, all 
the clinical and prognostic information guiding standard 
practice is based on diagnosis using the standard 20-cell 
karyotype from peripheral blood mononuclear cells. In 
some cases the standard karyotype reveals small frag-
ments of chromosomal material known as marker or ring 
chromosomes that cannot be identified as derived from  
X or Y chromosomes based on morphology. These frag-
ments require identification using FISH with X and  
Y chromosome specific probes. Some authors suggest 
further screening for potential Y chromosome sequences 
using FISH or polymerase chain reaction (PCR) in girls 
that have a nonmosaic 45,X karyotype.37 This approach 
has not been widely adopted because of uncertainty 
about the diagnostic reliability and the unclear clinical 
significance of “cryptic” Y chromosome sequences.

One study showed that measuring the allelic expres-
sion of X chromosome single nucleotide polymorphisms 
(SNPs) by high throughput sequencing of DNA samples 
from buccal swabs was able to confirm cytogenetic diag-
noses of girls with Turner syndrome.79 The conceptual 
basis for this approach is that individuals with a single  

X chromosome will demonstrate lack of heterozygosity 
for polymorphic X sequences. This method could be 
used for noninvasive screening of newborns, although 
the diagnosis would have to be confirmed by standard 
karyotyping.

A new diagnostic technology relevant to Turner  
syndrome and other chromosomal disorders uses array-
based hybridization to assess both chromosomal se-
quence copy number and SNP diversity across the entire 
genome. This new technology provides high resolution 
virtual, or in silico karyotype analysis (Figure 2C) and is 
performed on stored blood or tissue samples without 
need for cell culture. These arrays are able to demon-
strate X monosomy, X chromosome deletions, and detect 
Y chromosome presence equivalent to conventional 
metaphase karyotypes.80 Their accuracy in detecting low 
level mosaicism needs further evaluation, however, and 
additional studies are needed to confirm a correlation 
between clinical features of Turner syndrome and array-
based hybridization diagnoses in a prospective manner.

Indications for Karyotype Testing
There is a distinct biphasic pattern in the diagnosis of 
Turner syndrome with a substantial proportion being 
diagnosed around the time of birth and another large 
group diagnosed around 12 years of age (Figure 16-4). 
During infancy, the most common indication for karyo-
type screening is lymphedema. Residual signs of fetal 
lymphedema include neck webbing, low hairline, malro-
tated, low-set ears, and drooping eyelids. Swelling or 
puffiness of the hands and feet accompanies peripheral 
lymphedema, which is common in infants with Turner 
syndrome. Skeletal features and growth delay may be 
present but difficult to appreciate during the first  
few years. Another important indication for karyotype 
analysis is the presence of congenital cardiovascular mal-
formation, especially aortic coarctation and aortic valve 
disease in a female infant or young girl.
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A karyotype should be considered in the evaluation of 
girls with short stature, especially if associated with typi-
cal skeletal features such as micrognathia, high-arched 
palate, short metacarpals, or cubitus valgus as described 
later (skeletal anomalies and growth failure). Girls and 
young women presenting with delayed or absent puberty 
associated with elevation of gonadotropins should have a 
karyotype analysis. Finally, Turner syndrome is not infre-
quently discovered by karyotype analysis in women with 
infertility or premature menopause, as illustrated by the 
late age of diagnosis for 7% of the National Institutes of 
Health (NIH) cohort (see Figure 16-4).

Differential Diagnosis
The standard karyotype analysis plays an essential role in 
differential diagnosis of Turner syndrome. Noonan de-
scribed male and female children with neck webbing, 
short stature, and congenital heart disease,81 and in the 
past boys with this disorder were classified as “male 
Turner syndrome.” Noonan syndrome is a genetically 
heterogeneous autosomal dominant disorder with no sex 
predominance and is associated with a normal karyotype. 
The Noonan congenital heart defects include pulmonic 
valve stenosis and hypertrophic cardiomyopathy81—in 
contrast to the Turner cardiovascular phenotype that in-
cludes mainly left ventricular outflow tract defects. Pu-
berty may be delayed, but girls are usually fertile whereas 
boys may have cryptorchidism. The nomenclature, eval-
uation, genetic counseling, and endocrine management 
that are appropriate to the girl with Turner syndrome do 
not apply to patients with Noonan syndrome. Another 
consideration in the differential diagnosis of a girl under-
going evaluation for short stature with some skeletal 
features associated with Turner syndrome and similarly 
affected siblings is SHOX mutation/deletion or Leri-
Weill syndrome. Girls with delayed or absent puberty, 
normal height, and 46,XX or 46,XY karyotypes are 
thought to have isolated mutations/deletions of genes 
involved in gonadal differentiation. These patients were 
historically grouped with girls with Turner syndrome 
under the category “gonadal dysgenesis,” but they clearly 
have very different genetic, medical, and psychosocial 
issues.

Prenatal Diagnosis
The prognosis for prenatally detected Turner syndrome 
depends in large measure on the indications for the test-
ing. When an abnormal fetal ultrasound showing cystic 
hygroma or fetal hydrops leads to genetic testing and 
demonstration of nonmosaic 45,X fetal karyotype, there 
is virtual certainty of a clinically significant diagnosis of 
Turner syndrome and a high risk of fetal demise.82 A 
characteristic ultrasound of a 14-week-old Turner fetus 
with a cystic hygroma is shown in Figure 16-5. In con-
trast, an incidental prenatal diagnosis of Turner syn-
drome with a normal fetal ultrasound is often associated 
with a mild postnatal phenotype.83 The postnatal out-
comes for fetuses mosaic for 45,X and normal 46,XX or 
46,XY cell lines are quite variable and correlate poorly 
with phenotypes of children ascertained on clinical 

grounds with Turner syndrome or mixed gonadal dys-
genesis.84 Over 90% of 45,X/46,XY cases ascertained by 
amniocentesis or villous chorionic sampling appear to 
be normally developed males at birth.85 The outcome 
for fetuses with 45,X/46,XX karyotypes appears to be 
similarly mild.83,86 Given these observations, it is im-
portant that prenatal counseling inform families that 
45,X/46,XY and 45,X/46,XX gestations with normal 
fetal ultrasound may present a milder phenotype than 
that of patients diagnosed clinically. Moreover, even the 
45,X fetus with cystic hygroma may be viable and enjoy 
a good quality of life. Importantly, prenatal diagnoses of 

A

B

C

FIGURE 16-5 n A, A 14-week-old fetus with Turner syndrome and a 
cystic hygroma (arrow). B, A 13-week-old fetus with a normal 
karyotype and normal nuchal translucency of 1.5 mm (arrow).  
C, Same fetus as in view A in transverse plane. Large septated 
cystic hygroma (arrow) can be seen around the fetal neck. (Courtesy 
of Pekka Taipale, MD, PhD, Kuppio University Hospital, Finland.)
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sex chromosome anomaly should be reevaluated postna-
tally with a standard peripheral blood karyotype in all 
cases.

As genomic technology advances, we are seeing new 
approaches to prenatal screening for genetic abnormali-
ties. Massively parallel genomic sequencing is able to 
characterize small amounts of cell free fetal DNA in the 
maternal blood stream by 10 weeks’ gestation, and this 
approach may eventually supplant the use of the maternal 
“analyte” screen. However, suspicions of aneuploidy 
based on cell free fetal DNA, maternal analytes or fetal 
ultrasound still require direct confirmation of the chro-
mosomal complement from in situ fetal tissue obtained 
from amniocentesis or chorionic sampling. More  
advances on the genomic technology front may replace 
the traditional karyotype of fetal tissue. Comparative 
genomic hybridization (CGH) arrays are equal to tradi-
tional karyotype in identification of trisomy 21 and  
sex chromosome anomalies, including 45X from fetal 

samples obtained by amniocentesis or chorion samples.87 
CGH is more sensitive to microdeletions or duplications 
compared to traditional karyotype analysis, but it  
may not detect balanced translocations or cell line mosa-
icism associated with Turner syndrome, for example, 
45,X/47,XXX. The clinical outcomes of pregnancies 
identified by the new genomic technologies have not yet 
been studied.

PHENOTYPIC FEATURES

Since the original description of Turner, it has been  
recognized that there are a multiplicity of findings in 
patients with Turner syndrome and that phenotypic  
features vary remarkably between patients with the same 
karyotype (Figure 16-6). Table 16-1 summarizes the 
most common features determined by physical diagnosis 
and standard medical screening.

FIGURE 16-6 n Phenotypic variability in Turner syndrome. Both of these 7-year-old girls with short stature have Turner syndrome with 
a 45,X karyotype confirmed in analysis of 50 lymphocytes. The girl on the left was diagnosed at birth due to prominent neck webbing 
and low-set and posteriorly rotated ears. She also has micrognathia and a low posterior hairline. In contrast, the girl on the right was 
diagnosed at age 7 due to short stature without “classical” stigmata of Turner syndrome, and she is more typical of the clinical 
presentation of the majority of girls with Turner syndrome diagnosed in the 21st century. (This image can be viewed in full color 
online at ExpertConsult)
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Lymphatic Obstruction
The appearance of the 45,X fetus illustrated in Figure 16-7 
dramatically shows the fetal edema that occurs in many 
conceptuses with Turner syndrome. The edema appears to 
result from lymphatic malformations and obstruction.88 
The cystic hygromas are due to delayed formation of com-
munications between the jugular and central lymphatics 
draining into the heart that normally develop between  

the fifth and sixth weeks of gestation. Peripheral lymphatic 
hypoplasia or aplasia has also been demonstrated using  
lymphangiography in adult patients with Turner  
syndrome.89

Webbed neck, or pterygium colli, is the most obvious 
consequence of nuchal lymphatic obstruction and this  
is seen in approximately 25% of patients diagnosed  
currently. The tenting of developing scalp and facial 

Physical Diagnosis Percentage Affected

Skeletal Short stature 100
Short neck 40
h Upper:lower body ratio 97
Cubitus valgus 47
Short metacarpal 37
Scoliosis 12.5
Madelung deformity 7.5
Micrognathia/high palate 60

Lymphatic obstruction Neck webbing 25
Low posterior hairline 42
Edema of hands/feet 22
Nail dysplasia 13

Other Strabismus 18
Ptosis 11
Multiple nevi 26

Screening Evaluation
Cardiovascular anomaly All 44

Bicuspid aortic valve 30
Aortic coarctation 12
Dilated aorta 11
Other* 12

Renal anomaly All 18
Horseshoe kidney 11
Duplicated collecting ducts 4
Unilateral agenesis 3

Liver disorder All 36
Abnormal liver function 

tests (LFTs)
27

Fatty infiltration 19
Hypertension All 34

Prehypertension 14
Overt hypertension 20

Autoimmunity All 51
Hashimoto thyroiditis 51
Graves’ disease 1
Type 1 diabetes 0
Celiac 5
Inflammatory bowel 3

TABLE 16-1 Clinical Features in Girls with Turner Syndrome

“Physical Diagnosis” describes findings from physical examinations of more than 200 girls seen by Drs. 
Barbara Lippe and Paul Saenger between 1985 and 2000. Information on pubertal development is 
not included because many girls were not old enough to assess. The “screening evaluation” data are 
from 100 girls aged 7 to 17 who underwent standardized imaging and lab testing as part of the NIH 
natural history study performed between 2001 and 2008. The cardiovascular evaluation included MRI 
and cardiac echo. Under the cardiovascular listing, the “Other” category included partial anomalous 
pulmonary veins, aberrant right subclavian artery, and atrial septal defects. Blood pressure was mea-
sured on 24-hour ambulatory monitors. All patients also had renal and hepatic ultrasound studies. Ab-
normal liver function was defined as greater than 10% elevation of aminotransferase(s). Hashimoto’s 
was defined by history of clinical hypothyroidism or elevation of circulating thyroid antibodies.
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structures is believed to cause low-set, rotated auricular 
structures, down-sloping eyes, drooping eyelids, and low 
posterior hairline (see Figure 16-6). It has been suggested 
that this mechanical distention during fetal development 
may be responsible for lush hair growth, including eye-
lashes and eyebrows. Edema of the dorsum of the hands 
and feet at birth signals peripheral lymphedema, which 
usually resolves, although some patients demonstrate 
chronic involvement. Others may complain of intermit-
tent or recurrent edema, often after the institution of 
estrogen replacement therapy.

Skeletal Anomalies and Short Stature
The most common physical abnormality associated with 
Turner syndrome is short stature. The impairment is 
most pronounced along the longitudinal body axis. This 
gives affected individuals the visual appearance of being 
stocky or squarely shaped and accounts for the predomi-
nantly illusory finding of widely spaced nipples.90 The 
short neck is secondary to hypoplasia of one or more of 
the cervical vertebrae.91 Long bone growth is selectively 
impaired, resulting in relatively short legs and an in-
creased upper-to-lower segment ratio.92 Individual bones 
are affected to varying degrees. For example, cubitus 
valgus is commonly appreciated and can be measured as 
the angle of intersection of the long axis of the upper arm 
with the long axis of the supinated forearm when the  
elbow is fully extended. Normally, in adult women this 

angle is approximately 12 degrees—whereas in adult men 
it is approximately 6 degrees.93 The major determinant of 
the angle is the depth of the inner lip of the trochlea of 
the ulna relative to the outer lip. In many patients with 
Turner syndrome the angle is between 15 and 30 degrees 
(Figure 16-8) as a consequence of developmental abnor-
malities of the trochlear head.

A shortened fourth metacarpal is visible on a bone age 
radiograph (Figure 16-9A) and is visible on exam by de-
pression of the knuckle when the patient makes a fist. 
The Madelung deformity is found in 7% to 8% of pa-
tients and is caused by bowing of the radius coupled with 
dorsal subluxation of the distal ulna (Figure 16-10).94 
This anomaly also occurs as part of the Leri-Weill  
syndrome.

Spinal scoliosis or kyphosis is reported in a significant 
number of patients95 and may be secondary to vertebral 
anomalies or leg-length inequality. Micrognathia or re-
ceding chin and high arched palate are common and 
thought to be due to disturbances of the development of 
facial bones.

Bones of the hand and wrist on bone age radiographs 
often demonstrate osteopenia,96 associated with balloon-
ing of the tips of the terminal phalanges.97 Both findings 
are illustrated in Figure 16-9B.This osteoporotic appear-
ance is observed in childhood, suggesting that it may be 
more related to the developmental role of SHOX than  
to primary estrogen deficiency. In support of this view, 

FIGURE 16-7 n A 45,X abortus demonstrating generalized lymph-
edema. Note the distended cervical region. With resolution of 
the edema, the redundant skin may cicatrize, resulting in a 
webbed neck. The edema of the hands and feet may persist  
and be present at birth. (From Gellis, S. S., & Feingold, M. (1978). 
Picture of the month. Am J Dis Child, 132, 417. Copyright © 1978, 
American Medical Association.)

FIGURE 16-8 n A 16-year-old girl with Turner syndrome and ab-
sence of puberty. Note absence of most characteristic stigmata 
save short stature and an increased carrying angle (cubitus 
valgus).
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FIGURE 16-10 n A 19-year-old-patient with Turner syndrome and 
bilateral bayonet-like Madelung deformities of the wrists.

A B

FIGURE 16-9 n Two characteristic hand radiographs. A, Short fourth metacarpal, the tip falling below a straight line drawn between the 
third and fifth metacarpals. B, Generalized lacy (“fish net”) appearance of the carpals and tufting of the distal phalanges, characteristic 
of the osteoporotic appearance of the bones of patients with Turner syndrome.

cortical bone mineralization is selectively reduced in girls 
and women with Turner syndrome, independent of es-
trogen exposure.98 Long bone fractures associated with 
minimal trauma appear to occur more frequently among 
girls with Turner syndrome.99

Short stature is the most common phenotypic feature 
of Turner syndrome. The first comprehensive assessment 
of skeletal growth deficits was reported by Ranke and 
colleagues in 1983.100 Patterns of growth are illustrated 
in Figure 16-11, which shows cross-sectional height and 
velocity data from a series of 150 Turner children who 
had not received therapy to promote growth. The obser-
vations were supplemented by Davenport and cowork-
ers,101 who distinguished stages of growth deficit: mild 
intrauterine growth retardation with average birth length 
1 standard deviation (SD) below the mean; a period of 
mild growth deceleration from birth to age 3.102 After age 
3, there is continued deceleration, so that between ages  
3 and 13 years Turner syndrome girls fall farther and 
farther away from the normal height curves and, if un-
treated, fail to experience a pubertal growth spurt but 
continue to grow at a slow rate for several more years.

A positive correlation is found among height at diag-
nosis,103 ultimate height achieved, and midparental 
height.104 The final height deficit, using comparative data 
on adult heights in patients with different ethnic back-
grounds, is approximately 20 cm.105 Lyon and associates106 
used the data from Ranke and colleagues and from three 
other European centers to synthesize a series of growth 
curves for Turner syndrome. The curves provided mean 
height and SD values for age and determined a mean 
adult height 143.1 cm. Lyon and colleagues also noted a 
strong correlation between the initial height on these 
Turner curves and the adult height essentially indepen-
dent of bone age at the time of the first height. Thus, 
they concluded that one could project the adult height of 
a girl with Turner syndrome based on her height at an 
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earlier age. The deficit in longitudinal bone growth in 
Turner syndrome has been attributed to the deleterious 
effect of SHOX haploinsufficiency, and a similar deficit is 
seen in isolated SHOX defects such as Leri-Weill syn-
drome. Growth hormone deficiency is not implicated in 
Turner short stature.

Ovarian Insufficiency
The earliest studies of ovarian pathology in women with 
Turner syndrome described fibrous streaks devoid of 
oocytes and follicles, and thus initially it seemed that 
gonads failed to develop or were “dysgenetic.” Subse-
quent studies revealed that early stages of ovarian devel-
opment appeared normal, with expected numbers  
of oocytes and primordial follicles at 14 to 16 weeks of 
gestation in Turner fetuses.107 However, at later stages 
of development, Turner ovaries were relatively depleted 
of oocytes and had few developing follicles, suggesting 
an accelerated rate of oocyte demise and follicular  
atresia,108,109 although follicles in various stages of devel-
opment are detected in some teenage girls with Turner 
syndrome.110 The cause for the high rate of oocyte attri-
tion in most girls with Turner syndrome is unknown.  
It has been suggested that aneuploidy contributes to 
oocyte demise due to meiotic mishaps.111 Another pos-
sible explanation for oocyte loss is that diploid expres-
sion of unknown X chromosome gene(s) is required for 
normal oocyte generation or survival. The chromosomal 
location of putative fertility genes has remained elusive, 

with gonadal failure frequently observed in Xp deletions 
with intact Xq complement and in some cases of Xq 
deletion with normal Xp complement.112 Terminal Xq 
deletions have been associated with premature ovarian 
failure in women who have few if any features of Turner 
syndrome.113

Ovarian function and potential for spontaneous pu-
berty and even pregnancy are variable and sometimes 
difficult to assess among girls with Turner syndrome. An 
important Swedish study using ovarian biopsy has shown 
that a karyotype with mosaicism for 45,X and 46,XX cell 
lines is the most significant positive predictive factor for 
the presence of ovarian follicles, whereas karyotypes  
indicating nonmosaic 45,X or structural defects of one  
X chromosome were significant negative correlates for the 
presence of follicles.114 Clinical factors such as normal 
follicle stimulating (FSH) and anti-Mullerian hormone 
(AMH) levels and spontaneous start of puberty were  
also significant positive predictors of follicle presence, 
although less robust than the blood karyotype.114 Accord-
ing to a large, multicenter Italian study that included 
more than 500 girls with Turner syndrome, spontaneous 
puberty occurs in about 15% of those with pure 45,X and 
in 30% of girls with a second cell line with more than one 
X chromosome (i.e., 45X/46XX; 45X,47XXX).36 Puberty 
may fail to progress to menarche in some girls, and men-
arche may be followed by oligomenorrhea or anovulatory 
cycles in others, so that the actual percentage of young 
women that maintain normal menstrual cycles by age 20 
is less than 5%.

A B

FIGURE 16-11 n Height and height velocity in Turner syndrome. A, Three hundred eighty-four single measurements of height for 
150 children with Turner syndrome. B, Height velocity from a total of 159 measurements. The normal ranges are shown by the 
heavy and dashed lines. (From Tanner, J. M., Whitehouse, R. H., & Takaishi, M. (1965). Standards from birth to maturity for height, weight, 
height velocity and weight velocity: British children. Arch Dis Child, 41, 454, 613; Ranke, M. D., Pfluger, H., Rosendahl, W., et al. [1983]. 
Turner syndrome: spontaneous growth in 150 cases and review of the literature. Eur J Paediatr, 141, 81.)



SECTION III  Endocrine Disorders in Children and Adolescents676

Spontaneous pregnancy occurs in 2% to 3% of women 
with Turner syndrome.36,115,116 This is more common 
among women with mosaicism for 46,XX or 47,XXX cell 
lines, but there are several well-documented reports of 
spontaneous pregnancies in 45,X women who had no 
evidence of mosaicism despite intensive investiga-
tion.24,116,117 An early case series reported a high fre-
quency of fetal mortality or malformation for spontane-
ous pregnancies among women with Turner syndrome.118 
However, this has not been observed in more recent, 
population-based studies116,119 nor in women with 
X monosomy.116,120 If the mother has Turner syndrome 
due to a sex chromosome structural abnormality, the ab-
normal chromosome may be passed on to her offspring. 
The risk of maternal complications with spontaneous or 
assisted pregnancies is very high for women with Turner 
syndrome. These concerns are discussed at the end of 
this chapter in the “Reproductive Options” section.

Gonadoblastoma
The gonadoblastoma is a benign tumor that consists of 
large germ cells surrounded by small cells with variable 
granulosa, lutein, or Sertoli-like morphology. This type 
of tumor strongly resembles the histology of a develop-
ing gonad, hence the appellation “gonadoblastoma.” 
This proliferative island of tissue within the dysgenetic 
gonad has a potential for steroid production and for  
malignant transformation into dysgerminoma.47 The go-
nadoblastoma is found in approximately 40% of females 
with 46,XY mixed gonadal dysgenesis; the frequency 
among girls with Turner syndrome and Y chromosomal 
material is between 10% to 30%.47 These frequency data 
are based on a histologic examination of ovaries that were 
“prophylactically” removed from girls with Y chromo-
some material in their karyotype. There are no studies 
showing morbidity or mortality related to gonadoblas-
toma in Turner syndrome. Analyses of Danish health 
registry data did not find increased morbidity or mortal-
ity related to any type of ovarian tumor among women 
with Turner syndrome.20,121 A large British registry study 
ascertained gonadoblastoma diagnoses in 8% of women 
with Y chromosome in their peripheral blood karyotype, 
but it did not report any clinical data associated with the 
diagnosis.122

Prophylactic gonadectomy has been standard practice 
since the time that an excess of gonadal tumors was first 
appreciated in females with Y chromosomes and intra-
abdominal gonads. Supporting this approach was the  
view that the gonads in these cases were nonfunctional, 
essentially contributing nothing to the patient but risk. 
However, we have learned that spontaneous puberty and 
even pregnancy may occur in individuals with Turner 
syndrome and Y chromosome material.32,123,124 For ex-
ample, Portnoi and colleagues reported the case of a girl 
diagnosed with Turner syndrome at age 8 because of short 
stature who was found to have translocation of Y chromo-
some material onto the X chromosome (see Figure 16-2B). 
The patient’s family declined the advice for castration and 
the girl went on to develop spontaneous puberty and 
eventually had a well-supervised successful pregnancy.32 
All the clinical experience with gonadoblastoma/ 

dysgerminoma in girls with Turner syndrome derives 
from cases where the karyotype included visible Y chro-
mosome material or the patient had clinical evidence of 
virilization, hence the recommendation for gonadectomy 
was applied only to individuals with visible Y chromo-
some material or virilization.125,126 With the advent of 
molecular amplification technology, several studies have 
reported detection of Y chromosome sequences in 45,X 
girls without evidence of Y chromosome material on their 
karyotype, sometimes with a histologic demonstration  
of gonadoblastoma after gonadectomy. Some authors sug-
gest that all 45,X patients undergo molecular screening 
for cryptic Y chromosome material. On the other hand, 
PCR amplification may yield false positive results127 
and immature ovaries may contain nests of germinal cells 
resembling the benign gonadoblastoma, so the risk of 
overtreatment is a real concern.

Unfortunately, there is little information on the use of 
imaging or serum markers for surveillance of potential 
gonadal tumors in Turner syndrome. In any case where 
Y chromosomes/sequences are detected and gonadoblas-
toma is suspected, there needs to be education and coun-
seling of patients or family concerning gender identity, 
sexual functioning, and reproductive consequences relevant 
to the decision for gonadectomy. Moreover, preservation 
of follicles or oocytes may be an option for some patients 
undergoing gonadectomy. Further discussion of gonado-
blastoma issues is found under the “Y Chromosome” 
section presented later in the chapter.

Cardiovascular System
Spectrum and Etiology of Congenital 
Cardiovascular Malformations

Congenital cardiovascular malformations (CVM) are 
the most serious, life-threatening consequences of  
X chromosome monosomy.20,122,128 Coarctation of the 
aorta in Turner syndrome was documented many years 
ago5,48,129; however, early series reporting the spectrum 
of CVM in Turner syndrome included patients with 
Noonan syndrome,130 which has a different cardiovas-
cular phenotype.81 The frequency and spectrum of 
Turner-specific CVM was established in more recent 
studies using chromosomal karyotyping and cardiovas-
cular imaging (Table 16-2). Obvious CVMs occur in 
approximately 75% of spontaneously aborted Turner 
fetuses and 30% of living patients. Obstructive lesions 
of the left ventricular outflow tract predominate, ranging 
in severity from nonstenotic bicuspid aortic valve to 
aortic stenosis, coarctation of the aorta, aortic aneu-
rysm, and mitral valve anomalies (see Table 16-2). The 
most severe form of left-sided hypoplasia (hypoplastic 
left heart syndrome) also occurs in Turner syndrome 
and has a very poor prognosis.131,132 The association of 
Turner syndrome and left-sided cardiovascular malfor-
mation is distinctive among malformation syndromes.

Clark described a significant association between neck 
webbing and aortic coarctation in girls with Turner syn-
drome.133 This association was supported by observations 
on aborted fetuses134 and additional clinical studies 
reporting a significantly higher prevalence of aortic  
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coarctation and bicuspid aortic valve (BAV) in girls with 
neck webbing.135,136 Clark proposed that engorged fetal 
lymphatic channels might compress the ascending aorta 
and alter intracardiac blood flow, resulting in the spec-
trum of left ventricular outflow tract (LVOT) defects.133 
However, in a study of 45,X fetuses with severe aortic 
arch defects and aortic valve abnormality, Miyabara and 
coworkers described a generalized hypoplasia of fourth 
branchial arch tissues, which in their view was more con-
sistent with defective migration of neural crest cells, as 
opposed to mechanical effects due to lymphectasia.137 
Moreover, LVOT defects occur in Turner patients with-
out neck webbing, and neck webbing is found in some 
girls with normal cardiovascular structure and function 
demonstrated by advanced imaging,138 which seems in-
consistent with a cause-and-effect relationship. It may be 
more likely that haploinsufficiency for sex chromosome 
gene(s) causes central fetal lymphedema and aortic heart 
defects independent of each other, with penetrance  
conditioned by autosomal genetic variation and possibly 
environmental effects.

Interestingly, nonsyndromic LVOT defects such as 
aortic coarctation and BAV in the general population are 
not associated with lymphedema or neck webbing and 
are more common in males than in females by a ratio of 
approximately 3:1. The cardiovascular phenotype is 
found in patients with Turner syndrome with deletion of 
just the short arm of the X or Y chromosome,48,139 sug-
gesting that loci important for LVOT development are 
present on Xp and Yp. The putative candidate gene 
would escape X inactivation in females and be expressed 
from both the X and Y chromosomes in males. The Yp 
allele may be more prone to disruption in males as a con-
sequence of inherent Y chromosome mutability.140 PAR1 
localization of an LVOT related gene(s) may explain the 
greater prevalence of these defects among males, as the 
meiotic recombination rate for this region is sevenfold 
greater in males than females,141 increasing risk for Yp 
gene disruption.

Aortic Complications

Complications of congenital cardiovascular disease are 
the leading cause of morbidity and premature mortality 
in Turner syndrome.128,142,143 The major cardiovascular 
complications include aortic valve disease and aortic  
dilation, dissection, or rupture. The aortic valve is con-
genitally abnormal in approximately 30% of life-born 

girls with Turner syndrome, but it is not detected in 
many individuals until the third decade of life or later 
due to inadequate screening.139,144 Among 74 patients 
with bicuspid aortic valve studied at the NIH (median 
age 30 year, range 7 to 67), 55% had normal aortic valve 
function, 30% had mild aortic regurgitation, and 15% 
had moderate to severe aortic regurgitation.139 Aortic 
stenosis was present in only 2/74 patients with BAV in 
this series. BAV prevalence was equal in pediatric and 
adults groups, but the likelihood of valve dysfunction 
was higher among adults. Interestingly, the large NIH 
screening study utilizing advanced imaging confirmed 
an early small study by Miller and coworkers indicating 
BAV in 34% of girls with Turner syndrome.145 It is 
clearly important to screen for aortic valve pathology in 
all girls and women with Turner syndrome, because the 
valve may deteriorate over time, leading to heart failure. 
Moreover, the presence of aortic valve abnormality is 
linked to aortic pathology with increased risk for aortic 
dilation, dissection, and rupture.146-153

The presence of an abnormal aortic valve is associated 
with relative dilation of the ascending aorta, using age 
and body surface area nomograms, in girls and women 
with Turner syndrome.139,151 The degree of dilation is 
greatest in patients with abnormal aortic valve func-
tion139,151 but may be present in individuals with normal 
valve function as well. Moreover, mild-moderate ascend-
ing aortic dilation is found in approximately 10% of 
Turner patients who have a normal tricuspid aortic valve 
and normal blood pressure.139,151 There is some evidence 
for a generalized vasculopathy in adults with Turner syn-
drome with enlarged diameter of carotid and brachial 
arteries154 and aneurysms of other arteries.155 The term 
aortopathy has come into wider use to describe aortic dis-
ease of diverse etiologies including Marfan syndrome and 
related vascular disorders that are not associated with 
valvular disease, in addition to aortic disease associated 
with BAV. It is unknown at present whether the risk for 
aortic complications in Turner syndrome is more similar 
to the former or the latter. This is a critical issue, because 
indications for intervention, the most effective type of 
surgery, and therapeutic responses to pharmacologic 
treatment are likely to be different in these categories.

The risk for serious aortic complications is increased 
in girls and women with Turner syndrome by 100-fold or 
greater compared to the general female population, esti-
mated from an epidemiologic study of Danish registry 
data.150 The median age of dissection was 35 years, with 

Mode BAV Coarc ASD/VSD PAPVC ARSC ETA Any

Gotzsche161 Echo 14% 10% 0 1% NR NR 26%
Mazzanti135 Echo 12% 7% 1% 5% NR NR 23%
Volkl162 Echo 18% 18% 8% 5% NR NR 30%
NIH139,163 MRA/Echo 30% 12% 1% 13% 13% 49% 50%
Kim164 MRA 39% 16% NR 16% 6% 31% NR

TABLE 16-2  Congenital Cardiovascular Malformations in Turner Syndrome

BAV, bicuspid aortic valve; Coarc, aortic coarctation; ASD/VSD, atrial or ventricular septal defects; PAPVC, partial anomalous venous connection; 
ARSC, aberrant right subclavian artery; ETA, elongated transverse arch of the aorta; NR, not reported



SECTION III  Endocrine Disorders in Children and Adolescents678

the few pediatric cases clearly associated with severe 
clinically evident aortic valve disease or coarctation often 
related to surgical complications. Aortic valve abnor-
malities and aortic coarctation, with or without surgical 
repair, are important predisposing factors. Hypertension 
is a risk factor for aortic disease in the general population 
as well as in Turner syndrome, and fortunately it is read-
ily diagnosed and treated. The presence of aortic dilation 
is a clear risk factor for aortic dissection in Turner syn-
drome, and thus direct measurements of ascending aortic 
diameters at the sinuses of Valsalva, sinotubular junction, 
and ascending aorta must be collected and recorded for 
all patients, together with body surface area and age.156 
Spontaneous and assisted pregnancies are associated with 
increased risk for catastrophic aortic complications in 
Turner syndrome, and the French College of Obstetrics 
and Gynecology157 and the American Society of Repro-
ductive Medicine158 have issued stringent guidelines 
on preconception screening and maternal care aimed at 
reducing these risks.

Other Cardiovascular Issues

Although aortic valve disease and risk for aortic com-
plications are major concerns in Turner syndrome, 
other congenital cardiovascular problems are common. 
Partial anomalous pulmonary venous connection 
(PAPVC) is increased in Turner syndrome,159,160 with a 
prevalence estimated from 1% to 15%,135,161-164 with 
the higher prevalence found using contrast cardiovas-
cular magnetic resonance angiography (MRA).163-164 
This diagnosis should be pursued in girls with exercise 
intolerance, unexplained pulmonary issues, or evidence 
of pulmonary hypertension or right heart hypertrophy. 
The significance of incidentally discovered PAPVC in 
the screening of asymptomatic patients is unclear. Only 
1 of the 11 cases reported in the NIH series and 1  
of the 7 cases described from Cincinnati Children’s 
Hospital had a clinically significant left-to-right shunt 
eventuating in surgery.163,164 Aberrant right subclavian 
artery is another relatively common anomaly (5% to 
10%; Figure 16-12) 163,164 that may compress the 
esophagus leading to dysphagia and chest pain.165 
Furthermore, the origin of an aberrant right subclavian 
artery from the descending aorta may mask the pres-
ence of aortic coarctation if the right upper extremity 
alone is chosen to measure upper versus lower extremity 
blood pressure difference. Atrial or ventricular septal 
defects and mitral valve disease are more common than 
in the general female population but less frequent than 
aortic defects and PAPVC (see Table 16-2).

Minor electrocardiographic findings including right 
axis deviation, T wave abnormalities, and QTc prolonga-
tion are significantly more common among girls and 
adults with Turner syndrome compared to age-matched 
female controls.166-168 These findings are of uncertain 
significance; however, similar observations are reported 
in Marfan and other congenital cardiovascular diagnoses. 
Out of an abundance of caution, we advise screening 
electrocardiogram (ECG) on all patients with Turner 
syndrome and recommend those with a prolonged age-
specific QTc to avoid medications associated with QTc 

A
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FIGURE 16-12 n Aortic valve structure shown by cardiac MRI. 
Anatomy is shown on the left and blood flow on the right side 
of each panel. Cardiac MRI is able to visualize the aortic valve 
more consistently than transthoracic cardiac echo. This figure 
shows normal tricuspid (A) and bicuspid (B) aortic valves.

prolongation.78 Impaired autonomic responses are 
suggested by resting tachycardia, reduced heart rate vari-
ability, and the absence of the expected nocturnal dip in 
blood pressure.169,170 Systemic blood pressure is consis-
tently higher in girls and women with Turner syndrome 
compared to age-matched female controls,171,172 and it is 
in the hypertensive range in approximately 25% of 
cases.173 The high prevalence of hypertension appears 
independent of renovascular or aortic disease174 and is 
not adversely impacted by usual estrogen treatment.173,175 
Thus, in the majority of patients the cause of the hyper-
tension is unknown. Further studies are needed to deter-
mine ideal systemic blood pressures for girls and women 
with Turner syndrome given their smaller stature and 
increased risk for aortic and also atherosclerotic disease. 
Moreover, further investigation is required to identify 
beneficial pharmacotherapy for patients with hyperten-
sion or BAV and aortic dilation.

Cardiovascular Screening in Turner 
Syndrome

Girls diagnosed with Turner syndrome associated with 
CVM in infancy and childhood need ongoing care by the 
pediatric cardiology team, ideally at a specialized tertiary 
care center. The mode of imaging and the frequency of 
follow-up are determined by the clinical situation in each 
case. Most girls are diagnosed with Turner syndrome in 
childhood or adolescence due to short stature without 
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clinically obvious cardiovascular disease. Close cardio-
vascular examination and consultation with pediatric 
cardiology are required at the time of diagnosis, with 
particular attention to blood pressure measurements in 
all extremities. Transthoracic echocardiography has been 
the standard approach to screening for congenital cardio-
vascular disease for decades, but this modality has impor-
tant limitations related to operator dependency and  
limited acoustic windows, especially in the context of 
abnormal chest anatomy and obesity.176 Cardiovascular 
magnetic resonance (CMR) imaging provides excellent 
visualization of cardiovascular anatomy and function, 
with dimensions of ascending, transverse, and descend-
ing aorta, in any desired imaging plane (Figures 16-12 
and 16-13). Importantly, CMR consistently detects sig-
nificant cardiovascular anomalies, including chronic aortic 
dissection, aortic coarctation and dilation, aortic valve 
abnormality, and partial anomalous pulmonary venous 
connection not demonstrated by routine echocardiogra-
phy in girls and adults with Turner syndrome.152,163,164,177,178

In summary, asymptomatic BAV or aortic dilation and 
some cases of coarctation pose risks for aortic complica-
tions but may escape detection with standard evaluation 
and echocardiography, and hence we recommend more 
advanced imaging when possible without excessive risks 
of sedation or radiation exposure, usually by age 12.78 
The detection of asymptomatic BAV and aortic dilation 
in adolescents is important to assess the individual’s risk 

for aortic complications and the need for continuous 
cardiac surveillance and care during the adult years. 
Moreover, knowledge of such underlying defects will 
enhance education of the young patient and her family 
about the risks of high-impact or high-resistance exercise 
and parenting choices.

The most recent consensus meeting agreed that dila-
tion of the ascending aorta in girls and women with 
Turner syndrome may be defined by BSA-adjusted diam-
eter at the sinus of Valsalva or ascending aorta exceeding 
two standard deviations (Z-scores) above age- and sex-
matched controls.78 This view was confirmed in large 
pediatric151 and adult studies.148

Ongoing Cardiac Care

Pediatric patients with known cardiovascular disease re-
quire continued care by the pediatric cardiology team and 
transfer to adult congenital heart clinic when appropriate.179 
Patients who have had aortic coarctation repair in child-
hood are not “cured” and need continued surveillance for 
hypertension, aortic valve disease, and imaging of the aorta 
to monitor for restenosis or aneurysm formation.180,181 
Patients with BAV or aortic dilation need regular and con-
tinued monitoring for hypertension, valve function, and 
potential progression of aortic dilation. The optimal fre-
quency of monitoring is unknown because it is unknown 
whether there is continuous progressive dilation of the 

A
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FIGURE 16-13 n Cardiac MRI aortograms in Turner syndrome. The image on the left (A) shows a squared off, elongated transverse 
aortic arch (ETA) with a kink in the lesser curvature (arrow). This kink has been called “pseudocoarctation” and is associated with 
risk for type B dissection. This patient also has a dilated origin of the left subclavian artery (*) and an aberrant origin of the right 
subclavian artery. The image on the right (B) shows a tortuous aortic arch with coarctation just below the take off of the left subcla-
vian. There is moderate dilation of the ascending aorta and poststenotic dilation of the descending aorta as well. This image was 
obtained from a 41-year-old woman with long-standing hypertension who had been followed with cardiac echo over the years.
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aorta as seen in Marfan syndrome, or whether there is a 
saltatory process,182 perhaps associated with stressors such 
as motor vehicle accidents, high-resistance exercise, or 
pregnancy. Available evidence describes a small annual rate 
of dilation near the detection limit of current imaging 
methods.183,184 Further studies are required to identify 
parameters that may be more useful in predicting immi-
nent aortic decompensation, such as aortic wall thickness, 
compliance, or circulating markers such as brain natri-
uretic peptide (BNP).185

Beta-blockers and angiotensin receptor blockade have 
shown some efficacy in preventing aortic dilation in Mar-
fan syndrome, but neither form of treatment has been 
investigated in cases of Turner syndrome. Children at 
increased risk for aortic dissection due to BAV and aortic 
dilation with or without hypertension and their families 
should be counseled about possible presenting symptoms 
(e.g., chest or back pain) and advised to wear a medical 
identification bracelet indicating the presence of aortic 
disease. This precaution is advised because delayed diag-
nosis is the most important cause of fatality in acute 
aortic dissection. Missed or delayed diagnosis is a major 
concern for girls and women with Turner syndrome, 
because the emergency department stereotype for aortic 
dissection is an adult male in his 60s.

For the patient with no identified cardiovascular de-
fects after adequate cardiovascular evaluation and imag-
ing, routine pediatric care with continued monitoring  
of blood pressure is advised. It seems also prudent to 
reevaluate aortic dimension at 5- to 10-year intervals. 
Heart-healthy moderate aerobic exercise is emphasized 
and should be encouraged. Eligibility for competitive 
sports for all those with Turner syndrome should be 
determined by a cardiologist after a comprehensive 
evaluation that includes magnetic resonance imaging 
(MRI) of the aorta.

Risk for Premature Atherosclerotic Disease

Epidemiologic analysis of registry data described a 
threefold increased risk of coronary and cerebrovascular 
disease among women with Turner syndrome in  
Denmark.186 It was not determined from these data if 
the coronary disease and stroke were secondary to ath-
erosclerosis or to underlying congenital cardiovascular 
disease. Adults with nonsyndromic aortic coarctation 
have increased risk of hypertension, coronary disease, 
and stroke—despite apparently successful coarctation 
repair.140 Total cholesterol levels are elevated in un-
treated girls with Turner syndrome compared to age-
matched females,187 with improvement in metabolic 
profile in growth hormone–treated girls.188 Atherogenic 
risk factors including abdominal adiposity and lipid 
profile are higher in women monosomic for the mater-
nal X chromosome versus those with retained paternal 
X chromosome,76 but they are not usually elevated into 
the atherogenic range.172 Recommendations for pre-
venting atherosclerosis apply equally to girls with 
Turner syndrome and the general pediatric population 
and include promoting a healthy lifestyle, monitoring 
blood pressure and obesity, and initiating metabolic 
screening by age 9 to 10 years.

Renal Anomalies
Renal abnormalities occur in 20% to 30% of girls with 
Turner syndrome63,189 and include most commonly 
duplication of the pelvocaliceal collecting system, horse-
shoe kidney, and unilateral renal agenesis. The etiology 
of the renal anomalies is unknown. There seems to be no 
correlation between the renal anomalies and other fea-
tures such as neck webbing or congenital heart defects.190 
The renal anomalies are typically associated with normal 
renal function during childhood, although pyelonephritis 
is a frequent complication of collecting system obstruc-
tion that requires surgical correction. It is currently rec-
ommended that all patients undergo ultrasound imaging 
of the urogenital system at diagnosis, and as needed in 
the case of urinary tract infections. Further studies are 
required to determine if the Turner renal anomalies  
are associated with deterioration in renal function or the 
development of proteinuria and hypertension during 
later life. Certainly renal function should be tested on a 
regular basis, and renal preservation is an ongoing medi-
cal concern for those with a horseshoe or single kidney.

Otologic Disorders
Perhaps the most common medical problem experienced 
by girls with Turner syndrome is bilateral otitis media. 
Anderson and coworkers191 first described medically 
significant middle ear pathology in girls with Turner syn-
drome, with many recurrent episodes, spontaneous perfo-
rations, frequent need for surgical treatment, and sig-
nificant hearing loss in about 25%. Additional studies 
confirmed the problem of recurrent often refractory otitis 
in Turner syndrome, usually associated with conductive 
hearing loss and correlated with karyotypes demonstrating 
loss of the X chromosome short arm, Xp.61,192-194

The chronic and severe otitis does not appear to be 
related to a specific or generalized immunologic dys-
function. Other types of infections and disorders of 
the mucous membranes do not occur with increased 
frequency in Turner syndrome. It seems rather that 
the frequent otitis may be the consequence of abnor-
malities in growth of the cranial base disturbing the 
relationship of the middle ear to the eustachian tube, 
which coupled with abnormalities in the shape of the 
palate create a predisposition to fluid collection and 
secondary infection.

Conductive hearing loss is most common and severe 
in children and is correlated with middle ear pathol-
ogy,61 whereas sensorineural hearing loss is more 
common in adults. This sensory defect is generally 
bilateral and characterized by symmetrical sensorineural 
dips in the audiogram in the midfrequency range  
(Figure 16-14). Thus, the sensorineural hearing deficit 
appears to progress over time and is not strictly a  
congenital abnormality. There remains a significant 
conductive component of hearing loss in adults with 
Turner syndrome that may signify an ongoing middle 
ear pathology.61 The assiduous treatment of ear, nose, 
and throat (ENT) problems in childhood and avoiding 
potential injuries to the inner ear may reduce the risk 
of hearing loss.
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Autoimmunity
Hashimoto lymphocytic thyroiditis is the most prevalent 
autoimmune disorder in Turner syndrome. Elevated titers 
of antithyroid antibodies (antithyroid peroxidase, antithy-
roglobulin) with or without hypothyroidism have been 
reported in as many as 50% of Turner patients, generally 
increasing with the patient’s age.120 This condition is most 
common in patients with the isoX chromosome,195,196 but 
it is also prevalent in other karyotype groups.197,198 The 
presence of elevated antibody titers may precede the  
appearance of hypothyroidism and may normalize after 
the onset of hypothyroidism. The most common finding 
is a positive antibody screen together with subclinical 
hypothyroidism with thyroid-stimulating hormone 
(TSH) mildly elevated and thyroxine levels within normal 
range.197,198 The clinical picture of overt hypothyroidism 
in Turner syndrome may be different from the general 
population because it has been reported that even severely 
affected individuals may not show any signs or symptoms 
of the disease.197 This, coupled with the high frequency, 
mandates periodic screening of all Turner syndrome  
patients.

Graves disease may also be slightly increased among 
girls with Turner syndrome.199 In a longitudinal study, 
24% of 84 children with Turner syndrome who were 
followed for about 8 years developed hypothyroidism 
and 2.5% developed hyperthyroidism.200 Thyroid disease 
has been reported as early as 4 years201; therefore, all 
patients with Turner syndrome should be screened an-
nually for autoimmune thyroid disease with a TSH and 
a free T4 level from 4 years of age onward. In the group 
of 84 girls followed longitudinally, two had vitiligo and 
three had alopecia. Other forms of autoimmunity such 
as Addison disease, hypoparathyroidism, and pernicious 
anemia are not increased in frequency in Turner syn-
drome. An association of juvenile rheumatoid arthritis 
and Turner syndrome was reported by Zulian and col-
leagues.202 They surveyed 28 pediatric rheumatology 
centers and identified 18 girls with Turner syndrome 
among 15,000 juvenile rheumatoid arthritis patients, 
which they calculated represents a sixfold increase over 

what would be expected. A comprehensive clinical and 
immunologic evaluation of 204 adults with Turner syn-
drome at the NIH found a significantly higher preva-
lence of Hashimoto thyroiditis (37%), celiac disease 
(2.7%), and inflammatory bowel disease (4%) in the 
Turner group compared to age-matched women with 
karyotypically normal premature ovarian failure, and to 
the general female population.198 There was a trend 
toward increased Graves disease (2.7%) and psoriasis 
(3.1%) but no evidence of higher rates of rheumatoid 
arthritis or any other autoimmune or inflammatory  
conditions.

Gastrointestinal Disorders
Liver Disease

Minor elevations of hepatic aminotransferases are com-
mon in girls and women with Turner syndrome, usually 
in the absence of signs or symptoms of liver disease. Ap-
proximately 20% to 25% of girls203 and 40% of women204 
demonstrate abnormal liver function tests including  
aspartate-, alanine-, and gammaglutamyl-transferases and, 
less commonly, alkaline phosphatase. In some cases, liver 
enzyme elevations may be associated with pharmacologic 
estrogen, progestin, or oxandrolone treatments,203,205 but 
over the long term estrogen treatment is associated with 
normalization of hepatic enzymes.204 Among 100 girls 
from age 7 to 17 evaluated in the NIH natural history 
study between 2002-2007, 27% had modest transaminase 
elevation (see Table 16-1) that was not correlated with 
growth hormone (GH) or estrogen use, nor with fatty 
infiltration observed on liver ultrasound.63 Aside from a 
rare case report, there does not seem to be any association 
between autoimmunity and hepatic abnormalities. Liver 
biopsies in adults with typical enzyme abnormalities  
have not consistently defined any unique or diagnostic 
pathology in women with Turner syndrome.206 Roulot 
and coworkers have suggested the hepatic disorder may 
be linked to intrinsic vascular disease. Gravholt and  
colleagues reported an increased frequency (relative risk 
5.7, CI 1.55 to 14.56) of cirrhosis in a Danish National 
Health registry study, but this has not been observed  
in clinical series on health in patients with Turner  
syndrome.

Gastrointestinal Bleeding

A number of reports have called attention to gastrointes-
tinal bleeding occurring in patients with Turner syn-
drome.207,208 The bleeding has been ascribed to intestinal 
telangiectasia, hemangiomatoses, or dilated veins and 
venules. It is not known which patients may be at risk for 
developing vascular bleeding, or whether these vascular 
abnormalities are a consequence of the same obstructive 
processes that result in the lymphedema. Management of 
these cases may be extremely difficult; a conservative  
approach is advised to avoid extensive bowel resections. 
These patients may require transfusions to maintain a 
normal hemoglobin concentration. Estrogen treatment 
may be problematic in such individuals, and treatment 
has to be individualized.209,210
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FIGURE 16-14 n Audiogram showing the typical dip with the peak 
of 35 dB in the 1.5-kHz frequency region in a 12-year-old girl 
with Turner syndrome (karyotype 45,X). This girl has no subjec-
tive hearing problems. (From Stenberg, A. E., Nylén, O., Windh, 
M., & Hultcrantz, M. (1998). Otological problems in children with 
Turner syndrome. Hear Res, 124, 85–90.)
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Inflammatory Bowel Disease

As noted previously under “Autoimmunity,” girls and 
women with Turner syndrome have increased risk for 
Crohn disease and ulcerative colitis.211-215 Because growth 
retardation and delayed sexual maturation are character-
istic manifestations of inflammatory bowel disease and of 
Turner syndrome, careful attention must be paid to the 
review of systems in these patients. Conversely, short 
girls with inflammatory bowel disease and growth and 
pubertal delay may need an assessment of gonadal func-
tion (measurement of gonadotropins) before their sexual 
delay is ascribed to their bowel disease alone. The preva-
lence of celiac disease is also increased in patients with 
Turner syndrome.216-218 Considering that growth failure 
and pubertal delay can be manifestations of celiac disease 
and Turner syndrome, consideration has to be given to 
testing short girls with celiac disease with or without 
pubertal delay (especially if they are on dietary manage-
ment and have not had catch-up growth) for Turner 
syndrome. Turner syndrome girls should be screened by 
measurement of tissue transglutaminase IgA antibodies 
beginning at age 4 years and repeated every 2 to  
5 years.219,220

Carbohydrate Intolerance
Carbohydrate intolerance among patients with Turner 
syndrome was demonstrated in 1963 by Ann Forbes and 
colleagues at the Massachusetts General Endocrine 
Clinic.221 The high rate of glucose intolerance was 
confirmed repeatedly, but the etiology of the metabolic 
defect has remained unclear over the years; early studies 
described insulin deficiency222 and insulin resistance.223 
A survey of Danish health registry data reported an in-
creased incidence of both type 1 and type 2 diabetes in 
Turner syndrome,121 but a higher than usual rate of type 1 
has not been observed in other countries or in clinical 
studies. Clinical studies have consistently shown hyper-
glycemia in response to glucose challenge with variable 
insulin responses, and most patients are not insulin de-
pendent or ketosis prone. Elucidation of the metabolic 
etiology of Turner glucose intolerance has been ham-
pered by the absence of appropriate control groups, as 
girls and women with Turner syndrome usually have 
greater adiposity and less exposure to natural ovarian 
hormones compared to age-matched females, and many 
use pharmacologic steroids or growth hormone that alter 
metabolic responses. Another confounding factor is that 
individuals with a maternally derived X chromosome 
have excess visceral adiposity whereas those with a pater-
nally derived X appear to have a more beneficial fat  
distribution,76 but the two genotypes are routinely 
lumped together in metabolic studies.

A small study assessed insulin sensitivity via the eugly-
cemic insulin clamp technique in girls with Turner syn-
drome compared to age but not gender- or body mass 
index (BMI)–matched controls and found reduced insulin 
sensitivity in Turner girls.224 Most recent data generally 
suggest that glucose intolerance in Turner syndrome is 
due to insulin deficiency rather than insensitivity,225-227 
although one report noted insulin resistance associated 

with obesity.228 The NIH study compared nonobese 
women with Turner syndrome to age-matched women 
with 46,XX premature ovarian failure, with both groups 
off hormone replacement for 2 weeks prior and during 
the study.229 Fasting glucose levels were normal in both 
groups, but glucose levels after oral and IV glucose chal-
lenges were significantly higher while fasting and glucose 
stimulated insulin levels were lower in the Turner group, 
suggesting that impaired insulin secretion rather than 
insulin resistance contributes to the risk for diabetes in 
Turner syndrome.

Of 400 participants evaluated during the NIH study 
2001-2010, only one had type 1 diabetes.230 Type 2 dia-
betes was not found in any children but was present in 
25% of the adults in that study. Interestingly, diabetes 
was more than twice as frequent among women with an 
isoXq chromosome compared to those with pure 45,X or 
with Xp deletion.230 A cross-sectional cohort study found 
that girls with Turner syndrome have reduced beta cell 
function associated with impaired glucose tolerance, and 
despite greater adiposity and blood pressure, they have 
normal insulin sensitivity.231 Thus, it seems that many 
girls and women with Turner syndrome do not exhibit 
the typical insulin resistance associated with excess fat in 
non-Turner individuals.232

Neuropsychological Features
The consensus regarding the currently available evidence 
is that the intelligence of persons with Turner syndrome 
is normal and girls are similar to their siblings in overall 
intelligence. Mental retardation has been reported in 
several cases that were ascertained based on a severe neu-
rodevelopmental phenotype without features typical of 
Turner syndrome, found to have a ring X chromo-
some.40,233-236 It appears that a high risk of mental retar-
dation is caused by the failed inactivation of the ring X 
from loss of the X inactivation center—thus creating  
disomy for unknown, normally X-inactivated genes.

Whereas most individuals with Turner syndrome have 
normal overall intelligence and verbal skills, many have 
selective impairments in visual-spatial information pro-
cessing, arithmetic skills, and the coordination of motor 
and visual-perceptual skills237-239 coupled in some with a 
degree of hyperactivity.240 The discrepancy between ver-
bal and performance IQ is confirmed by many studies 
and may range between 10 and 15 points—with verbal 
being higher than performance.237-239,241-243

The parental origin of the single normal X chromo-
some has been implicated in some aspects of the neuro-
cognitive phenotype. Skuse and associates investigated 
80 females with Turner syndrome, of whom 25 (the 
expected proportion) had an X chromosome of paternal 
origin (Xp). These girls showed satisfactory social ad-
justment and had higher verbal and executive functional 
skills than the larger group of girls with the retained X 
chromosome of maternal origin (Xm).66

In an extension of these studies, the Skuse group in-
vestigated the relationship of verbal and nonverbal 
memory with origin of the X chromosome.244 They ob-
served that 45,Xp Turner females matched controls in 
verbal memory, whereas this was not the case in the 
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45,Xm females. In contrast, the results of 45,Xm  
patients matched those of controls in visual-spatial 
memory tests, but the 45,Xp group did not. The au-
thors concluded that these data indicate an imprinted 
locus for social cognition on the X chromosome that is 
silenced on the maternally derived X. This defect in 
social cognition may translate into difficulties or lack  
of understanding of social and nonverbal cues and risk 
for autism spectrum disorders. The X chromosome pa-
rental origin has not been correlated with cognitive  
or behavioral phenotype in more recent studies,245-248 al-
though brain size has been correlated with the maternal 
X chromosome.68

The role of estrogen deficiency and estrogen replace-
ment therapy also needs to be considered in the context 
of organic causes for the cognitive, social, and functional 
profiles of girls and women with Turner syndrome.  
Indeed, estrogen replacement appears to enhance motor 
speed, nonverbal processing, and memory in estrogen-
treated Turner syndrome patients compared with  
placebo-treated patients.249,250

The risk for psychiatric illness was systematically 
investigated in 100 women participating in the NIH 
natural history study between 2001 and 2003.251 The 
incidence of major depression was 5% and that of 
anxiety disorder was 8%. Women with Turner syn-
drome reported a higher rate of lifetime depression 
compared with rates observed in community-based 
studies but similar to those obtained from gyneco-
logic clinic samples. Affective symptoms among this 
group of 100 women were prospectively compared to 
age-matched women with karyotypically normal  
premature ovarian failure.247 The two ovarian failure 
groups had similar levels of shyness and social anxiety 
that were higher than normal cycling controls, and 
similar levels of self-esteem that were lower than 
controls, suggesting that the experience of ovarian 
failure contributes to  the neuropsychological profile 
of girls and women with Turner syndrome. The first 
systematic investigation of the personality of girls 
and women with Turner syndrome was conducted in 
the 1970s.252 This and subsequent studies indicate 
that individuals with Turner syndrome had a high 
stress tolerance, a tendency toward overcompliance, 
and a higher degree of dependence and limitations  
in emotional competence.240,253,254 Most women with 
Turner syndrome have a typically female pattern of 
psychosocial development with unambiguous female 
gender identification.255 There may be a delayed 
sexual debut,256,257 but sexual fantasies are similar 
in nature and frequency to average women and sexual 
activity among Turner women that are married is  
also similar to that reported by the general female 
population.258

Medical Management
Once the diagnosis of Turner syndrome has been estab-
lished and a chromosomal confirmation established,  
additional diagnostic procedures are indicated. These 
diagnosis and management strategies have been pub-
lished as recommendations from consensus workshops.78

Initial and Follow-up Evaluation
Screening studies at the time of diagnosis and ongoing 
monitoring for age groups are summarized in Boxes 16-1 
and 16-2. All newly diagnosed patients require a thor-
ough cardiovascular evaluation as described previously  
in this chapter (Box 16-3). Blood pressure should be 
measured in all four extremities, and 24-hour ambulatory 
monitoring may be helpful in detecting nocturnal hyper-
tension in girls. Routine renal ultrasound may detect 
structural abnormalities in renal architecture or collecting 
system anatomy. If no abnormalities are present, follow-up 
studies are not routinely indicated. If significant abnor-
malities are detected, follow-up evaluation and therapy 
may be indicated and long-term screening for urinary 
tract infection may be necessary. Scoliosis and kyphosis 
are evaluated at diagnosis and during growth. If noted, 
the degree and cause of scoliosis should be determined 
radiographically.

Otologic and ophthalmologic consultations should 
begin by age 2 to 3 years and continue as clinically indi-
cated. Otitis media is extremely common and should be 
treated vigorously. Myringotomy and polyethylene tube 
placement are considered the primary modes of therapy 

BOX 16-1 Screening at Diagnosis of Turner 
Syndrome in Children and Adults

All PATIENTS
• Cardiovascular evaluation by specialist*
• Renal ultrasound
• Hearing evaluation by an audiologist
• Evaluation for scoliosis/kyphosis
• Evaluation for knowledge of Turner syndrome; referral 

to support groups
• Evaluation for growth and pubertal development

AgES 0-4 YEArS

• Evaluation for hip dislocation
• Eye exam by pediatric ophthalmologist (if age $ 1)

AgES 4-10 YEArS

• Thyroid function tests (T4, TSH) and celiac screen 
(TTG Ab)

• Educational/psychosocial evaluation
• Orthodontic evaluation (if age $ 7)

AgES $ 10 YEArS

• Thyroid function tests (T4, TSH) and celiac screen 
(TTG Ab)

• Educational and psychosocial evaluations
• Orthodontic evaluation
• Evaluation of ovarian function/estrogen replacement
• LFTs, FBG, lipids, CBC, Cr, BUN
• BMD (if age 18)

*See Box 16-3.
BMD, bone mineral density; BUN, blood urea nitrogen; CBC, complete 

blood count; Cr, creatinine; FBG, fasting blood glucose; LFTs, liver 
function tests.

From Bondy, C. A., for the Turner Syndrome Study Group (2007). Care of 
girls and women with Turner syndrome. J Clin Endocrinol Metab, 92, 
10–25.
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for serous otitis media in Turner syndrome. The high 
prevalence of hearing loss, either primary or secondary to 
residual serous otitis media, mandates that regular ENT 
evaluation with audiometry is needed for most patients. 
In infancy, feeding techniques such as those used for cleft 
palate patients may also be indicated. Because abnor-
malities in speech may be a consequence of a palatal  
deformity, speech evaluation may also be indicated. 
Orthodontic evaluation is needed for most girls by age 
seven, as the narrow palate and small jaw cause malocclu-
sion and crowded dentition frequently requiring  
orthodontic treatment.

Ophthalmologic abnormalities including ptosis, stra-
bismus, and amblyopia, are common and require pediatric 
eye consultation. X-linked red-green color deficiency is 
present in 8% of girls with Turner syndrome, a percent-
age similar to that found in males.

Screening for autoimmune thyroid and celiac diseases 
begins at age 4 and includes thyroxine, thyroid-stimulating 
hormone, antithyroid antibodies, and tissue transgluta-
minase antibodies. Subsequently, thyroxine and thyroid-
stimulating hormone or thyroid-stimulating hormone 
alone should be determined at 1- to 2-year intervals.  
Celiac screen is usually repeated every few years or as  
indicated by sign or symptoms. Metabolic screening  
including liver function tests, renal function tests, fasting 
glucose, or hemoglobin A1c and lipids should commence 
at about age 10 or earlier in the context of excess adiposity 
or obesity.

Hypertension is common in Turner syndrome, and 
blood pressure should be measured at each visit. In addi-
tion, 24-hour ambulatory monitoring is ideal for detecting 
nocturnal or stress-related hypertensive episodes that may 
support the introduction of antihypertensive treatment.

The decision to seek consultation for plastic surgery 
to correct the webbed neck deformity or the forwardly 
displaced ears is individual. It must be pointed out to the 
patient and family that in addition to the webbing the 
neck may also be short. Therefore, cosmetic surgery may 
be somewhat disappointing. In some cases, however,  
satisfactory results are achieved.

If, or when, psychometric testing should be performed 
is an individual family decision. Nevertheless, a pre-
school evaluation to rule out major areas of cognitive 
dysfunction might be advisable. In light of the previous 
discussion, school performance should be monitored—
and specific problems should be attended to with skilled 
cognitive specialists. Girls with hearing loss will benefit 
from preferential seating in the classroom, and those 
with attention deficit disorder (ADD) may benefit from 
untimed testing in school when appropriate. The Turner 
Syndrome Society of the United States (www.turnersyn-
drome.org) is an excellent resource.

Y Chromosome
As noted earlier in this chapter, the peripheral blood 
karyotype demonstrating Y chromosome material in a 
girl with Turner syndrome indicates a risk for develop-
ment of gonadoblastoma. Pelvic ultrasound may demon-
strate an adnexal mass (Figure 16-15), in which case 

BOX 16-2 Ongoing Monitoring in Turner 
Syndrome

All AgES

• Cardiology evaluation as indicated*
• Blood pressure annually; consider 24-hour monitor
• ENT and audiology every 1 to 5 years

gIrlS . 5 YEArS

• Social skills at age 4 to 5 years

SChOOl AgE

• Liver and thyroid screening annually
• Celiac screen every 2 to 5 years
• Educational and social progress annually
• Dental and orthodontic as needed

OldEr gIrlS ANd AdulTS

• Fasting lipids and blood sugar annually
• Liver and thyroid screening annually
• Celiac screen as indicated
• Age-appropriate evaluation of pubertal development 

and psychosexual adjustment

*See Box 16-3.

BOX 16-3 Cardiovascular Screening and 
Monitoring Algorithm for Girls 
and Women with Turner 
Syndrome

SCrEENINg (All PATIENTS AT TImE Of dIAgNOSIS)
• Evaluation by cardiologist with expertise in congenital 

heart disease
• Comprehensive exam, including blood pressure in all 

extremities
• All require clear imaging of heart, aortic valve, aortic 

arch, and pulmonary veins
• Echocardiography is usually adequate for infants and 

young girls
• MRI and echo for older girls and adults
• ECG

mONITOrINg (fOllOw-uP dEPENdS ON ClINICAl 
SITuATION)

• Patients with apparently normal cardiovascular system 
and blood pressure need reevaluation with imaging at 
timely occasions (e.g., at transition to adult clinic), be-
fore attempting pregnancy, or with appearance of hy-
pertension; girls who have only had echocardiography 
should undergo MRI when old enough to cooperate 
with the procedure

• For asymptomatic adults, imaging every 5 to 10 years
• For patients with cardiovascular pathology, treatment 

and monitoring determined by the cardiologist

From Bondy, C. A., for the Turner Syndrome Study Group (2007). Care of 
girls and women with Turner syndrome. J Clin Endocrinol Metab, 92, 
10–25.

From Bondy, C. A., for the Turner Syndrome Study Group (2007). Care of 
girls and women with Turner syndrome. J Clin Endocrinol Metab, 92, 
10–25.
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surgical removal of the bilateral adnexal structures is in-
dicated. If pelvic imaging is negative and there is no evi-
dence of virilization, the patient and family must be edu-
cated and counseled about the pros and cons of 
prophylactic gonadectomy versus monitoring by pelvic 
ultrasound. As discussed in the section on ovarian func-
tion, the uncertain risk for a gonadoblastoma that trans-
forms into a malignant tumor must be weighed against 
possible spontaneous puberty and potential fertility. 
Cryopreservation of ovarian tissue should be offered if 
available.

Growth Hormone
In the 1990s, recombinant human growth hormone (GH) 
was shown to increase growth velocity and final adult height 
for girls with Turner syndrome. Rosenfeld and coworkers 
demonstrated a gain in height compared to historical con-
trols,259 and Sas and colleagues showed a clear dose-response 
effect with increasing GH doses associated with increasing 
height.260 The first randomized study with an untreated 
contemporaneous control group showed that adult height 
was increased by about 7.3 cm after an average duration of 
5.7 years of treatment, at a dose of 0.3/mg/kg/week,261 which 
is lower than the current recommended dose of 0.375 mg/
kg/week. Very young girls 9 months to 4 years of age treated 
with GH maintained normal growth rate compared to un-
treated Turner controls (Figure 16-16).262 The results of a 
randomized, double-blind, placebo-controlled study begun 
at the NIH in 1987 showed an average gain in adult height 
of 3 cm with GH alone and 5 cm with GH combined with 

prepubertal treatment with ultra-low-dose ethinyl estra-
diol.263 The ethinyl estradiol dose for girls younger than 12 
in the NIH study was less than 1 mg/day, compared with 
20 mg in the low-dose birth control pill. These findings are 
consistent with a growth promoting effect of low, nonfemi-
nizing estradiol levels in the prepubertal years. The growth- 
enhancing effects of low-dose estradiol are in contrast to the 
growth-inhibiting effect of feminizing doses of estrogen 
used to induce pubertal development,264 which is associated 
with epiphysial fusion. Ranke and colleagues analyzed height 
prediction for GH treatment in Turner syndrome.265 Height 
at the start of treatment, GH dose, and duration of treatment 
are identified as important predictive factors.

GH treatment has been evaluated for safety in a group 
of approximately 5000 girls with Turner syndrome  
followed for 10 to 20 years in the Genentech National 
Cooperative Growth Study.266 An increased frequency of 
intracranial hypertension (pseudotumor cerebri), scoliosis, 
and slipped epiphyses was noted, as well as an unexpected 
higher incidence in the diagnosis of type 1 diabetes. On 
the beneficial side, GH treatment tends to normalize 
body proportions, although foot size is disproportion-
ately enlarged.267 GH treatment has beneficial effects 
on body composition, as shown in a comparison of age-
matched girls who have never received GH (n 5 26) to 
girls treated with GH (N 5 76) participating in the NIH 
natural history study. BMI and visceral adiposity were 
significantly greater and glucose tolerance significantly 
worse in the untreated group (off GH treatment for  
2 weeks prior to and during the study), with effects  
apparent years after the discontinuation of therapy.188 
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GH treatment seems to have no adverse effects on the 
cardiovascular system over short term follow-up, with 
body size adjusted ventricular and aortic dimensions simi-
lar in treated and untreated patients.268,269 Moreover, sys-
temic lipids and aortic compliance were relatively better in 
girls treated with high-dose GH. A comparison of cortical 
and trabecular bone in GH-treated and age-matched un-
treated controls with Turner syndrome reveals no appar-
ent effect of GH treatment on bone mineral density.98

Late diagnosis of Turner syndrome in girls age 10 and 
older is a common problem (see Figure 16-4) that com-
promises attainment of optimal adult stature. In the past, 
such girls were treated with GH for several years and 
induction of puberty delayed to age 15 or older. Such a 
delay of puberty is now viewed as detrimental to social 
and sexual development and may impair optimal bone 
mineralization. Statural growth in these girls may be in-
creased by treatment with the nonaromatizable androgen 

oxandrolone at a dose of 0.05mg/kg/day or less, in addi-
tion to GH, which may augment growth by up to  
4 cm, usually without virilizing effects.270,271 Oxandrolone 
is also used to enhance stature when GH is not available, 
but patients and families must be warned about potential 
adverse metabolic effects and diminution of breast devel-
opment associated with androgen treatment.

GH treatment usually begins at the standard recom-
mended dose of 0.05 mg/kg/day, with close monitoring 
for height velocity, IGF1 level, and potential adverse ef-
fects of intracranial hypertension, scoliosis, and slipped 
capital epiphyses. Treatment for 3 to 4 years is usually 
required to experience significant height gain and is dis-
continued when the target height is attained, when bone 
age is greater than 14 years, or when growth velocity is 
less than 1.5 cm per year. It is important to keep in mind 
that the safety data for GH in Turner syndrome represent 
intermediate range follow-up of girls in whom treatment 

A B

C

FIGURE 16-16 n Examples of pelvic ultrasound studies. A, Normal pubertal female demonstrating ovaries of adult size. B, Patient with 
Turner syndrome. The corpus of the uterus is seen slightly to the left of the midline. The fallopian tube can be followed into the right 
adnexa and observed to terminate in a small structure (arrow) believed to be the fimbriated end of the tube. No ovaries are identified. 
C, Patient with 45,X/46,XY Turner syndrome previously treated with estrogen. The corpus of the uterus is enlarged to adult size. In 
the left adnexa, a large gonadal mass (O) is seen. Histologically, this was identified as a gonadoblastoma. The images are transverse, 
oriented right (R) and left (L) of the midline (ML). The dotted scales are in centimeters. B, BL, bladder; FT, fallopian tube; IP, iliopsoas; 
O, gonadoblastoma; OV, ovary; Re, rectum; and Ut, uterus.
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was typically initiated in mid-childhood and continued 
for several years at the preceding dosage. Although 
reaching an adult height of 5 feet or greater seems desir-
able from many points of view, there are as yet no proven 
medical or psychosocial benefits to this pharmacologic 
achievement, and hence safety should never be compro-
mised to this end.

Puberty
As noted earlier, spontaneous puberty develops in 10% to 
30% of girls with Turner syndrome. The higher rate ap-
plies mainly to girls with mosaicism for cells with more 
than one X chromosome, but a significant number of 
girls with less favorable chromosomal constitutions will 
also start puberty on their own. Aside from karyotype, 
the major indicators of potential natural pubertal onset 
are normal-range values for FSH and anti-Mullerian 
hormone (AMH) (Figures 16-17 and 16-18). AMH may 
be particularly informative, because hormone levels  
directly reflect the presence of developing ovarian folli-
cles and hence potential fertility.272 Pelvic ultrasound 
may be helpful, although failure to visualize ovarian tis-
sue does not preclude the presence of follicles. Patients 
and families are often very interested in potential fertility, 
and the clinician needs to have this information to pro-
vide counseling about reproductive options (discussed 
later). In most girls over the age of 10, FSH will have 
elevated into the menopausal range, and AMH will be 
undetectable with pelvic ultrasound showing no evidence 
of ovaries and an immature uterus; these patients will 
need pubertal induction and maintenance estrogen/ 
progestin treatment.

The aim of estrogen treatment in Turner syndrome is 
to mimic the beneficial effects of endogenous estrogen in 
breast and genital development, healthy fat distribution, 
and bone mineralization, while minimizing the risk for  
estrogen-associated gynecologic cancers and thrombogenic 

complications. In the past, the choice for estrogen treat-
ment was limited to metabolized estrogens purified from 
pregnant mare urine (conjugated equine estrogens [CEE], 
“Premarin”), and the highly potent, synthetic ethinyl es-
tradiol (EE2). In recent years, transdermal patches con-
taining the natural ovarian product, 17-beta estradiol, 
have become available and are the preferred delivery 
method. In addition to replicating the molecular action of 
the ovary’s natural hormone, this formulation is directly 
absorbed into the venous circulation, bypassing first pass 
hepatic effects associated with excessive production of 
prothrombotic proteins. Moreover, the administration of 
transdermal estradiol allows measurement of estradiol 
levels in the circulation, which may be helpful for moni-
toring for adherence. Because estradiol levels vary widely 
throughout the monthly cycles in eugonadal females, tar-
get estradiol levels in pharmacologic treatment are not 
known. In sexually mature girls, the average daily ovarian 
estradiol production over the monthly cycle is 100 mg/day, 
which is approximated by transdermal patches delivering 
100 mg/day. Physiologic estradiol repletion is not expected 
to normalize the FSH level, because FSH secretion is 
jointly regulated by estrogen and other ovarian products 
such as the inhibins. Thus, suppression of FSH is not a 
measure of adequate estrogen therapy.

Current recommendations for estrogen treatment for 
the induction of puberty suggest beginning the therapy  
at age 12 for most girls.126 The suggested doses and rate of 
escalation are outlined in Table 16-3. The aim of treat-
ment is to initiate development with the lowest possible 
dose so that sexual maturation will begin on par with 
peers, while avoiding premature fusion of the epiphyses 
that would limit growth in stature. Thus, breast develop-
ment and bone age are evaluated at ,6-month intervals 
during estrogen treatment for pubertal induction. A suffi-
cient phase of “unopposed” estrogen exposure is required 
for optimal breast development, and androgen or proges-
terone treatments may inhibit optimal development. Thus, 
oxandrolone should be discontinued prior to the initiation 
of estrogen treatment, and progestins should not be initi-
ated until breast development is satisfactory. Some girls 
with prominent stigmata of fetal lymphedema may have 
damaged breast anlage and demonstrate minimal develop-
ment in response to estrogen. These girls may benefit 
from breast implantation surgery, if so inclined.

Progestin treatment is necessary to suppress estrogen’s 
proliferative effect on the uterine endometrium and 
should be introduced after 2 years of unopposed estrogen 
treatment, or sooner if breakthrough bleeding occurs. 
This recommendation is given because chronic exposure 
to estrogen treatment, in the absence of progestin effect, 
leads to endometrial hyperplasia and risk for hemorrhage 
and neoplasia. The most physiologic form of progestin is 
progesterone, which is available in micronized form for 
oral administration and in cream and gel form. Regret-
tably, there have been no controlled studies to establish 
the most effective form of estrogen/progestin treatment 
for girls with Turner syndrome. The accepted dose of 
oral micronized progesterone proven to protect the 
uterus is 200 mg taken at bedtime for the last 10 to  
12 days of a monthly cycle, or the last 20 to 30 days of a 
trimonthly cycle. Progesterone is a soporific and hence 
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FIGURE 16-17 n Receiver operating characteristic curves showing 
the relationship between sensitivity and specificity regarding 
the four investigated variables with the highest sensitivity. 
 (From Borgström, B., Hreinsson, J., Rasmussen, C., et al. (2009). 
Fertility preservation in girls with Turner syndrome: prognostic signs 
of the presence of ovarian follicles. J Clin Endocrinol Metab, 94, 74–
80. Erratum in J Clin Endocrinol Metab, 94, 1478, Figure 2.)



SECTION III  Endocrine Disorders in Children and Adolescents688

Age (in years) Age-Specific Suggestions Comments

10-11 Monitor for spontaneous puberty by 
Tanner staging, AMH and FSH levels

Low-dose estrogen treatment may not inhibit GH- 
enhanced growth in stature

12-13 If no spontaneous development and 
FSH elevated, begin low dose E2

Equivalent initial E2 doses: depot (im) E2, 0.2-0.4 mg/
month; transdermal E2, 6.25 mg daily*; micronized 
E2, 0.25 mg daily by mouth

12.5-15 Gradually increase E2 dose over about 
2 years (e.g., 14, 25, 37, 50, 75, 100, 
200 mg daily via patch) to adult dose

Usual adult daily dose is 100 mg transdermal E2, 2 mg 
micronized E2, 20 mg EE2, 1.25 mg CEE

14-16 Begin cyclic progesterone treatment  
after 2 years of estrogen or when 
breakthrough bleeding occurs

Oral micronized progesterone best option at present; 
usual adult dose is 200 mg/day on days 20-30 of 
monthly cycle or days 100-120 of 3-month cycle

14-30 Continue full doses at least until age 30 
because normally estrogen levels are 
highest between age 15 and 30 years

Some women may prefer using oral or transdermal 
contraceptive for HRT; monitor endometrial thickness

30-50 The lowest estrogen dose providing 
full protection versus osteoporosis is 
0.625 CEE or equivalent

Monitor osteoporosis risk factors, diet, exercise; obtain 
BMD and begin regular screening mammography by 
age 45 years

. 50 Decision on estrogen use based on 
same considerations as for other 
postmenopausal women

New HRT options are appearing, and these recommen-
dations may need updating in the near future

TABLE 16-3 Ovarian Hormone Replacement Treatment in Turner Syndrome

*The lowest-dose commercially available, E2 transdermal patches deliver 14 and 25 mg daily; it is not established whether various means 
of dose fractionation (e.g., administering a quarter patch as directed, or administering whole patches for 7 to 10 days per month) are 
equivalent.

CEE, conjugated equine estrogens; E2, estradiol; EE2, ethinyl estradiol; HRT, hormone replacement treatment.

the bedtime administration. The efficacy of topical pro-
gesterone in preventing uterine hyperplasia is unknown. 
More androgenic, synthetic progestins such as medroxy-
progesterone or norethindrone may inhibit optimal 
breast and uterine development and have unfavorable 
metabolic effects in some individuals, although these 
agents are effective in endometrial protection.

Patients and families must be educated as to the im-
portance of this physiologic hormone treatment regimen 
for healthy growth and development, especially with re-
gard to building and maintaining strong bones. Discon-
tinuation of hormone therapy during young adulthood  
is all too common and may result in irreversible loss  
of bone mineral especially in the spine, leading to  
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height loss, kyphosis, and chronic pain and disability 
(Figure 16-19). Families may have legitimate concerns 
about risks of heart disease and cancer associated with 
hormone replacement therapy, and it must be explained 
that these adverse effects were observed in postmeno-
pausal women receiving less physiologic forms of treat-
ment. It is also important to discuss “natural” hormones 
that are widely touted on women’s health sites as alterna-
tives to standard treatments, underlining the fact that 
these products are not known to be effective or safe. 
Many older girls and young women may prefer taking 
oral or transdermal contraceptive formulations for rea-
sons of convenience, tolerability, or financial concerns. 
Although these are not the most physiologic choices and 
have greater thrombogenic risk, estrogen/progestin con-
traceptive formulations are effective in maintaining bone 
mineralization and protecting the uterus.

It is important to point out that spontaneous puberty, 
even with menses that appear cyclic, does not always 
mean that normal ovulatory cycles are occurring or will 
continue to occur. Some girls have anovulatory cycles that 
do not achieve normal endometrial maturation and  
predispose to endometrial hyperplasia, dysfunctional 
bleeding, or cancer. Irregular cycles may lead to discon-
tinuation of treatment in many cases. Every effort should 
be made to educate patients and parents as to the impor-
tance of continuing hormone replacement, with openness 
to consultation with experts in adolescent gynecology and 

adoption of alternative regimens such as oral contraceptive 
treatment that may ensure continued adherence. Girls 
with irregular cycles may still have an occasional ovula-
tory cycle and, if sexually active, are at risk for unplanned 
pregnancy. For these girls, contraceptive formulations 
may the best choice for hormone therapy.

Hormone treatment requires regular breast examina-
tions, and patients should be instructed about monthly 
self-examination. Girls who become sexually active need 
regular gynecologic follow-up with annual pelvic exams 
and Pap tests. Regular discussion of issues of concern 
related to sexual maturation and counseling on the need 
for ongoing hormone treatment to maintain strong bones 
will be of paramount importance. There is no need  
to measure bone mineral density during childhood or 
adolescence unless there is unusual clinical concern—for 
example, a low-impact or atraumatic fracture. Short  
stature is associated with underestimation of bone min-
eral density obtained by DXA and results need to be 
normalized for bone size.273 Size-adjusted vertebral bone 
mineral density is usually normal in adults with Turner 
syndrome that have received routine hormone replace-
ment treatment, but it may decline dramatically with 
discontinuation of treatment (see Figure 16-19).274 Bone 
mineral density of the hip and wrist is often lower than 
normal, reflecting a selective reduction in cortical bone 
that is not sensitive to estrogen275 but may reflect the 
SHOX defect in bone.

A B

FIGURE 16-19 n Estrogen treatment prevents osteoporosis. These lateral chest x-rays are from two 30-year-old women with Turner 
syndrome. Both had a karyotype of 45,X, both received GH treatment for several years during childhood, and both were started on 
estrogen treatment at age 12. One patient stopped taking estrogen at age 18 (A), and the other adhered to treatment (B). The woman 
who discontinued estrogen treatment experienced height loss, dorsal kyphosis, and chronic pain due to collapse and wedging of 
vertebral bodies. The arrowhead points to T12 in each woman.
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Reproductive Options
As discussed in the “Ovarian Insufficiency” section, about 
2% of women with Turner syndrome may have sponta-
neous pregnancies. Assisted reproduction using donor 
oocytes with in vitro fertilization has been successful 
when the uterus has been given adequate hormonal 
preparation prior to embryo transfer.276 However, both 
spontaneous and assisted pregnancies are associated with 
a high risk for maternal complications, including cata-
strophic aortic dilation, dissection, and rupture.277 In 
most well-documented cases, the women had preexisting 
risk factors for dissection such as bicuspid aortic valve or 
aortic coarctation, although these problems were often 
not detected prior to pregnancy due to inadequate 
screening.278 Patients known to have such defects should 
be counseled about alternatives to pregnancy such as 
adoption or surrogacy. If not already done, girls and 
young women with Turner syndrome should have a car-
diovascular MRI prior to getting involved in counseling 
about reproductive options, because significant aortic 
malformations are often not detected on routine echo-
cardiography and their presence would discourage plan-
ning for pregnancy. Girls with ovarian function may be 
candidates for cryopreservation of recovered oocytes or 
ovarian tissue obtained by laparoscopy,276 given the very 
high probability of premature ovarian failure. This tech-
nology has been successful in preserving fertility for girls 
and women undergoing cancer treatment, although 
pregnancy resulting from this approach has not yet been 
reported in Turner syndrome. Girls and families inter-
ested in this possibility should be referred to reproductive 
endocrinology specialists associated with an academic 
medical center for consultation.

Transition to Adult Care
Pubertal induction treatment should be the occasion for 
starting the process of involving girls as partners in 
their care. After years of caring for a young child, a 
health care provider may overlook the fact that the  
patient is no longer a child and that new lines of com-
munication need to be established with the patient as an 
emerging adult. The road to a successful transition in-
volves educating the patient about her health care needs 
and goals, while developing a schedule for regular  
thyroid, liver, and renal function testing; annual gyne-
cologic evaluation; and regular cardiology follow-up 
(see Box 16-2). The patient should be educated about 
the hormone treatments and other medications she is 
receiving and the need for regular evaluation of dosage 
and side effects. Target goals for weight, blood pressure, 
cholesterol, body fat proportions, and exercise regimen 
may be collaboratively established, and a portable health 
record maintained by the patient should be prepared 
prior to transfer out of pediatric care. Many of the  
major medical issues for adults with Turner syndrome—
such as thyroid function, hormone replacement therapy, 
hypertension, metabolic status, and bone health—may 
best managed by endocrinology specialists with a back-
ground in internal medicine or gynecology. These pro-
viders should also supervise the regular evaluation of 

otologic/audiologic and cardiovascular systems. Psy-
chosocial aspects of the transition to independence 
should also be addressed and the patient provided with 
sources for adult counseling services and support 
groups.
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QUESTIONS

 7. What are the most common cardiovascular anomalies 
in Turner syndrome?
 a. Bicuspid aortic valve, coarctation, and ventricular 

septal defect
 b. Bicuspid aortic valve, coarctation, and mitral valve 

prolapse
 c. Bicuspid aortic valve, coarctation, and partial 

anomalous pulmonary veins
 d. Bicuspid aortic valve, partial anomalous pulmonary 

veins, and pulmonic stenosis
Answer: c

 8. A girl that is found to have Y chromosome material 
on her peripheral blood karyotype may have which 
of the following?
 a. Spontaneous puberty and pregnancy
 b. A high risk for adenocarcinoma of the ovary
 c. A high risk for behavioral disorder
 d. All of the above

Answer: a

 9. What is the best treatment for a 12-year-old girl  
recently diagnosed with Turner syndrome and meno-
pausal FSH?
 a. GH, estrogen, and oxandrolone beginning  

immediately
 b. GH until age 15 and then pubertal induction
 c. GnRH analog and GH until age 15
 d. GH and low-dose estradiol until height is satis-

factory and then full pubertal estrogen
Answer: d

 10. What does an annual medical screening for the 10- to 
12-year-old with Turner syndrome include?
 a. Blood pressure measurement
 b. Metabolic profile
 c. FSH and AMH levels
 d. Thyroid-stimulating hormone
 e. All of the above

Answer: e

 11. Which of the following statements is justified?
 a. Girls need to have a DXA scan for bone mineral 

density prior to estrogen treatment.
 b. A normal cardiac echo is an adequate cardiac evalu-

ation for the young woman with Turner syndrome 
who is considering pregnancy.

 c. Girls with surgically repaired coarctation need 
lifelong cardiovascular follow-up.

 d. Oral contraceptive pills should be used to induce 
puberty.

 e. All of the above
 f. a, b, and c

Answer: c

 1. Which of the following disorders does not increase in 
frequency in patients with Turner syndrome?
 a. Autoimmune thyroid disease
 b. Type 1 diabetes mellitus
 c. Chronic otitis media
 d. Celiac disease

Answer: b

 2. Which of the following features is not attributed to 
haploinsufficiency for SHOX?
 a. Cubitus valgus
 b. Short stature
 c. Webbed neck
 d. Madelung deformity

Answer: c

 3. A 36-year-old mother underwent amniocentesis to 
screen for Down syndrome, and the karyotype result 
showed mosaicism for 46,XY/45,X. The fetal ultra-
sound at 14 weeks showed an apparently normal 
male. Which of the following statements is accurate?
 a. The karyotype should be repeated after birth.
 b. The child has “male Turner syndrome.”
 c. The likelihood of miscarriage is high.
 d. The mother has a higher than average risk for 

another gestation with sex chromosome anomaly.
Answer: a

 4. A female newborn with neck webbing had a karyotype 
test showing nonmosaic 45,X. What should further 
evaluation include?
 a. Renal and cardiac ultrasound
 b. Skeletal x-ray series
 c. Molecular testing for occult Y chromosome  

sequences
 d. Thyroid autoimmunity screen

Answer: a

 5. A karyotype analysis should be carried out for which 
of the following cases?
 a. A female newborn with neck webbing
 b. A 6-year-old girl with aortic coarctation
 c. An 11-year-old girl with short stature, no sign of 

puberty, and hypertension
 d. All of the above

Answer: d

 6. Spontaneous pubertal development is most likely in 
Turner girls with which of the following conditions?
 a. Mosaicism for a cell line containing more than one 

X chromosome (e.g., 46,XX or 47,XXX)
 b. FSH in the age-specific normal range
 c. AMH in the age-specific normal range
 d. All of the above

Answer: d
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Puberty and Its Disorders  
in the Male

Mark R. Palmert, MD, PhD • Leo Dunkel, MD, PhD • Selma Feldman Witchel, MD

Puberty is a period during which children attain adult 
secondary sexual characteristics and reproductive capability.1 
In humans, two distinct processes of sexual maturation are 
recognized: gonadarche and adrenarche. Gonadarche is 
defined as the growth and maturation of the gonads associ-
ated with increased sex steroid secretion. Gonadarche  
requires an intact hypothalamic-pituitary-gonadal (HPG) 

axis, and any disruption of this axis can result in temporary 
or permanent disorders of reproductive endocrine func-
tion. Adrenarche is defined as maturation of the adrenal 
cortex associated with increased secretion of dehydroepi-
androsterone (DHEA), dehydroepiandrosterone sulfate 
(DHEAS), and androstenedione. Unlike gonadarche,  
adrenarche is a phenomenon limited to humans and some 
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other factors, and interacting with FGFR1. Prokineticin-2 
(PROK2), prokineticin receptor-2 (PROKR), NELF, and 
semaphorin-3A (SEMA3A) appear to influence GnRH 
neuron migration.

Eventually, these neurons reach the hypothalamus 
where they extend projections to the median eminence to 
form a network, which completes the third stage of GnRH 
neuron migration. The last stage comprises functional 
activity. By the 15th week of human gestation, the GnRH 
pulse generator is modulating the function of the fetal 
gonadotropes. The HPG axis is functionally active for the 
first time during fetal development, and it continues to 
function in infancy until it enters a relative quiescent state, 
often referred to as the juvenile pause or prepuberty. 
Likely sharing some similarities but also having some dif-
ferences,4 the molecular mechanisms responsible for the 
prepubertal inactivation of the HPG axis and its reactiva-
tion at the onset of puberty remain to be characterized.

TESTICULAR DIFFERENTIATION 
AND DEVELOPMENT
Prenatal Testicular Development
A brief summary of prenatal testicular differentiation and 
development follows; a more detailed description of tes-
ticular differentiation and sex development can be found 
in Chapter 4. Beginning at approximately 4 to 6 weeks of 
gestation, the primordial bipotential gonad arises from a 
condensation of the mesoderm of the urogenital ridge. 
Genes involved in the development of this bipotential 
gonad include the Wilms tumor (WT1) gene, GATA4, 
chromobox homologue 2 (CBX2), and steroidogenic 
factor-1 (NR5A1). During this time, the primordial germ 
cells proliferate and migrate from the hindgut to colonize 
the developing gonad. The bipotential gonad is com-
posed of supporting cells, endothelial cells, steroid- 
secreting cells, and germ cells.

In the usual circumstance, the presence of a Y chromo-
some bearing the sex-determining region on the Y (SRY) 
gene promotes testicular differentiation. However, novel 
data emphasize the complexity of gonadal differentiation 
with involvement of signaling molecules—for example, 
SRY-box 9 (SOX9) and Forkhead transcription factor 2 
(FOXL2)—that activate or repress gonadal determination 
factors involved in testicular and ovarian development. 
Sertoli cell differentiation is the earliest manifestation of 
testicular differentiation. At approximately 7 to 9 weeks of 
gestation in the human XY gonad, the Sertoli cells enve-
lope the germ cells to form the seminiferous cords. Curi-
ously, germ cells are not required for initial phases of 
testicular differentiation. Rather, the local environment 
directs the developmental fate of the primordial germ 
cells. During the migration though the hindgut, the pri-
mordial germ cells proliferate. The stem cell factor (Steel 
factor) and c-KIT receptor guide the primordial germ 
cells to the developing genital ridges. This signaling sys-
tem ensures that viable primordial germ cells travel to 
their proper environmental niche and that misdirected 
primordial germ cells undergo apoptosis. Primordial 
germ cells that escape apoptosis and migrate to other 
physical locations, such as the mediastinum or central 

great apes. The physiologic foundations for puberty begin 
in utero with the development of the neurobiologic struc-
tures that govern the hypothalamic-pituitary component 
of the HPG axis and with the differentiation and the  
development of the gonads. The entire process, extending 
from fetal life through achievement of reproductive com-
petence, represents the dynamic and coordinated interac-
tions of an expanding list of genes, proteins, signaling 
molecules, paracrine factors, and epigenetic events.

PRENATAL NEUROBIOLOGY OF PUBERTY

In postnatal life, the gonadotropin-releasing hormone 
(GnRH) neurons are located in the hypothalamus and 
constitute the GnRH pulse generator, which produces an 
intermittent discharge of GnRH into the hypophysial 
portal circulation to stimulate gonadotropin synthesis 
and secretion by the pituitary gonadotropes. The devel-
opmental progression of these neurons is governed by 
multiple regulatory factors; mutations in some of these 
factors have been associated with disorders of puberty.2

However, the 1000 to 2000 GnRH neurons originally 
differentiate in the olfactory placode and begin their mi-
gration along the vomeronasal nerves to the cribriform 
plate around the sixth week of gestation. This migration 
can be categorized into four stages. The first stage  
involves the differentiation of the GnRH neurons from  
a heterogenous stem cell population in the embryonic 
olfactory placode. Factors involved in these early stages 
include the proteins encoded by fibroblast growth factor 
8 (FGF8), fibroblast growth factor receptor 1 (FGFR1), 
heparin sulfate 6-O-sulfotransferase 1 (HS6ST1), chro-
modomain helicase DNA-binding protein 7 (CHD7), and 
nasal embryonic luteinizing hormone (LH)–releasing 
hormone (NELF). The extracellular domain of FGFR1, a 
tyrosine kinase receptor, interacts with heparan sulfate 
proteoaminoglycan, which functions as its coreceptor. 
Nonrandom modifications of the sugar moieties associ-
ated with heparan sulfate proteoaminoglycans such as  
by HS6ST1 facilitate FGFR1 function. Binding of its 
cognate ligand, FGF8, to FGFR1, initiates signaling. The 
FGF8-FGFR1 signal transduction pathway plays an  
essential role in the neurobiology of GnRH neurons. 
Several additional genes show spatiotemporal expression 
patterns similar to FGF8 and appear to modulate FGF8 
signaling through FGFR1. These genes include fibroblast 
growth factor 17 (FGF17), interleukin 17 receptor D 
(IL17RD), dual specificity phosphatase 6 (DUSP6), sprout 
homologue 4 (Drosophila) (SPRY4), and fibronectin leucine 
rich transmembrane protein 3 (FLRT3).3

The second stage is the onset of GnRH neuron migra-
tion, which commences around the sixth week of gesta-
tion in humans. This process depends on guidance cues to 
ensure proper routing of the neurons. Several molecules 
such as anosmin-1, FGFR1, and prokineticin 2 (PROK2) 
appear to be involved in this process. Anosmin-1, encoded 
by the KAL1 gene, is an extracellular matrix protein; 
it also binds to heparan-sulfate glycosaminoglycans.  
Although the precise function of anosmin-1 is unclear, 
potential functions include providing a guidance platform 
for migrating neurons, serving as a chemo-attractant for 
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nervous system, can develop into extragonadal germ cell 
tumors. Primordial germ cells that occupy the genital 
ridge become pluripotent gonocytes that express specific 
stem cell markers including placental/germ cell alkaline 
phosphatase (PLAP) and octamer binding transcription 
factor 3/4 (OCT3/4).

Internal genital structures are also bipotential. Sertoli 
cells secrete anti-Mullerian hormone (AMH), which  
induces regression of the Mullerian ducts through its ac-
tions on the type II AMH receptor. The fetal Leydig cells, 
initially stimulated by placental hCG, secrete testosterone 
which stabilizes the Wolffian ducts. In the human male 
fetus, the testicular compartments, tubular and interstitial 
components, and specific cell types, Leydig, Sertoli, and 
germ cells can be visualized by 11 weeks of gestation. The 
most rapid growth in Sertoli cell number appears to occur 
during the latter half of the first trimester and the second 
trimester.5

During early gestation, placental hCG governs Leydig 
cell proliferation and testosterone and insulin-like factor 3 
(INSL3) secretion until endogenous LH regulates these 
activities in midgestation. Due to this role of placental 
hCG during early gestation, gonadotropin deficiency 
does not influence male sexual differentiation. LH secre-
tion influences the number of fetal Leydig cells because 
the number is decreased in anencephalic fetuses and is 
increased in 46,XY fetuses, with elevated gonadotropin 
concentrations secondary to complete androgen insensi-
tivity.6 Follicle-stimulating hormone (FSH) secretion in-
fluences Sertoli cell differentiation and AMH and inhibin 
B secretion.7

Androgens induce the genital tubercle, urethral folds, 
and labioscrotal swellings to develop into the male exter-
nal genital structures. In target tissues such as genital skin 
and prostate, testosterone is converted to dihydrotestos-
terone, which induces the urethral folds to fuse and form 
the corpus spongiosum and penile urethra. The genital 
tubercle develops into the corpora cavernosa of the penis 
and the labioscrotal folds fuse to form the scrotum. By  
9 weeks of gestation, a cylindrical 2-mm phallus with 
genital swellings has developed. By 12 to 14 weeks  
of gestation, the urethral folds have fused to form the 
cavernous urethra and corpus spongiosum. By 14 weeks, 
the external genitalia are clearly masculine apart from 
testicular location. In the absence of sufficient androgen 
concentrations, the urethral folds and labioscrotal swell-
ings do not fuse and develop into the labia minora and 
labia majora, respectively.

Testicular descent occurs in two phases. The transab-
dominal phase begins at approximately 12 weeks of 
gestation and is influenced by the Leydig cell product, 
insulin-like factor 3 (INSL3), and its cognate receptor, 
leucine-rich repeat-containing G protein–coupled re-
ceptor 8 (LGR8). The second androgen-dependent 
phase, descent of the testes through the inguinal canal, 
is usually accomplished by the end of week 35.8

Postnatal Testicular Development
Following a brief perinatal decline, the hypothalamic-
pituitary-testicular axis is active during the first few 
months of life with testosterone concentrations peaking 

at 1 to 2 months of age.9 By approximately 6 months of 
age, testosterone concentrations decline to prepubertal 
levels. Despite the increased neonatal HPG activity, sex-
ual hair does not develop and gametogenesis does not 
occur due to limited androgen receptor (AR) signaling in 
certain tissues (e.g., Sertoli cells). Throughout infancy, 
AR is expressed in Leydig cells, but not in Sertoli cells.10 
During infancy and childhood, seminiferous cords are 
solid and generally filled with immature Sertoli cells. 
The germ cells are limited to spermatogonia and Leydig 
cells are rarely visualized.11 After early infancy, which 
provides a window of opportunity to assess testicular 
function, hCG stimulation may be needed to assess Ley-
dig cell function. Inhibin B and AMH continue to be 
secreted during childhood providing valuable markers of 
Sertoli cell function.

Reactivation of the GnRH pulse generator at the time 
of puberty stimulates pituitary LH and FSH secretion 
(Figure 17-1). The LH stimulation leads to increased 
testicular testosterone and INSL3 secretion. The increased 
testosterone acts as a paracrine factor to induce Sertoli 
cell maturation. Pubertal maturation of the seminiferous 
tubules is characterized by cytoskeletal rearrangements 
including development of tight junctions, Sertoli cell 
polarization, Sertoli cell proliferation, migration of  
spermatogonia toward the basement membrane, and  
decreased AMH secretion.12 FSH stimulates Sertoli cells 
to secrete inhibin B, which from midpuberty onward 
serves as the major negative regulator of pituitary FSH 
secretion. Prior to puberty, inhibin B is germ cell inde-
pendent. After puberty, inhibin B secretion becomes 
germ cell dependent and provides a marker of germ cell 
depletion in adults.13

The increase in Sertoli cell number contributes to the 
increase in testicular volume that marks the onset of go-
nadarche in boys. As puberty progresses, the seminiferous 
tubules are larger and develop a lumen; typical Leydig 
cells become apparent. Although much variation in 
chronologic age and testicular volume has been described, 
spermarche precedes peak pubertal linear growth velocity 
and generally occurs at a median testicular volume of 10 
to 12 mL.14 Beginning in early puberty, testosterone and 
AMH show an inverse relationship reflecting the para-
crine actions of testosterone to repress AMH secretion by 
Sertoli cells. Intratesticular testosterone and AR expres-
sion in Sertoli cells are essential for the decline in AMH 
concentrations, meiosis, and spermatogenesis.11 Hence, 
AMH concentrations provide an indication of Sertoli cell 
function and androgen action in the testes.

THE ANDROGEN RECEPTOR

The androgen receptor (AR) binds androgens to initiate 
a signal transduction cascade mediating the effects of 
testosterone and DHT. The AR gene is located at Xq11-
q12. Similar to other members of the steroid-thyroid 
nuclear hormone receptor family, AR (also known as 
NR3C4) has a modular structure with N-terminal regu-
latory (NTD), DNA binding (DBD), and ligand binding 
(LBD) domains. The DBD contains the cysteine residues 
that coordinate zinc atoms to form the zinc finger  
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domains, which bind to DNA. The LBD is composed of 
12 a helixes associated with antiparallel b sheets, which 
form a tripartite sandwich structure.

The three-dimensional structure contains a hydro-
phobic pocket formed by helixes 4, 5, 7, 11, and 12. Helix 
12 can fold like a lid on top of the hydrophobic pocket to 
capture the ligand and allow for interactions between the 
LBD and various co-regulator proteins. The AR protein 
contains several subdomains important for dimerization, 
protein-protein interactions, and transcriptional regula-
tion. Interactions between the N-terminal domain and 
the C-terminal LBD stabilize the receptor-ligand com-
plex to slow dissociation of the ligand from the receptor. 
DHT is a more potent androgen because it dissociates at 
a slower rate from the receptor than testosterone.

The unliganded receptor is located in the cytoplasm 
where it is associated with several heat shock proteins 
(HSPs) such as HSP70 and HSP90. Chaperone proteins 
such as FKBP52 also associate with this complex. Ligand 
binding induces dissociation of the cytoplasmic receptor-
chaperone protein complex followed by translocation of 
the receptor-ligand complex into the nucleus where it 
binds as a homodimer to AR response elements. Addi-
tional proteins, coactivators and corepressors, also inter-
act with this complex. Activation of transcription involves 
two subdomains known as activation function regions. 
The activation function-1 (AF1) region is located in the 

NTD. The activation function-2 (AF2) region is located 
in the LBD and interacts with steroid receptor coactiva-
tors through their LXXLL motifs. The LXXLL refers to 
the amino acids in this motif with L being leucine and  
X being any amino acid. Steroid receptor coactivators 
include SRC1, SRC2/TIF2, and SRC3.

PHYSIOLOGY OF PUBERTY
Endocrinology
The onset of puberty is heralded by an increase in the 
secretion of gonadotropin releasing hormone (GnRH) 
(see Figure 17-1) from a diffusely distributed network of 
hypothalamic neurons. Intermittent secretion of GnRH 
into the hypophysial portal circulation stimulates go-
nadotropes in the anterior pituitary to synthesize and 
secrete luteinizing hormone (LH) and follicle stimulating 
hormone (FSH) that, in turn, bind to ligand specific recep-
tors in the Leydig and Sertoli cells of testes, respectively. 
Gonadotropin stimulation initiates gonadarche, and the 
production of sex steroids, most notably testosterone, and 
at later pubertal stages estradiol as well.15 Testosterone 
and estradiol, together with inhibin, activin, and follistatin, 
provide signals that regulate the subsequent activity of  
the hypothalamus and pituitary gland. The transition  
from prepubertal quiescence to the adolescent pattern of 
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FIGURE 17-1 n Testicular products, such as inhibins, play a small role in regulation of the HPG axis prior to puberty, but most of the 
dampening of the HPG axis after infancy and until the onset of puberty (left panel) derives from central inhibition of the HPG axis. 
The basis for that inhibition is not fully understood nor is the basis for its diminution, which leads to emergence of central activation 
(right panel), increased gonadotropin releasing hormone (GnRH) secretion, and the onset of puberty. As pubertal development  
progresses, lumen develops in Sertoli cells. Inhibin B secreted from the mature testes (right panel) has a more substantial role in 
regulating/inhibiting hypothalamic-pituitary activity. Weight of lines (from dotted to thin solid to thick solid) indicates increasing 
strength of the particular signal. LH, luteinizing hormone; FSH, follicle-stimulating hormone.
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GnRH secretion is a gradual rather than abrupt process. 
LH and FSH pulsatility has been detected in normal 
children as young as 4 years of age.16-19 Throughout 
childhood, GnRH secretion appears to undergo small 
but progressive increases until the onset of puberty, when 
GnRH secretion increases, first at night and eventually 
throughout the day.20,21

Neuroendocrine Regulation of Pubertal 
Onset
Understanding what factors contribute to the dampening 
of the HPG axis after infancy and what factors lead to the 
reemergence of GnRH secretion is critical to under-
standing the regulation of pubertal timing. Research into 
kisspeptin (Kiss1) and its receptor (Kiss1R, formerly  
G protein–coupled receptor 54, GPR54) in both animal 
and human studies has identified them as critical compo-
nents of the HPG axis. The first indications of the im-
portance of this signaling complex as a regulator of the 
HPG axis came in 2003 when two independent groups 
reported deletions and inactivating mutations of GPR54 
in patients with hypogonadotropic hypogonadism 
(HH).22,23 Subsequently, activating mutations in this 
pathway were associated with central precocious puberty 
in the case of a female with an autosomal dominant muta-
tion in GPR54.24 Thus, it is clear that activation of 
Kiss1R by kisspeptins plays a pivotal role in the onset of 
puberty.

It is not yet known, however, whether this system is 
the initial trigger of puberty or whether it acts either as a 
downstream effector or in concert with other regulatory 
factors.25,26 For example, the discovery that mutations in 
TAC3 (encoding neurokinin B) or its receptor TACR3 
(encoding NK3R)27 can cause HH has focused much at-
tention on how hypothalamic neurons that coexpress 
kisspeptin, neurokinin B, and dynorphin (abbreviated as 
KNDy neurons) regulate the HPG axis in males and  
females.28-30 Another excitatory factor in the hypothalamus 
is glutamate, an important stimulator of GnRH secretion 
through its actions at n-methyl, D-aspartate (NMDA) 
and kainate receptors. GnRH secretion is stimulated also 
by factors such as norepinephrine, dopamine, TGFa, 
neuregulin signaling via erbB4 receptors, leptin, and 
galanin-like peptide.31-35 Many of these factors likely act 

via a complex, intricate communication network that  
exists between glial cells and neurons within the hypo-
thalamus.36 The potential roles that these and other 
compounds play in regulating the onset of puberty re-
mains an area of active investigation.

Gamma-amino butyric acid (GABA) neurons appear 
to play a prominent role in inhibiting prepubertal GnRH 
release.37 There is evidence that GABA can also stimu-
late GnRH secretion, but this variable action may be 
dependent on developmental stage, composition of 
GABA receptors, and expression of KCC2 (a protein 
that can alter the inhibitory and excitatory properties of 
chloride channels).38 The finding that neuropeptide Y 
(NPY) mRNA expression in the hypothalamus of juve-
nile monkeys is higher than neonatal animals suggests 
that NPY may play a role in the juvenile pause.4 Other 
factors that likely inhibit GnRH release include endog-
enous opioids (i.e., b-endorphin) and melatonin, but 
neither of these compounds likely plays a major role in 
regulating the timing of puberty.35

Somatic Changes
In boys, the first marker for the onset of puberty is  
most often the change from Tanner genital stage G1  
to stage G2, including enlargement of the testes  
(i.e., achievement of volume greater than 3 mL or tes-
ticular length greater than or equal to 25 mm). Origi-
nally Marshall and Tanner reported the mean (SD) onset  
of puberty in boys to be 11.64 (1.07) years.39,40 These 
pubertal stages (Figure 17-2) were based on photo-
graphic observation of genital development of a longitu-
dinal but still relatively small sample of 228 boys living 
in a children’s home. Despite the probably poor repre-
sentative nature of this sample, comparable studies in 
Switzerland,41 the United States,42 and Denmark43 
reported roughly similar mean ages of puberty onset. 
Although the mean age of onset may be fairly uniform, 
the onset of puberty occurs across a wide range of ages 
in normal, healthy adolescents. Several pathologic states 
influence the timing of puberty either directly or indi-
rectly and contribute to this splay, but the great majority 
of the variation in pubertal timing cannot be attributed 
to any clinical disorder. Ninety-five percent of boys  
experience the onset of genital development between  

FIGURE 17-2 n In boys, genital development is rated from 1 (preadolescent) to 5 (adult); stage 2 marks the onset of pubertal develop-
ment and is characterized by an enlargement of the scrotum and testis and by a change in the texture and a reddening of the scrotal 
skin. Pubic hair stages are rated from 1 (preadolescent, no pubic hair) to 5 (adult), and stage 2 marks the onset of pubic hair develop-
ment. Although pubic hair and genital development are represented as synchronous in the illustration, they do not necessarily track 
together and should be scored separately. (Reproduced with permission from Carel, J. C., & Leger, J. [2008]. Clinical practice: precocious 
puberty. N Engl J Med, 358, 2366–2377.)
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9.5 and 13.5 years,44,45 data that have led to the tradi-
tional definition of sexual precocity in boys as develop-
ment of secondary sexual characteristics before age  
9 years and delayed puberty as lack of testicular enlarge-
ment by age 14 years.

Development of secondary sexual characteristics re-
sults from both gonadarche and adrenarche. Adre-
narche refers to the maturation of the zona reticularis of 
the adrenal gland, resulting in increased production of 
adrenal androgens associated with secondary sexual 
characteristics, such as the development of pubic hair 
(pubarche), axillary hair, body odor, and acne. Like go-
nadarche, the onset of adrenarche appears to be a 
gradual, progressive maturational process that begins in 
early childhood and is marked by the further increases 
of production of adrenal androgens (DHEA, DHEA-S, 
and androstenedione) around the time of puberty.46 
Adrenarche sometimes precedes gonadarche by 1 to  
2 years in boys and girls, but the timing of clinical signs 
can vary. Although adrenarche and gonadarche often 
overlap, they are separate processes that are indepen-
dently regulated.47,48 The triggers for adrenarche re-
main unknown; however, alterations in body weight and 
body mass index as well as in utero and neonatal physi-
ology likely modulate this developmental process, perhaps 
along with intra-adrenal cortisol production.49-51

REGULATION OF THE TIMING OF PUBERTY
Genetics
The timing of puberty is influenced by both genetic and 
environmental factors.52,53 Evidence for the genetic con-
tribution is provided by correlations in timing within 
families and between monozygotic twins. These data 
derive mostly from studies of females and suggest that 
more than half of the variation in the most commonly 
used marker for the timing of puberty, age at menarche, 
is attributable to additive genetic effects and the rest  
appears to be attributable to nonshared environmental 
effects.34,52,54-61 It is important to note that this genetic 
component does not preclude a significant role for envi-
ronmental influences that may have changed over time. 
However, despite changing environmental and secular 
influences, genetic background still plays a significant 
role in regulating the variation of pubertal timing within 
a population at any particular point in time.

Genetic Disorders Causing GnRH 
Deficiency
The study of genetic disorders that cause GnRH defi-
ciency, such as isolated hypogonadotropic hypogonadism 
(HH) and Kallmann syndrome (KS), has significantly 
increased our understanding of development and func-
tion of the hypothalamic pituitary gonadal (HPG) 
axis.59,62-67 These studies have led to the identification of 
many genes that play critical roles in the HPG axis. For 
example, this work has defined roles for the genes that 
lead to HH (GNRHR, GNRH1, GPR54, NELF, FGFR1, 
FGF8, PROK2, PROKR2, TAC3, TACR3, CHD7, and 
HS6ST1), to X-linked (KAL1) and autosomal (NELF, 

FGFR1, PROK2, PROKR2, FGF8, WDR11 and CHD7) 
forms of KS, to obesity and HH (LEP, LEPR, and PC1), 
and to abnormal HPG development (DAX1, SF-1, 
HESX-1, LHX3, and PROP-1). Moreover, research in 
this field permits recognition that, in some cases, HH 
and KS can be caused by mutations in the same genes and 
derive from a monogenic or oligogenic basis.68 In con-
trast to this great progress, the specific genetic factors 
that regulate the variation in pubertal timing in the gen-
eral population are just emerging. In addition to genes 
identified through genome wide association studies  
(discussed later), another factor may be the makorin 
RING-finger protein 3 (MKRN3). Loss-of-function  
mutations in MKRN3 were associated with GnRH-
dependent precocious puberty.69

Normosmic Hypogonadotropic 
Hypogonadism

Although several HH-related genes have been identified, 
HH with normal olfaction has been primarily associated 
with mutations in the genes for the gonadotropin- 
releasing hormone receptor (GNRHR) and the KISS1 
(kisspeptin) receptor (KISS1R, formerly GPR54).22,23,70-74 
Estimates regarding the frequency of GNRHR mutations 
in normosmic HH range from 3.5% to 10.4%.75,76 Muta-
tions in GNRH1 have also been identified in patients 
with normosmic HH but only in rare case reports.77,78 
Although these individuals have normal olfaction, they 
can have other nonreproductive clinical features such as 
midline facial defects, renal agenesis, and skeletal abnor-
malities that may provide clues about the underlying 
pathophysiology.67 Interestingly, a case of constitutional 
delay of growth and puberty (CDGP) has also been  
associated with a homozygous partial loss-of-function 
mutation in GNRHR,79 and pedigrees of probands with 
HH can include individuals with delayed but otherwise 
normal puberty. However, more extensive analyses  
suggest that genetic variation in neither GNRH1 nor 
GNRHR nor other HH-related genes is a common cause 
of late puberty in the general population80,81; whether 
combinations of rare variants in KS or HH-related genes 
is a cause of some cases of constitutional delay of growth 
and puberty remains to be determined.

Mutations in genes encoding neurokinin B and its  
receptor, TAC3 and TACR3, have been identified in 
HH patients.27 As noted earlier, these genes are highly 
expressed in the same neurons that express kisspeptin, 
further emphasizing the role of kisspeptin in the regula-
tion of pubertal timing.

Kallmann Syndrome

HH associated with abnormal sense of smell (anosmia/
hyposmia) is referred to as Kallmann syndrome. As with 
cases of HH and normal olfaction, other nonreproductive 
clinical features can be seen in individuals with KS, includ-
ing ichthyosis, choanal atresia, horseshoe kidneys, and 
mirror movements of the hands (synkinesia).67 Several 
genes critical to HPG axis function and olfactory develop-
ment have been identified through investigation of  
Kallmann syndrome. In particular, mutations in Kallmann 



17  Puberty and Its Disorders in the Male 703

syndrome 1 (KAL-1)82,83 and fibroblast growth factor 
receptor 1 (FGFR1)84 have been implicated in the X-linked 
and autosomal dominant forms of the disease, respectively, 
and appear to account for approximately 20% of patients 
with KS.85 Mutations in the prokineticin receptor-2 gene 
(PROKR2), a G protein–coupled receptor, and in its ligand 
prokineticin-2 (PROK2) have also been identified in 
patients with KS,85 demonstrating that prokineticin signal-
ing is important for olfactory and HPG axis development. 
One of the patients in this initial series was heterozygous 
for both a PROKR2 mutation and a KAL1 mutation, sug-
gesting a possible digenic mode of inheritance.85 Finally, 
mutations in the nasal embryonic luteinizing hormone 
releasing hormone factor (NELF), which plays a role in 
migration of GnRH neurons and olfactory axon out-
growth,86 have also been implicated in the pathogenesis 
of KS.87 A heterozygous deletion in NELF was initially 
reported as a component, along with FGFR1, of digenic 
KS,88 but it has recently been reported that NELF 
can lead to HH or KS via monogenic as well as digenic 
inheritance.89

The distinction among the different abnormalities of 
pubertal development is not always clear cut. For exam-
ple, a comprehensive study of PROK2 and PROKR2 
in HH and KS patients found mutations in both genes 
distributed in both groups of patients.90 Mutations in the 
FGF8 gene, which encodes a ligand for FGFR1, have 
been observed in HH patients accompanied by variable 
olfactory phenotypes.91 Mutations in CHD7, a gene re-
sponsible for CHARGE syndrome, which shares some 
developmental features with KS, have been identified in 
patients with both normosmic HH and KS.92,93 More 
recently, mutations in FGFR1, FGF8, and PROKR2 have 
been identified among subjects with combined pituitary 
hormone deficiency (CPHD) and septo-optic dysplasia 
(SOD), indicating that in some cases HH and CPHD/
SOD can share genetic etiologies.94,95 The distinction 
between HH and constitutional delay of growth and pu-
berty (CDGP) is also not always clear. Variation in 
FGFR1 does not appear to be a major cause of CDGP,81 
although loss-of-function mutations in FGFR1 can cause 
delayed puberty in members of HH pedigrees.96,97 
Instances of reversible HH have also been reported,98 
raising the possibility that some cases of HH may repre-
sent severe versions of CDGP, further blurring the  
distinction between HH and CDGP.

Other Genes Associated with HH

Leptin appears to act as a permissive factor in pubertal 
maturation.34 HH (accompanied by obesity) can result 
from defects in the leptin (LEP) or the leptin receptor 
(LEPR) genes, highlighting the importance of nutrition 
in modulating the HPG axis. The neuronal targets for 
leptin’s action are incompletely explained because leptin 
receptors are not expressed by GnRH neurons, suggest-
ing that the site of leptin action may be upstream of the 
GnRH neurons. However, association studies have found 
no substantial association between common polymor-
phisms in LEP and LEPR and constitutional delay of 
growth and puberty (CDGP) or age at menarche in the 
general population.81,99

Mutations in several pituitary transcription factors, in-
cluding HESX-1, LHX3, and PROP1, can lead to com-
binedpituitary hormone deficiencies that include HH as a 
phenotype. The gene for prohormone convertase-1 (PC-1) 
has been associated with obesity and HH, possibly as a re-
sult of defective processing of neuropeptides or prohor-
mones that are components of GnRH secretion.66,100 Other 
causes of HH include mutations in genes that are critical to 
HPG development. This category includes the genes for 
the orphan nuclear receptors DAX1 (dosage-sensitive sex 
reversal adrenal hypoplasia critical [DSS-AHC] region on 
the X chromosome, gene 1) and steroidogenic factor-1 
(NR5A1).

Genetic Variation in Normal Puberty
Observations regarding the greater concordance in age 
at pubertal development in monozygotic twins and cor-
relation at age of menarche in mothers and daughters 
emphasized the role of genetic influences in the timing 
of normal pubertal development.101 Approaches uti-
lized to identify specific genetic factors include candi-
date genes studies and genome-wide association (GWA) 
studies.

Candidate Gene-Based Studies

A commonly used approach for identifying the variants 
that affect complex traits, such as the timing of puberty, 
in the general population has been candidate gene-based 
association and sequencing studies.

In an association study that tested for associations 
between common variants in 10 HH-related genes 
(GNRH1, GNRHR, KISS1R/GPR54, KISS1, LEP, LEPR, 
FGFR1, KAL1, PROK2, and PROKR2) and age at 
menarche, only nominally significant associations be-
tween SNPs in several of the genes and age at menarche 
were identified, indicating that genetic variation in these 
10 genes does not appear to be a substantial modulator of 
pubertal timing in the general population.81

Other work has also shown no evidence for sub-
stantial association between SNPs in GNRH1 and 
GNRHR80 or LEP and LEPR99 and alterations in puber-
tal timing. In a direct sequencing study (which assessed 
variation in FGFR1, GNRHR, TAC3, and TACR3 in 146 
Finnish subjects), variants in the coding regions of 
these genes were not identified as likely causes of con-
stitutional delay of growth and puberty in the general 
population.102

Genome-Wide Association (GWA) Studies

In large-scale GWA studies, the age of menarche has 
been the most commonly used marker of the timing of 
puberty. These studies provide important information 
regarding genes and pathways that regulate the timing of 
puberty, but it is unlikely that there is complete overlap 
among factors that regulate the timing of puberty in 
males and females. For the most part, further study is still 
needed in boys and men.

Common variants in LIN28B were associated 
with age at menarche in four independent GWA  
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studies and one meta-analysis.103-107 LIN28B is a human 
homologue of lin-28, which in C. elegans controls the 
rate of progression from larval stages to adult cuticle 
formation, indicating conservation of specific micro-
RNA regulatory mechanisms involved in developmen-
tal timing.104 These GWA studies involved between 
17,000 and 25,000 individuals, all of European descent. 
In each case, age at menarche (AAM) was analyzed, but 
in one study107 additional phenotypes (breast develop-
ment in girls, voice breaking and pubic hair develop-
ment in boys, and tempo of height growth in both boys 
and girls) were found to associate with variants in 
LIN28B, suggesting that control of pubertal timing in 
boys and girls shares some common elements. One 
study found that the signal at LIN28B could be split 
into two haplotypes, suggesting that either multiple 
variants may associate with AAM at this locus or that a 
SNP that has not yet been tested for association may 
represent the true association signal.106 Effect sizes 
were estimated at approximately 1.2 months earlier per 
effect allele for LIN28B.105,107 A second menarche locus 
was identified in two of the four studies at 9q31.2.103,105 
The biology behind the locus at 9q31.2 remains un-
known, but its effect size is similar to the locus in/near 
LIN28B.105 The associated SNPs lie in an intergenic 
region with no obvious candidate genes nearby. The 
closest gene is TMEM38B, a transmembrane protein 
gene, which lies approximately 400 kb away from the 
signal at 9q31.2.105 Although these studies were ground 
breaking, the LIN28B and 9q31.2 loci together explain 
only 0.6% of the variance in age at menarche.103

The genetic contribution to the variation in age at 
menarche was further investigated by a meta-analysis 
of 32 genome-wide association studies including 
87,000 women.104 Thirty new AAM-associated loci 
were identified, but pubertal timing among males was 
not assessed. Despite the large size of the meta-analysis, 
these loci explained only 3.6% to 6.1% of the variance 
in the age at menarche.104 It is important to note that 
the small effect size does not negate the importance  
of the discovery. Findings from GWA studies have 
highlighted biologic pathways involved in a variety of 
phenotypes, both through “rediscovery” of genes 
known to be important and through identification of 
previously unsuspected pathways.108 This principle 
also holds true for pubertal timing, with much new 
biology to explore as the mechanisms through which 
these newly identified genes modulate pubertal timing 
are investigated and as future studies determine 
whether the same genes regulate pubertal timing in 
boys and in girls.

GWA studies are designed to assess the contribu-
tion of common genetic variants to a particular phe-
notype. However, it is likely that other forms of  
inheritance also underlie CDGP, including rarer vari-
ants (frequency , 5% in the general population) with 
large or even small phenotypic effects; combinations 
of variants within a single gene or multiple genes 
(oligogenicity); structural variation, such as copy 
number variants; and epigenetics. Indeed, some of 
these mechanisms have been identified as causes of 
hypothalamic amenorrhea.109

External Factors and Secular Trends 
in the Timing of Puberty
Although these genetic advances are exciting, genetic 
factors cannot explain the reported secular changes in 
pubertal timing (discussed later) that have occurred since 
the late 20th century. Clearly, changes in lifestyle or  
environmental factors must be involved, likely as inde-
pendent regulators but also as factors that mediate effects 
through gene by environment (G X E) interactions.  
Variables such as increased adiposity, insulin resistance, 
physical inactivity, psychological factors, and changed 
dietary habits have all been implicated as possible media-
tors of the observed change in pubertal timing.52,110,111

The mean age of menarche in mid-19th century Europe 
was likely between 17 and 18 years.52 Starting from 
the late 19th century to the mid-20th century, a gradual 
decline in age at puberty has been reported, more con-
vincingly in girls than in boys,52,112 after which this trend 
may have slowed. The change in the timing in puberty 
has likely been the result of better hygiene and nutrition 
as well as increased stability in socioeconomic conditions.

The extent to which age at puberty has declined in 
males is controversial. In the mid-1990s, data from the 
Third National Health and Nutrition Examination  
Survey (NHANES III), where genital ratings were per-
formed by visual inspection, reported earlier age at pu-
berty in both boys and girls113-116 than what previously 
had been reported from the United States.44,115,117 Using 
the traditional cutoff of 9 years, these data suggest that an 
increased number of boys would be classified as having 
precocious puberty. However, due to lack of data on pu-
bertal onset in the previous population-based study 
(Third National Health Examination Survey [NHES 
III]),44 some controversy remained as how to interpret 
the NHANES III findings.113,114,116 Furthermore, ques-
tions have been raised regarding the criteria used for 
genital staging in NHANES III.118 A subsequent secular 
trend analysis between NHES III (which lacked data 
from the early pubertal stages) and NHANES III did  
not find clear evidence supporting earlier age at puberty, 
although some indications were present in non-Hispanic 
white boys.115 These data were also reviewed by an expert 
panel, which concluded that the available data are insuf-
ficient in quality and quantity to confirm a change in 
pubertal timing in U.S. boys.112 Conversely, at the same 
time in Europe, in comparison with NHANES III stud-
ies, some data were reported suggesting older ages at 
pubertal onset in boys.41,119-121 Only a few European 
studies contained data to assess secular trend in the tim-
ing of puberty in Europe, and those do not support a 
substantial enough change in the age at pubertal onset in 
boys from the mid-1960s to the late 1990s to warrant a 
change in the age definitions for precocious and delayed 
puberty.43,120

Effect of BMI on Pubertal Timing
Among white American children aged 6 to 11 years, rates 
of obesity have increased from approximately 5% be-
tween 1963 and 1965 to 12% in 1999–2000.122 The pos-
sibility that the increasing rates of obesity contributed to 
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the secular trend toward early puberty onset was origi-
nally highlighted in 1997.123 However, despite strong 
evidence in support of a link between increased adiposity 
and early onset of pubertal markers in girls,124,124 data in 
boys have remained somewhat ambiguous, with increased 
body mass index (BMI) being associated in general with 
earlier puberty but with obesity being associated with 
delayed puberty in some cases.125,126

Several population studies regarding pubertal timing 
and BMI have been conducted in boys. A retrospective 
study of 1520 men with serial height and weight mea-
surements between the ages of 9 and 18 years reported 
that boys with high childhood BMI tended to have an 
earlier puberty, whereas boys with a later puberty tended 
to be taller and were less obese as adults than those  
who had experienced an earlier puberty.127 Similarly, 
high BMI gain during childhood has been related to an 
earlier onset of puberty and reduced height gain during 
adolescence.128

In a study of 463 Danish choir boys, a significant 
downward trend in age at voice break was found over a 
10-year period (from 14 years to 13.7 years).129 Age at 
voice break was significantly different between boys in 
the different prepubertal BMI quartiles, and a trend to-
ward earlier voice break was associated with increasing 
BMI SDS. Boys in the heaviest quartile at 8 years of age 
had an increased likelihood of earlier voice break com-
pared with those in the thinnest quartile, suggesting a 
relationship between prepubertal BMI and the timing of 
puberty in boys.129

Another Danish study included an evaluation of secu-
lar trends in pubertal onset over a 15-year period and 
their relationship to BMI in boys.121 In a total of 1528 
boys, onset of puberty, defined as age at attainment of a 
testicular volume . 3 mL, occurred 3 months earlier in 
2006–2008 than in 1991–1993. Significantly higher levels 
of luteinizing hormone but not testosterone were found 
in boys between 11 and 16 years of age in 2006–2008 
compared with boys of the same age in 1991–1993. BMI 
SD scores increased significantly from 1991–1993 to 
2006–2008 as well. Interestingly, pubertal onset and lev-
els of luteinizing hormone were no longer significantly 
different between study periods after adjustment for 
BMI. In this study, the estimated mean age at onset of 
puberty had, therefore, declined during the 15-year in-
terval, and this decline was associated at least partly with 
an increase in BMI.121

In a study from Jamaica, the effects of birth size, 
growth rates throughout childhood, and body composi-
tion on the timing of onset of puberty were assessed in 
both boys and girls.130 Fast weight gain from age 0 to 
6 months and during childhood, but not large birth size, 
was associated with advanced puberty in both sexes. In 
addition, elevated fat mass at 8 years of age was associated 
with advanced puberty in both sexes. These data support 
the hypothesis that fast growth throughout childhood, 
especially with fat-mass accretion, is associated with  
advanced pubertal development.130,131

In a study from Germany, body weight, height, peak 
height velocity, and pubertal stages were evaluated in 
1421 peripubertal children.132 In contrast to the findings 
from other studies, the researchers found no significant 

differences in mean pubic hair stage in girls and boys 
with obesity when compared with either lean or normal-
weight children and, when analysis was restricted to 
children at pubic hair stage 2, age at this stage was found 
not to differ significantly between normal-weight and 
obese individuals. In boys, testicular volume at a given 
age was also similar across all weight groups.133

In summary, research to date highlights inconsisten-
cies in how obesity has been found to affect pubertal 
timing in boys and emphasizes the need for future re-
search in this area.

Effect of Endocrine Disrupting 
Chemicals
Some evidence supports associations between human 
pubertal timing and exposure to environmental modi-
fiers, although much of the data relate to girls. Earlier 
menarche and pubarche have been associated with ex-
posure to polybrominated biphenyls (PBB) and dichlo-
rodiphenyl dichloroethene (DDT), whereas delayed 
breast and pubic hair development as well as delayed 
menarche have been associated with lead exposure.134,135 
In addition, elevated serum levels of a mycotoxin 
(zearalenone) have been reported in girls with preco-
cious puberty,136 and phthalate exposure has been as-
sociated with changes in pubertal timing. A study in 
Denmark demonstrated that delayed pubarche, but not 
thelarche, was associated with high phthalate excretion 
in urine samples from healthy school girls, which may 
suggest antiandrogenic actions of phthalates.137 Greater 
exposure to pesticides has been reported in boys with 
cryptorchidism or hypospadias.138

The extent to which these effects are associations 
versus cause-and-effect relationships is unknown as is 
full understanding of underlying mechanisms. To what 
extent any effects are shared versus different in girls 
compared to boys is also not known. Finally, what effects 
these exposures have in the general population as op-
posed to isolated examples of associated abnormalities  
is not clear. Certainly more research is this area is 
needed.139,140

PRECOCIOUS PUBERTY

Traditionally, the onset of secondary sexual characteris-
tics in a boy prior to age 9 years has been defined as 
precocious, whereas lack of testicular enlargement by age 
14 years has been classified as delayed puberty. In clinical 
settings boys present less often with precocious puberty 
than with delayed puberty, which is discussed more  
extensively later in the chapter.

GnRH-Dependent Forms of Precocious 
Puberty
The most common form of precocious puberty is the 
activation of pulsatile GnRH secretion 2 to 2.5 SDs ear-
lier than average, recognizing that the normal limits for 
the onset of puberty can vary by geographic area and  
by ethnicity. This form of precocious puberty is called  
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central or gonadotropin-dependent precocious puberty, 
and it represents true pubertal development. Central 
precocious puberty (CPP) may result from hypothalamic 
tumors or central nervous system (CNS) lesions (neuro-
genic CPP) but in most cases remains unexplained (idio-
pathic CPP) (Table 17-1).141,142

Hypothalamic hamartomas are an example of a cause 
of neurogenic CPP. The hamartomas are congenital mal-
formations characterized by heterotropic gray matter, 
neurons, and glial cells, and they are generally located on 
the floor of the third ventricle or attached to the tuber 
cinereum. On MR imaging, hamartomas exhibit an 
isodense fullness. Histologic examination has shown  
immunoreactivity for GnRH and for astroglial factors 
such as TGFa. Postulated potential mechanisms include 
increased GnRH secretion from neurons emancipated 
from suppression or that TGFa stimulates GnRH secre-
tion from GnRH neurons. Most hypothalamic hamarto-
mas are sporadic, but they may occur in association with 
Pallister-Hall syndrome, which is due to mutations in the 
GLI3 gene. Optic gliomas, which can be associated with 
NF1, can also cause GnRH-dependent precocious pu-
berty.143 Other etiologies of neurogenic CPP include 
pineal tumors, suprasellar cysts, previous head trauma, 
CNS radiation, and static encephalopathy.144

Loss-of-function mutations of the makorin RING-
finger protein 3 (MKRN3) located at chromosome 
15q11-q13 have been associated with GnRH-dependent 
precocious puberty. All clinically affected individuals in-
herited the mutated allele from their fathers, which can 
be explained because this gene is imprinted and expressed 
only by the paternal allele. Curiously, almost half of these 
patients were boys; this differs from the typical female 
predominance of GnRH-dependent precocious puberty. 
The finding of MKRN3 as a cause of CPP is also inter-
esting because it calls attention to the importance of  

inhibitory factors in the regulation of pubertal timing 
(see Figure 17-1) because loss of function of this gene 
(and loss of a presumed inhibitory role) leads to CPP.69

GnRH-Independent Forms of Precocious 
Puberty
Precocious development of secondary sexual characteris-
tics may also be caused by mechanisms that do not in-
volve activation of pulsatile GnRH secretion. These 
forms of precocity are called gonadotropin-independent 
or peripheral precocity and include gonadal and adrenal 
tumors, tumors producing human chorionic gonadotro-
pin, mutations activating the gonadotropic pathway,  
and exposure to exogenous sex steroids (see Table 17-1). 
Familial male-limited precocious puberty (FMPP, OMIM 
ID: 176410), also known as testotoxicosis, is a rare 
dominant form of gonadotropin independent precocity 
caused by constitutively activating mutations of the hu-
man LH choriogonadotropin receptor (LHCGR).145 This 
disorder usually presents by age 1 to 4 years with physical 
signs of puberty, rapid virilization, growth acceleration, 
skeletal (bone age) advancement, and elevated testoster-
one levels despite prepubertal levels of LH.146,147 
McCune-Albright syndrome (MAS, OMIM ID: 174800) 
is another rare cause of male sexual precocity of genetic 
origin. It is caused by a postzygotic somatic activating 
mutation of the GNAS1 gene. The mosaic constitutive 
activation of the GSa protein signaling leads to autono-
mous cell proliferation and scattered hyperfunction in 
endocrine organs with a wide phenotypic spectrum.148,149 
The classical features include the clinical triad of bone 
fibrous dysplasia (BFD), café-au-lait skin spots, and pre-
cocious development of secondary sexual characteristics. 
In addition, excessive pituitary function (such as hyper-
thyroidism due to activation of thyroid-stimulating  

Central (GnRH Dependent) Peripheral (GnRH Independent)

Idiopathic Congenital adrenal hyperplasia
Central nervous system tumors McCune-Albright syndrome
—Hamartomas Testosterone producing tumors
—Astrocytomas —Adrenal carcinoma or adenoma
—Adenomas —Leydig cell tumor
—Gliomas Gonadotropin/hCG producing tumors
—Germinomas —Choriocarcinoma
Central nervous system infection —Dysgerminoma
Head trauma —Hepatoblastoma
Iatrogenic —Chorioepithelioma
—Low-dose CNS radiation —Teratoma
—Chemotherapy —Gonadoblastoma
—Surgical Exogenous exposure to androgen
Malformations of central nervous system Familial male limited precocious puberty
—Arachnoid or suprasellar cysts Hypothyroidism (Van Wyk–Grumbach syndrome)
—Hydrocephalus

TABLE 17-1 Common Etiologies of Sexual Precocity in Boys

Modified from Nathan BM, Palmert MR (2005). Regulation and disorders of pubertal timing. Endocrinol 
Metab Clin North Am 34:617-641, ix.

http://www.omim.org/entry/176410
http://www.omim.org/entry/174800
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hormone [TSH] secretion and hypercortisolism due to 
constitutive activation of ACTH secretion), kidney phos-
phate wasting, cholestasis, and hypertrophic heart disease 
can be present.148,150 For reasons that are not clear, MAS 
leads to sexual precocity more often in girls than in boys.

In 1960, Van Wyk and Grumbach first described a 
syndrome characterized by breast development, uterine 
bleeding, and multicystic ovaries in the presence of long-
standing primary hypothyroidism.151 A unique diagnostic 
feature of the Van Wyk–Grumbach syndrome is the 
combination of delayed bone age with apparent sexual 
precocity. Boys with this syndrome have macroorchidism 
without significant virilization. Testicular histology shows 
enlargement of the seminiferous tubules without an in-
crease in Leydig cell number.152,153 Typically, GnRH 
stimulation shows a prepubertal response with suppressed 
LH confirming gonadotropin-releasing hormone 
(GnRH)-independent precocious puberty. Most cases 
appear to originate from autoimmune thyroid disease, 
but there are some case reports where the syndrome is 
secondary to unrecognized congenital hypothyroidism.154 
The pathophysiology of Van Wyk–Grumbach syndrome 
involves a complex mechanism, which is, at least in part, 
mediated by the direct action of TSH on FSH receptors. 
Recombinant human TSH (Rec-hTSH) elicits a dose-
dependent cAMP response in cells expressing the human 
FSH-receptor in vitro; however, the concentration of 
rec-hTSH required for half-maximal stimulation was 
several logs greater than that of hFSH.152 Early recogni-
tion and initiation of thyroid hormone replacement can 
lead not only to resolution of symptoms and improve-
ment in adult height but also to avoidance of further  
diagnostic procedures, fear of malignancy, and unneces-
sary surgery.

Another cause of GnRH-independent precocious  
puberty includes the virilizing forms of congenital adre-
nal hyperplasia (CAH). These are autosomal recessive 
disorders that present with premature pubic hair devel-
opment, axillary hair development, accelerated linear 
growth, and phallic enlargement in the absence of  
testicular enlargement. The most common form is 
21-hydroxylase deficiency due to loss-of-function muta-
tions in CYP21A2. Mutations in 11b-hydroxylase 
(CYP11B1) and 3b-hydroxysteroid dehydrogenase type 2 
(HSD3B2) account for 5% to 10% of cases. Long-term 
exposure to androgens in this condition can activate  
central precocious puberty even when the excessive  
androgen secretion from the adrenals is suppressed by 
appropriate cortisol and mineralocorticoid replacement.

Androgen secreting tumors are rare causes of GnRH-
independent precocious puberty in boys. Leydig cell tu-
mors secrete testosterone. Because these tumors are 
usually unilateral, testicular volume may be asymmetric. 
The majority of Leydig cell tumors are benign. Ultra-
sound may be useful because the tumor may be too small 
to palpate. Mutations in the LHCGR gene have been 
identified in some adenomas.155 In boys, tumors secreting 
hCG stimulate testicular testosterone secretion. These 
tumors are generally hepatic in origin. Virilization is a 
common presentation for adrenal tumors in children.

The classification of precocious puberty is not always 
clear. As noted earlier, treatment of peripheral forms of 

sexual precocity, such as CAH or testicular or adrenal 
tumors, can lead to true central precocious puberty 
through subsequent activation of pulsatile GnRH secre-
tion. In addition, in some cases of precocious pubertal 
development among girls, pubertal manifestations will 
regress or stop progressing, making treatment unneces-
sary; such cases are not as commonly seen in boys.156,157 
The mechanisms responsible for these nonprogressive 
forms of precocious puberty are not known. There is 
evidence that in some cases the HPG axis is intermit-
tently but not fully activated.157,158 Another form of early 
development of secondary sexual characteristics occurs 
when the hypothalamic-pituitary-adrenal (HPA) axis  
matures 1 to 2 years before the HPG axis, causing  
premature adrenarche. Premature adrenarche, more 
common among girls, is not associated with progressive 
pubertal development and is manifested by pubic and 
axillary hair with modest elevation of DHEA-S, but 
without substantial advancement in bone age and hence 
does not require treatment.

In cases of progressive central or peripheral precocity, 
the concerns include short adult stature due to early 
epiphyseal fusion and adverse psychosocial outcomes.141,159 
Several studies have assessed adult height in subjects with 
a history of precocious puberty. Mean heights range from 
151 to 156 cm in boys and from 150 to 154 cm in girls in 
older patient series, which corresponds to a loss of more 
than 20 cm in boys and 12 cm in girls from predicted 
adult height.160 Height loss due to precocious puberty is 
inversely correlated with the age at the onset of puberty, 
and treated patients today tend to have a later onset  
of puberty than did patients in historical series.160 It is 
important to assess carefully the growth rate and skeletal 
maturation of individuals with central precocious pu-
berty due to CNS lesions (e.g., tumors, cerebral malfor-
mations or injury from trauma or radiation) because 
these lesions may be associated with concomitant growth 
hormone (GH) deficiency, which can be masked by  
sex steroid–driven adequate growth rates. In such cases, 
undiagnosed and untreated GH deficiency may result in 
severely compromised adult height.

Although available data derive mostly from study of 
girls with early puberty, it has been suggested that a 
higher proportion of early-maturing adolescents engage 
in exploratory risky behaviors (sexual intercourse and  
legal and illegal substance use) at an earlier age than ado-
lescents maturing within the normal age range or 
later.161,162 However, available data regarding potential 
adverse psychosocial outcomes specific to patients with 
precocious puberty are limited, as it is not clear that data 
obtained from individuals with maturation at the early 
end of the normal spectrum are fully applicable to preco-
cious puberty.

Pathologic entities leading to sexual precocity warrant 
treatment, but whether and at what ages one should initi-
ate treatment for idiopathic central precocious puberty is 
less certain. Currently, robust data regarding the short-
term and long-term psychosocial sequelae of CPP and 
data regarding whether treating CPP with gonadotropin 
releasing hormone analogues (GnRHa) alter these  
outcomes are lacking.163 Thus, one needs to be cautious 
when using psychosocial outcomes as a rationale for 
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pharmacologic intervention to halt pubertal progression, 
especially among boys with the onset of puberty close to 
the normal range.

Evaluation of the Boy with Precocious 
Development of Secondary Sexual 
Characteristics
Boys with sexual precocity require careful evaluation be-
cause many have underlying disorders.141 Those with 
premature pubarche (early development of pubic hair or 
body odor) need to be assessed for peripheral causes of 
precocity before determining that the premature pubarche 
stems simply from premature adrenarche. Premature  
adrenarche may be distinguished from true precocity over 
time by lack of progression. Conversely, progressive pre-
cocity is marked by significant bone age advancement  
(. 2 SD for age), a history of growth acceleration, and a 
progression of secondary sexual characteristics on physical 
examination.

The evaluation of a boy with sexual precocity is out-
lined in Box 17-1. Considerations include first verifying 
that the pubertal development is occurring outside the 
range of normal development prior to initiating an evalu-
ation. It is also important to note that all tests are not 
appropriate in each case and that the diagnostic yield of 
each test is not known. Hence, it is important to allow 
history and physical examination to guide the evaluation. 
The child with bilateral enlarged testicles, for example, is 
most likely to have central precocious puberty, with FSH 
having led to the expansion of seminiferous tubule vol-
ume (although cases of hypothyroidism can also present 
with bilateral testicular enlargement). Conversely, the 
child with bilateral prepubertal sized testicles is more 
likely to have peripheral precocity, whereas the child with 
unilateral testicular enlargement may well have a testicu-
lar tumor. Testing should be directed accordingly.

Peripheral causes of sexual precocity are character-
ized by suppressed LH and FSH values in the setting of 
elevated sex steroid levels. Testosterone levels will be 
elevated in instances of isosexual precocity (secondary 
sexual characteristics consistent with male gender), 
whereas estradiol levels may be elevated in the rare 
instances of contrasexual precocity (secondary sexual 
characteristics inconsistent with gender, such as marked 
breast development as the presenting sign in a boy). 
Determining the underlying mechanism for progressive 
peripheral precocity is important because all instances 
will result from pathologic conditions or exogenous 
exposures.164 Levels of androgens that are elevated 
beyond the range expected for the pubertal stage  
suggest an adrenal or testicular cause of the precocity. 
DHEA-S is often used as a screen for adrenal tumors  
or adrenal pathology. Determination of the 17- 
hydroxyprogesterone concentration is used to screen 
for congenital adrenal hyperplasia due to 21-OH defi-
ciency. Congenital adrenal hyperplasia and hormone 
secreting tumors of the adrenal are discussed in detail 
in Chapter 13.

Historically, the gold standard for the diagnosis of 
central precocious puberty was GnRH stimulation 
testing and the demonstration of pubertal gonadotropin 
responses. However, with the advent of ultrasensitive 
gonadotropin assays,165 the recognition that these as-
says can identify individuals with CPP using unstimu-
lated random samples,166 and the unavailability of 
GnRH for testing has led some to forego stimulation 
testing. GnRH agonists can be used as an alternative 
to GnRH for stimulation testing, but again the diag-
nosis can often be made through the combination of 
clinical features and a baseline LH value in the puber-
tal range. Although determining the diagnostic cutoff 
for the basal LH level is difficult because of a lack of 
normative data and variability among assays, a value  
of $ 0.3 IU/L using an ultrasensitive assay with a 
detection limit near 0.1 IU/L is commonly cited.163 
If stimulation testing is done, a diagnostic cutoff of  
5 IU/L for peak value has been suggested. LH values 
are more useful than FSH values in the diagnostic 
evaluation of precocious puberty, but stimulated LH/
FSH values can help to identify patients with slowly 
progressive precocious puberty because these children 
tend to have FSH predominant responses.157,167 
Whether due to referral bias or to differences in  
underlying physiology, idiopathic central precocious 
puberty is a more common cause of precocious pu-
berty among girls than among boys in endocrinology 
clinics.168,169 Hence, all boys with CPP should have 
brain magnetic resonance imaging (MRI) to exclude 
underlying pathology.163

In summary, it is important for physicians evaluating 
patients with suspected precocious puberty to address 
these questions: Is pubertal development occurring  
outside the normal range of development? What is the 
underlying mechanism, and is that mechanism associ-
ated with a risk of a serious condition, such as an intra-
cranial lesion? Is the pubertal development likely to 
progress, and may this impair the child’s normal physical 
and psychosocial development?

BOX 17-1 Outline of the Evaluation of Sexual 
Precocity in Boys

COmmON INITIal SCrEENINg TESTS

• Careful history, physical exam, and assessment of 
growth velocity

• Bone age
• LH, FSH
• Testosterone (and in some cases estradiol)
• DHEA-S
• 17-hydroxyprogesterone
• TSH, T4

SECONdary TESTS TO CONSIdEr

• Testicular or abdominal ultrasound
• MRI of pituitary and brain
• GnRH agonist stimulation test
• ACTH stimulation test

Modified from Nathan, B. M., & Palmert, M. R. (2005). Regulation and 
disorders of pubertal timing. Endocrinol Metab Clin North Am, 34, 
617–641, ix.
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Treatment of the Child with Precocious 
Puberty
Unless underlying pathology that requires intervention is 
present, whether the precocious pubertal development is 
likely to impair the boy’s normal physical or psychosocial 
development is often the feature that determines if treat-
ment is needed.

Central Precocious Puberty

A prerequisite for the consideration of therapy for CPP 
is the presence of documented, progressive pubertal 
development over a 3- to 6-month period, although this 
period of observation may not be necessary if the child 
is at or beyond Tanner stage 3 genital development. 
Documentation of progressive development is impor-
tant because nonprogressive forms of precocious  
puberty do not require intervention.163 Because epiphy-
seal fusion is an estrogen-dependent process, early and 
progressive production of sex steroids can cause rapid 
advancement of skeletal maturation and result in com-
promised adult height. Thus, preservation of adult  
stature is one of the main reasons to consider treatment 
of CPP with GnRH agonists, which down-regulate the 
pituitary-gonadal axis and limit pubertal progression. 
Although the data derive primarily from studies among 
girls, it appears that the risk of short stature is most 
pronounced in those children with earlier onset of 
symptoms and more shortened prepubertal growth pe-
riods.170 Other factors, such as advanced bone age, may 
also contribute to poorer height outcomes.170 In girls, 
available data suggest that the greatest height gain 
(preservation) occurs with onset of puberty prior to  
6 years of age, with more moderate benefit being seen 
with onset between 6 and 8 years.163 However, insuffi-
cient data exist to draw similar conclusions regarding 
age of onset and height outcomes among boys171,172; 
consequently, a consensus conference recommended 
considering initiation of GnRHa therapy for all boys 
with onset of CPP before age 9 years who have compro-
mised height potential.163

The second main reason to consider therapy in CPP is 
to mitigate potential psychosocial effects of precocious 
puberty. However, as noted earlier, additional studies  
are needed to determine the effects of precocious puberty 
on quality of life and psychosocial functioning and to 
evaluate whether treatment with GnRHa therapies affects 
these outcomes. Thus, the consensus conference con-
cluded that the use of GnRHa therapies solely to influ-
ence psychosocial consequences of precocious puberty 
needs to be considered carefully given the absence of con-
vincing data.163 These cautions are even more pertinent 
for boys because data regarding males are even more 
scarce.

Various formulations (intramuscular, subcutaneous, 
and intranasal) of short (daily) and long-acting GnRH 
agonists are available. The depot formulations are pre-
ferred, as they are easier for patients and families to ad-
minister regularly over a long treatment period. The ini-
tial depot medications were 1-month formulations, which 
have been shown to be well tolerated and effective.173,174 

Subsequently, 3-month depot formulations were devel-
oped,163,175,176 and a 1-year depot formulation (histrelin-
acetate) has also become available.177-179 Which GnRHa 
to use depends on patient and provider preference, local 
regulatory approvals, and reimbursement systems.163

GnRH agonists are generally well tolerated. Occa-
sionally, an initial, temporary flare of GnRH activity can 
occur and result in transient advancement of secondary 
sexual characteristics. Local reactions to the injection can 
occur in 10% to 15% of patients. If these reactions are 
persistent, a change in agent should be considered to try 
to prevent the development of sterile abscesses. Other 
considerations include long-term effects of GnRH ago-
nists on bone mineral density and reproductive function. 
These outcomes have largely been studied among girls, 
but the available data are reassuring.163 Whether GnRHa 
use is associated with increased obesity is less clear, and 
data among boys with CPP are sparse. However, in girls 
most studies are reassuring and indicate that this concern 
is not great enough to argue against use of GnRHa in 
cases of true central precocious puberty, especially be-
cause risk factors for obesity may be associated with CPP 
itself and not necessarily the use of GnRHa.163

Monitoring of GnRH agonist therapy should consist 
of assessment of Tanner stage and growth velocity every 
3 to 6 months, with periodic assessment of skeletal matu-
ration. Progression of pubertal development or of rapid 
skeletal maturation indicates a lack of efficacy, poor  
adherence, or a misdiagnosis. Such patients warrant  
reevaluation, including measurement of baseline or stim-
ulated LH levels; conversely, the routine measurement of 
gonadotropins to monitor suppression during GnRHa 
treatment is controversial.142,163 The optimal time to dis-
continue GnRH agonist therapy is unclear and difficult 
to determine because of variability in chronologic age, 
bone age, and degree and duration of secondary sexual 
characteristics prior to initiation of therapy. Data among 
boys are limited, but examination of clinical characteris-
tics at the discontinuation of therapy—such as treatment 
duration, height, growth velocity, bone age, and chrono-
logic age—has failed to identify clear predictors of adult 
height among girls. Thus, it seems reasonable to time 
discontinuation based on patient and family preference, 
often with the intent of having pubertal development 
resume in parallel with the patient’s peers.163

Peripheral Precocity

In the past, treatment of GnRH independent causes of 
sexual precocity such as McCune Albright syndrome or 
familial male limited precocious puberty included using 
inhibitors of steroidogenesis (ketoconazole), weak antian-
drogen agents (spironolactone), and, subsequently, first-
generation aromatase inhibitors (AIs) (testolactone).180-184 
Although these therapies are to some extent effective in 
slowing growth velocity and reducing virilization,185-188 
the risk of hepatotoxicity and adrenal insufficiency with 
ketoconazole as well as the requirement of multiple daily 
dosing are obstacles to achieving a favorable therapeutic 
outcome.189 Short-term combination therapy with a 
potent antiandrogen agent, bicalutamide, and third- 
generation AIs, anastrozole and letrozole, has also  
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suggested efficacy in reducing growth rate and viriliza-
tion and improving predicted adult height.190-193 
This combination therapy provides a more convenient 
once-daily dosing regimen, although the therapy is 
more expensive than previous treatments. However, 
further controlled clinical trials using modern antian-
drogens in combination with aromatase inhibitors  
are needed, including the evaluation of the long-term 
effects of such therapy on adult height, fertility, meta-
bolic parameters, cognitive functions,194 and bone 
health.195 Until long-term data are available from a 
larger sample of patients, this combination therapy 
should be used judiciously and cautiously.

DELAYED PUBERTY

The etiologies, evaluation, and treatment of delayed 
puberty have been reviewed by the authors.196 Delayed 
puberty is defined as the absence of testicular enlarge-
ment 2 to 2.5 standard deviations later than the popula-
tion mean (traditionally age 14 years in boys). As noted 
previously, because of the downward trend in pubertal 
timing in some but not all reports from the United  
States114,197,198 and other countries,121,199 some advocate 
for younger age cutoffs for the general population or 
perhaps for particular countries or ethnic groups. How-
ever, the secular change in the onset of puberty has not 
been seen in the late developing boys,121 and hence the 
need to readjust age definitions for delayed puberty in 
males may not be necessary. Unlike for sexual precocity, 
development of pubic hair is usually not considered in 
the definition of delayed puberty because pubarche may 
result from maturation of the adrenal glands (adre-
narche) and the onset of pubic hair can be independent 
of HPG axis activation.

Delayed puberty is often quite concerning to patients 
and families. It can affect psychosocial well-being and 
peer relationships, and these issues are common reasons 
for initiating therapy. However, as with precocious  
puberty, further studies are needed to assess fully the 
psychosocial distress experienced by individuals with 
delayed puberty, whether this distress has long-term 
sequelae, and what impact sex steroid supplementation 
has on these outcomes.196 Patients, families, and practi-
tioners are also often worried that delayed puberty  
may affect adult stature, and many patients present  
with relative familial short stature along with delayed 
puberty, which accentuates concerns about adult stat-
ure. Adult height can indeed be affected by delayed 
puberty, but on average it is only slightly below the  
genetic target.200 It remains unclear whether adult bone 
mass is adversely affected by pubertal delay201 and 
whether concerns related to bone health represent a 
medical reason to initiate therapy.

Etiologies of Delayed Puberty
The most common cause of delayed puberty in boys is 
constitutional delay of growth and puberty (CDGP), 
which refers to an extreme of the normal spectrum of 
pubertal timing. In one large series, approximately 65% 

of boys and 30% of girls with delayed puberty had 
CDGP202 (Figure 17-3). However, because the data de-
rive from a tertiary referral center, these percentages 
likely underestimate of the frequency of CDGP encoun-
tered by primary care providers.

Although CDGP represents the single most com-
mon cause of delayed puberty in boys, it is a diagnosis 
of exclusion, and potential pathologic causes of delay 
must be excluded. Other causes of delayed puberty can 
be divided into three main categories196,202 (Figure 17-3 
and Table 17-2): permanent hypogonadotropic hypo-
gonadism, which represents approximately 10% of 
cases among boys and is characterized by low LH and 
FSH levels due to hypothalamic or pituitary disorders; 
transient hypogonadotropic hypogonadism or func-
tional hypogonadotropic hypogonadism, which repre-
sents approximately 20% of cases and where pubertal 
delay is due to delayed maturation of the HPG axis 
secondary to underlying conditions; and hypergonado-
tropic hypogonadism, which represents approximately 
5% to 10% of cases and is characterized by elevated 
LH and FSH levels due to lack of negative feedback 
from the gonads.

CDGP
The etiology of CDGP is unknown. Suggested causes 
include increased total energy expenditure203 and in-
creased insulin sensitivity,204 but no definitive etiology 
has been identified. CDGP does have a strong genetic 
basis. Fifty percent to 80% of variation of the timing of 
puberty in humans is due to genetic factors,101 and 50% 
to 75% of individuals with CDGP have a family history 
of delayed puberty.205,206 The inheritance patterns ob-
served among pedigrees with CDGP are variable but 
most often consistent with an autosomal dominant pat-
tern, with or without complete penetrance. Inheritance 

FIGURE 17-3 n Distribution of diagnostic categories among males 
and females with delayed puberty. CD, Constitutional delay  
of growth and puberty; FHH, functional hypogonadotropic  
hypogonadism; Hypo H, permanent hypogonadotropic hypogo-
nadism; Hyper H, permanent hypergonadotropic hypogonadism. 
 (Reprinted with permission Sedlmeyer, I. L., & Palmert, M. R. [2002]. 
Delayed puberty: analysis of a large case series from an academic 
center. J Clin Endocrinol Metab, 87, 1613–1620.)
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of CDGP is not sex-specific and is characterized by 
family members having either relatively delayed devel-
opment (e.g., the average age at menarche among 
mothers of individuals with CDGP is 14.3 years com-
pared to a mean of 12.7 among controls19) or evidence 
of pubertal timing that would have met clinical criteria 
for delayed puberty. Review of growth records often 
shows that linear growth during the first few years of 
life decelerates followed by growth velocity tracking 
along the lower percentiles during childhood. Skeletal 
maturation is usually delayed.

As previously discussed, the investigation of Kall-
mann syndrome (KS) and isolated hypogonadotropic 
hypogonadism (IHH) has led to the identification of 
genes that play critical roles in development and regu-
lation of the HPG axis, but mutations in the genes 
identified to date do not cause CDGP, except in rare 
instances81,102; however, the genes causing 60% to 70% 
of cases of KS and IHH remain unknown.62 Loci have 
also been identified that are associated with the age of 
menarche in the general population,103-107 but these 
particular loci have likewise not yet been associated 
with CDGP.207 Further studies are needed to identify 
the genes that cause CDGP, and it is likely that identi-
fication of these genes will also elucidate factors  
that regulate the timing of puberty in the general 
population.

Hypogonadotropic Hypogonadism
GnRH deficiency can be caused by mutations in many 
genes and is more common in boys than girls, affecting 
one in 7500 males and only one in 70,000 females.208 
Inheritance patterns include X-linked, autosomal domi-
nant, and autosomal recessive. However, sporadic cases 
are more common than familial forms. Hypogonado-
tropic hypogonadism (HH) has been subclassified into 
three major categories: (1) Kallmann syndrome with an-
osmia, (2) HH without anosmia, and (3) acquired HH. 
However, with recognition of phenotypic heterogeneity 
within families, these classifications may need to be 
modified.

The classic form of Kallmann syndrome is charac-
terized by isolated gonadotropin deficiency, anosmia, 
and X-linked inheritance. This disorder is due to  
mutations in anosmin 1 encoded by the KAL1 gene 
resulting in failure of GnRH neurons to migrate to  
the hypothalamus. MR imaging can confirm the  
diminished presence or absence of the olfactory bulbs. 
Nonreproductive features include unilateral renal 
agenesis, sensorineural hearing loss, synkinesia, cere-
bellar ataxia, and cleft palate. KAL1 mutations are 
also associated with a relatively high incidence of 
cryptorchidism, microphallus, and decreased inhibin B 
concentrations.

Hypergonadotropic  
Hypogonadism

Permanent Hypogonadotropic  
Hypogonadism

Functional Hypogonadotropic  
Hypogonadism

Genetic syndromes
—Noonan syndrome and related 

disorders
Cryptorchidism
Gonadal dysgenesis
Vanishing testes syndrome
Trauma/testicular torsion
Chemotherapy/radiation therapy
Gonadal infection
—Mumps, Coxsackie
Autoimmune orchitis
Defects in steroidogenesis
—5-alpha reductase deficiency 

(SR5A2)
—17, 20 lyase deficiency 

(CYP17A1)
—Congenital lipoid adrenal 

hyperplasia (StAR)
—17-hydroxysteroid dehydroge-

nase deficiency (HSD17B3)
Androgen insensitivity
Sertoli cell only syndrome
(Del Castillo syndrome)

CNS tumors/infiltrative diseases
—Astrocytoma
—Germinoma
—Glioma
—Craniopharyngioma
—Prolactinoma
—Langerhans cell histiocytosis
Rathke’s pouch cyst
Genetic defects*
—Kallmann syndrome (KAL1, FGFR1, PROK2, 

PROKR2, FGF8, HS6ST1, and CHD7)
—Isolated hypogonadotropic hypogonadism 

(KAL1, GNRHR, GNRH1, GPR54, FGFR1, 
FGF8, PROK2, PROKR2, TAC3, TACR3. 
HS6ST1, NELF, and CHD7)

—HPG axis development (DAX1, SF-1, 
HESX-1, LHX3, and PROP-1)

—Obesity and hypogonadotropic hypogo-
nadism (LEP, LEPR, and PC1) syndromes

—Prader-Willi
—Bardet-Biedl
—CHARGE
Gaucher disease
Postcentral nervous system infection
Midline defects
—Septo-optic dysplasia
—Congenital hypopituitarism
Chemotherapy/radiation therapy
Trauma

Systemic illness/conditions
—Cystic fibrosis
—Asthma
—Inflammatory bowel disease
—Celiac disease
—Juvenile rheumatoid arthritis
—Anorexia nervosa/bulimia
—Sickle cell disease
—Hemosiderosis
—Thalassemia
—Chronic renal disease
—AIDS
Endocrinopathies
—Diabetes mellitus
—Hypothyroidism
—Hyperprolactinemia
—Growth hormone deficiency
—Cushing syndrome
Excessive exercise
Malnutrition

TABLE 17-2 Causes of Delayed Puberty Other Than Constitutional Delay of Growth and Puberty

*Some genes have been identified as causes of both Kallmann syndrome and isolated hypogonadotropic hypogonadism (IHH).
Table reproduced from Palmert, M. R., & Dunkel, L. (2012). Clinical practice. Delayed puberty. N Engl J Med, 366, 443–453 with permission.
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As noted earlier, the list of genes associated with  
HH is expanding. Nonreproductive clinical features of  
patients with PROK2 and PROK2R mutations include 
fibrous dysplasia, obesity, synkinesia, and epilepsy.90 To 
date, numerous mutations have been identified in the 
FGFR1 gene; associated features can include skeletal 
anomalies and synkinesis. Mutations in FGF8, the ligand 
for FGFR1, have also been associated with holoprosen-
cephaly, septo-optic dysplasia, and moebius syndrome.209 
Both normosmia and anosmia have been reported for 
these four genes.

Loss-of-function mutations in HS6ST1, SEMA3A, 
WDR11, and NELF have been identified in patients 
with HH.89,210-212 In families carrying mutations in these 
genes, phenotypic heterogeneity for anosmia occurs and 
HH segregates as a complex trait found in association 
with mutations in other genes. Thus, it remains to be 
determined whether mutations in these genes are suffi-
cient to lead to GnRH deficiency. Mutations in genes 
encoding proteins such as FGF17 and IL17RD that 
modulate the signaling efficiency of FGF8 through 
FGFR1 have been identified, suggesting the existence 
of a FGF8 synexpression group that may form an oligo-
genic basis for HH.3

Mutations in genes encoding neurokinin B and its 
receptors, TAC3 and TACR3, have been identified in 
HH patients.27 As noted previously, these genes are 
highly expressed in the same neurons that express  
kisspeptin, emphasizing the role of kisspeptin in the 
regulation of pubertal timing. Mutations in GNRH1, 
KISS1, KISS1R, TAC, and TACR3 affect GnRH secre-
tion. Curiously, patients have been reported to have 
reversible HH despite carrying loss-of-function muta-
tions in FGFR1, CHD7, TAC3, or TACR3 genes. The 
biologic mechanism for this reversible gonadotropin 
deficiency remains unclear.213,214

Pituitary-Dependent Hypogonadism

Mutations in the GnRH receptor (GNRHR) gene have 
been reported. The phenotype ranges from neonatal 
presentation with microphallus and cryptorchidism  
to adolescent presentation for evaluation of delayed 
puberty.215 Mutations in the FSH-beta and LH-beta 
have also been described. Developmental anomalies of 
pituitary development such as midline defects or septo-
optic dysplasia can be associated with gonadotropin and 
other pituitary hormone deficiencies. Genes associated 
with developmental anomalies of the pituitary include 
HESX1, SOX2, PITX2, LHX3, and PROP1 as well as 
some of the genes known to cause HH such as FGFR1, 
FGF8, and PROKR2. Nongenetic factors such as mater-
nal cocaine abuse, valproate toxicity, and intrauterine 
vascular disruptive events may also cause CNS develop-
mental anomalies.

Hypothalamic and Pituitary-Dependent 
Hypogonadism

Some disorders affect both the hypothalamus and pitu-
itary. Congenital adrenal hypoplasia due to mutations  
in the DAX1/NROB1 gene is an X-linked disorder  

characterized by primary adrenal insufficiency and hypo-
gonadotropic hypogonadism. In this disorder, the fetal 
adrenal cortex develops normally, but the adult zone of 
the adrenal cortex fails to develop. Affected males may 
present with adrenal insufficiency at 6 to 8 weeks of age. 
However, some may present in adolescence with delayed 
puberty. Decreased hypothalamic GnRH secretion or 
decreased pituitary responsiveness can occur leading to 
decreased LH, FSH, and testosterone concentrations. 
Mutations in this gene may be part of a contiguous gene 
deletion syndrome with Duchenne muscular dystrophy 
and glycerol kinase deficiency.216

Intracranial tumors can lead to delayed puberty. The 
most common neoplasm is a craniopharyngioma, which is 
thought to arise from remnants of Rathke’s pouch. Other 
symptoms can include decreased growth velocity, head-
ache, polyuria, and visual disturbances. Suprasellar or intra-
cellular calcifications may be detected on CT scans. Other 
tumors include germ cell tumors, epidermoid and dermoid 
cysts, prolactinomas, and optic gliomas. Histiocytosis X is 
characterized by infiltration of lipid-laden histiocytes into 
skin, bone, or visceral organs. Although diabetes insipidus 
is the most common endocrine manifestation of histiocyto-
sis X, other anterior pituitary hormone deficiencies may 
occur.

Hyperprolactinemia can lead to hypogonadism. Pro-
lactin can directly suppress pulsatile GnRH secretion. 
Hyperprolactinemia can be due to microadenomas (ade-
nomas , 10 mm) or macroadenomas (. 10 mm). MRI 
provides greater anatomic detail that CT scans. Patients 
with primary hypothyroidism or taking psychotropic 
medications may have hyperprolactinemia.

Several syndromes are associated with delayed  
puberty. These syndromes include Prader-Willi, Bardet-
Biedl, Alström, and Bloom syndromes. Hereditary hema-
tochromatosis leads to iron overload and iron deposition 
in endocrine organs leading to HH, impaired glucose 
tolerance, and diabetes mellitus.

Functional Hypogonadotropic 
Hypogonadism
Transient causes of hypogonadotropic hypogonadism  
or functional hypogonadotropic hypogonadism where 
pubertal delay is due to delayed maturation of the HPG 
axis secondary to underlying conditions may represent 
20% of the etiology of delayed puberty (see Table 17-2). 
Examples of these conditions include anorexia nervosa, 
which is a chronic disorder characterized by decreased 
caloric intake, weight loss, and excessive physical activ-
ity. Although considered to be a disorder affecting  
females, approximately 10% of patients are male. Os-
teopenia and osteoporosis are potential consequences. 
In addition to low gonadotropin concentrations, cortisol, 
GH, and reverse T3 concentrations may be elevated. 
Chronic disorders such as sickle cell anemia, thalasse-
mia, cystic fibrosis, and chronic renal disease may also 
be associated with delayed puberty. Intensive physical 
activity and the need to “make weight” in wrestlers may 
disrupt pubertal development. For wrestlers, these 
changes generally reverse within months of the end of 
the wrestling season.
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Hypergonadotropic Hypogonadism
Primary gonadal failure leads to loss of negative feed-
back inhibition and hypergonadotropic hypogonadism. 
Although they represent only 5% to 10% of the causes 
of delayed puberty, etiologies within this category are 
broad and include sex chromosome anomalies, aberrant 
gonadal differentiation, gonadal injury, disorders of  
steroidogenesis, and disorders affecting steroid hormone 
action. Some disorders such as gonadal dysgenesis, 
Klinefelter syndrome, and Noonan syndrome affect 
both Leydig and Sertoli cell function (Figure 17-4). 
Disorders affecting steroidogenesis predominantly affect 
Leydig cell function.11

Klinefelter Syndrome

Klinefelter syndrome, which is associated with 47,XXY 
karyotype, is not a cause of delayed puberty per se but 

can be a cause of a prolonged or stalled pubertal course. 
The incidence is reported to be 1 in 667 when ascer-
tained by prenatal cytogenetic analysis, but it is much 
lower when identified solely by clinical features. Thus, 
incomplete ascertainment of affected individuals likely 
occurs.217 Parental origin of the extra X chromosome is 
approximately equal. In addition to the relative testoster-
one deficiency, it has been suggested that the extra copy 
of the short stature homeobox-containing (SHOX ) gene 
in the pseudoautosomal region of the X chromosome 
contributes to the tall stature.218

The typical clinical features are small firm testes, tall 
stature, small penis, and gynecomastia. Both androgen 
secretion and spermatogenesis are impaired. Inhibin B 
concentrations are relatively normal during childhood but 
decline during puberty consistent with the progressive 
testicular failure. AMH levels follow the normal male pat-
tern but progressively decline from mid-adolescence due 
to Sertoli cell dysfunction.
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FIGURE 17-4 n Testicular compartments and hormone production. In the usual situation, hypothalamic GnRH secretion regulates pi-
tuitary LH and FSH secretion. LH acts on the LH receptor expressed on Leydig cells. The Leydig cell secretion of testosterone and 
INSL3 is influenced by LH secretion. FSH acts on the FSH receptor expressed on Sertoli cells and influences AMH and inhibin B  
secretion. A, Dynamics of HPG axis during gestation, infancy, and pubertal patients with CAIS. LH stimulates testosterone synthesis 
and FSH promotes AMH secretion. However, Sertoli cells do not express AR during fetal life and infancy. In patients with CAIS, AR 
is dysfunctional. The lack of Sertoli cell AR expression leads to high AMH production. Inhibin B levels reflect Sertoli cell function 
even when germ cells are absent. B, Dynamics of HPG axis at puberty. Upon reactivation of the GnRH pulse generator, increased LH 
secretion leads to increased testosterone secretion generating increased intra-testicular testosterone concentrations. INSL3 secretion 
also increases. Through its paracrine activity, testosterone promotes increased AR expression by Sertoli cells, which leads to de-
creased AMH secretion. FSH stimulates inhibin B secretion; inhibin B regulates FSH secretion. C, Dynamics of HPG axis in patients 
with hypogonadotropic hypogonadism. The lack of GnRH, LH, and FSH secretion results in testosterone deficiency. INSL3 and inhibin 
B secretion do not increase. During childhood AMH concentrations may have been lower than normal due to chronic lack of FSH 
stimulation, Due to the lack of testosterone’s inhibitory effect on AMH production, AMH concentrations may be higher than normal 
during the adolescent years. D, Dynamics of HPG axis in patients with LHR mutations and defects in steroidogenesis. At puberty, in 
the absence of adequate testosterone production, AMH concentrations remain high.
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The decreased testicular volume is secondary to de-
generation of the seminiferous tubules. Boys with mo-
saic karyotypes with one normal 46,XY cell line tend to 
have a milder phenotype. The magnitude of testosterone 
deficiency and testicular failure varies among affected 
men. Treatment goals include development of secondary 
sexual characteristics, increased muscle mass, optimal 
bone density, and sexual function.

Academic and emotional difficulties are common. 
Some boys are detected through their learning disabili-
ties. The cognitive phenotype is characterized by deficits 
in language and executive function. The executive dys-
function is characterized by poor decision making, prob-
lem solving, reasoning, and planning issues. Difficulties 
with self-control, increased distractibility, and reduced 
fine and gross motor skills are common.219 Nonrepro-
ductive features can include an increased incidence of 
type 2 diabetes, breast cancer, mediastinal tumors, and 
vascular disease.220

Apart from decreased number of germ cells, testicular 
architecture is relatively normal in fetal and prepubertal 
testes. Loss of germ cells beginning in utero culminating 
in fibrosis and hyalinization of the seminiferous tubules is 
the proximate cause of the infertility associated with 
Klinefelter syndrome.221 Fertility preservation is a rele-
vant topic for the older adolescent boy. Some men with 
Klinefelter’s have oligospermia and are able to father 
children without medical intervention. For others, pater-
nity has been achieved with testicular sperm extraction 
combined with intracytoplasmic sperm injection (TESE-
ICSI).222

XX Males

The frequency of XX males is approximately 1 in 25,000 
males. These individuals may come to medical attention 
for evaluation of delayed puberty, infertility, gynecomas-
tia, or a disorder of sexual development. XX males can be 
classified as SRY-positive or SRY-negative. In approxi-
mately 80% of XX males, the SRY gene can be detected 
by genetic analysis. In most instances, the SRY gene has 
been translocated to an X chromosome, but translocation 
to an autosome can occur. The typical phenotype for 
SRY-positive 46,XX males includes normal male external 
genital development, small testes, azoospermia, hypergo-
nadotropic hypogonadism, and infertility.

Molecular etiologies are more variable for the SRY-
negative 46,XX male. Duplication of SOX9 was reported 
in one family.223 Partial duplication of chromosome 
22q13 leading to overexpression of SOX10 was found in 
one 46,XX sex reversed patient in association with mul-
tiple congenital anomalies.224 Another genetic etiology of 
46,XX sex reversal are mutations in the R-spondin 1 
(RSPO1) gene. This gene codes for a secreted furin-like 
domain protein that stabilizes b-catenin in the wingless-
type mouse mammary tumor virus integration site-4 
(WNT-4) signaling pathway. Patients with RSPO1 muta-
tions may also have palmoplantar hyperkeratosis with 
squamous cell carcinoma of skin.225

 In rare instances, ovotesticular disorder with pre-
dominantly male phenotype can occur. This disorder can 
be diagnosed only with the presence of ovarian tissue 

containing follicles and testicular tissue containing semi-
niferous tubules present in the same individual, and often 
in the same gonad (ovotestis). Most patients with ovotes-
ticular disorder have a 46,XX karyotype.

Gonadal Dysgenesis

This classification encompasses disorders characterized 
by atypical testicular determination and differentiation, 
and individuals can present with a disorder of sexual de-
velopment, sex reversal, or delayed puberty. Approxi-
mately 15% of 46,XY patients with gonadal dysgenesis 
carry mutations in the SRY gene. The histologic appear-
ance of the testes can include immature tubules with 
poorly differentiated Sertoli cells, poorly differentiated 
Leydig cells, and Sertoli cell only pattern. In some  
instances, gonadal differentiation appears to be a con-
tinuum with more or less differentiation along male or 
female direction. Carcinoma in situ may be identified. 
The clinical features are variable and related to the  
specific disorder and hormone status.

Pure gonadal dysgenesis, also known as Swyer syn-
drome, is characterized by complete male-to-female 
sex reversal. At birth, the external genitalia are normal 
female. Typically, a uterus and fallopian tubes are pres-
ent, but Wolffian elements are usually absent. Affected 
individuals present with delayed puberty characterized 
by absent breast development and hypergonadotropic 
hypogonadism. Gonadal histology shows “streak” go-
nads and may show some evidence of testicular devel-
opment. However, the testicular elements are aberrant. 
Due to the high risk for gonadal tumors, the gonads are 
best surgically removed.

Sex chromosome mosaicism is associated with gonadal 
dysgenesis. The clinical spectrum of internal and external 
genital development is highly variable. The correlation 
between the phenotypic appearance, the results of rou-
tine peripheral blood karyotyping, and gonadal histology 
is poor.226

The phenotypic spectrum for 45,X/46,XY mosaicism 
is broad, ranging from female with features of Turner 
syndrome to normal male appearance, and many live 
undiagnosed as normal males. However, ambiguous gen-
italia in a newborn but also mild undervirilization (e.g., 
hypospadias) in boys or even typical Turner syndrome in 
girls may be associated with 45,X/46,XY mosaicism.

Syndromes Associated with Delayed Puberty

Noonan syndrome is an autosomal dominant disorder 
characterized by short stature, ptosis, hypertelorism, 
mild intellectual disability, and congenital heart disease. 
Cryptorchidism is common in males. Approximately 
50% of cases are due to mutations in the protein-tyrosine 
phosphatase, nonreceptor type 11 protein (PTPN11) 
gene (also known as SHP2). Other genes associated with 
Noonan syndrome include KRAS, SOS1, NRAS, and 
RAF1. The proteins encoded by these genes are mem-
bers of the RAS-MAPK signaling pathway.

In one longitudinal study, LH, FSH, testosterone, 
AMH, and inhibin B concentrations were comparable to 
healthy boys prior to the onset of puberty. However, 
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some individuals with Noonan syndrome have delayed 
puberty, and the adult men with Noonan syndrome had 
higher LH, FSH, and testosterone concentrations and 
lower AMH and inhibin B concentrations compared to 
healthy controls.227 Because these differences were ob-
served in the total group of men with Noonan syndrome 
as well as the group with history of cryptorchidism, both 
Sertoli cells and Leydig cells show impaired function (see 
Figure 17-4).

Prader-Willi syndrome can also be associated with 
delayed puberty. Cryptorchidism is common in boys with 
Prader-Willi syndrome. Inhibin B concentrations are 
generally normal in infants and prepubertal boys. As  
puberty progresses, inhibin B concentrations decline  
and FSH concentrations increase. Testicular histology is  
variable and is reported to range from normal to  
complete absence of spermatogonia (Sertoli cell only 
syndrome).228 Longitudinal data indicate that the hypo-
gonadism among boys with Prader-Willi syndrome is 
likely due to primary testicular dysfunction involving 
both Sertoli and Leydig cell compartments. However, 
inadequate HPG axis function may also contribute to the 
hypogonadism.229

Defects in Steroidogenesis or Steroid 
Hormone Action

Although often not among the cardinal manifestations of 
defects in steroid hormone synthesis or steroid hormone 
action, delayed puberty can be associated with a broad 
range of these disorders. Complete loss-of-function mu-
tations may present in the newborn period as a disorder 
of sexual development or apparent normal female exter-
nal genital development with labial masses (testes).  
Importantly, milder variants can be associated with male 
sex development and delayed or incomplete puberty  
development.

Smith-Lemli-Opitz syndrome (SLOS) is an autosomal 
disorder due to mutations in the 7-dehydrocholesterol 
(DHCR7 ) gene. Clinical features include underviriliza-
tion, congenital heart disease, renal anomalies, failure to 
thrive, and developmental delay. Syndactyly of the second 
and third toes and proximally placed thumbs are charac-
teristic features of this defect in cholesterol biosynthesis. 
The diagnosis can be confirmed by finding elevated 7- 
dehydrocholesterol concentrations.

Steroidogenic factor-1 (NR5A1) plays a major role in 
steroidogenesis, male sexual differentiation, and the de-
velopment of the hypothalamus, pituitary, adrenal 
glands, and testes. Two patients were reported to have 
46,XY karyotype, female external genitalia, presence  
of Mullerian structures, and adrenal insufficiency.230 
Haploinsufficiency of NR5A1 can also manifest as a 
predominantly gonadal phenotype characterized by  
hypergonadotropic hypogonadism with normal adrenal 
function. Penoscrotal hypospadias, bilateral anorchia, 
and testicular regression syndrome have been described. 
The phenotypic spectrum extends to 46,XY girls who 
present with delayed puberty, primary amenorrhea, and 
low testosterone concentrations in the absence of adre-
nal insufficiency. Haploinsufficiency of NR5A1 can also 
present with delayed puberty or premature ovarian  

failure in 46,XX individuals. The inheritance pattern  
is variable, including both autosomal recessive and  
sex-linked dominant as well as de novo cases. The SF-1 
protein contains two zinc finger structures and appears 
to bind to DNA as a monomer.230 

Inactivating LH receptor (LHCGR) mutations are 
associated with Leydig cell hypoplasia, testosterone  
deficiency, undervirilization, and delayed puberty. The 
phenotype for this autosomal recessive disorder ranges 
from female external genitalia presenting with absence 
of puberty to normal male development with hypospa-
dias and microphallus. Mullerian structures are absent 
because Sertoli cell function and AMH secretion are 
normal. In the severe forms, microscopic and ultrastruc-
tural findings show seminiferous tubules, normal Sertoli 
cells, and decreased germ cells. Poorly differentiated 
cells appear in the interstitial spaces; Leydig cells are 
rare. Mullerian duct derivatives are absent. As would be 
anticipated, LH concentrations are elevated and testos-
terone concentrations are low.231

Mutations in the steroidogenic acute regulatory pro-
tein (StAR) gene are associated with congenital lipoid 
adrenal hyperplasia. In this disorder, loss-of-function 
StAR mutations lead to failed steroidogenesis and ac-
cumulation of cholesterol esters in the cytoplasm of 
steroidogenically active cells. The accumulated lipid 
droplets cause physical engorgement and chemical dam-
age from the accumulated cholesterol auto-oxidation 
products. This lipid accumulation damages the fetal 
Leydig cells but does not affect AMH secretion by the 
fetal Sertoli cells such that Mullerian duct derivatives 
are absent. This autosomal recessive disorder is often 
identified in the neonatal period due to the associated 
undervirilization and adrenal insufficiency. Milder  
phenotypes with normal male sex development and 
non-autoimmune adrenal insufficiency have been  
described; the magnitude of overt mineralocorticoid 
deficiency varies.232 Ethnic groups in which higher 
incidence of StAR mutations occur include Japanese, 
Korean, and Palestinian Arabs.

Patients with loss-of-function cholesterol side chain 
cleavage (CYP11A1) mutations have been recognized. 
The phenotype ranges from prematurity associated with 
undervirilization and early-onset adrenal failure to pre-
sentation with adrenal insufficiency in children with 
normal sexual development.233 Typically, the normal sized 
adrenal glands differentiate this genetic disorder from 
congenital lipoid adrenal hyperplasia. However, StAR 
mutations were detected in sibs with neonatal adrenal 
insufficiency and normal sized adrenal glands.234

Loss-of-function mutations in the 17a-hydroxylase/17,
20-lyase (CYP17A1) gene are associated with glucocorti-
coid and sex steroid deficiencies. Patients may be hyper-
tensive and have hypokalemia because mineralocorticoid 
biosynthesis is unaffected. Affected males manifest  
complete or partial male-to-female sex reversal and may 
seek medical attention for delayed puberty.235 Charac-
teristic laboratory findings include low or absent 17- 
hydroxylated C21 and C19 steroids. There is a subnormal 
response to cosyntropin (ACTH) stimulation. Because 
mineralocorticoid secretion is unaffected, serum levels 
of DOC, corticosterone, 18-hydroxycorticosterone, and 
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18-hydroxy DOC are elevated and suppress with gluco-
corticoid treatment.

P450 oxidoreductase (POR) is a protein that functions 
as an electron donor to microsomal P450 cytochrome 
(CYP) enzymes. Thus, several enzymes involved in  
steroidogenesis such as 17a-hydroxylase (P450c17), 
21-hydroxylase (P450c21), and P450 aromatase depend 
on this protein. Mutations that act as loss of function in 
POR are associated with congenital adrenal hyperplasia 
with combined glucocorticoid and sex steroid deficiency. 
Although this disorder typically presents in the newborn 
period with undervirilization, skeletal anomalies (Antley-
Bixler syndrome), and glucocorticoid deficiency, males 
may present with a milder phenotype such as delayed 
puberty. The skeletal anomalies found in both P450  
oxidoreductase deficiency and Antley-Bixler syndrome 
include brachycephaly and joint contractures.236

In 1972, Zachmann and colleagues reported Swiss 
families with undervirilized males and hormone concen-
trations suggestive of isolated 17,20-lyase deficiency.237 
No CYP17A1 mutations were identified when members 
of the original families were evaluated using the tools of 
molecular genetics. Rather, deleterious mutations were 
identified in the aldo-keto reductase family 1, member 
C2 (AKR1C2), and the aldo-keto reductase family 1 
member C4 (AKR1C4) genes. Further investigations re-
vealed an alternative pathway in which DHT can be 
synthesized without androstenedione or testosterone as 
intermediary hormones. This alternative or “backdoor” 
pathway had been previously described in the tammar 
wallaby.238 Thus, loss-of-function mutations in the dihy-
drodiol dehydrogenase type 2 (AKR1C2) and dihydrodiol 
dehydrogenase type 4 (AKR1C4) genes can be associated 
with undervirilization of males.239 Typically, adrenal 
insufficiency does not occur.

In the autosomal recessive 17b-Hydroxysteroid dehy-
drogenase deficiency, conversion of androstenedione to 
testosterone in the Leydig cell is impaired. This disorder 
is due to mutations in the 17b-hydroxysteroid dehydroge-
nase type 3 (HSD17B3) gene. The extent of external 
genital virilization is variable, ranging from genital ambi-
guity to microphallus. Wolffian duct development is im-
paired. At puberty, the increased peripheral conversion  
of sex steroids (androstenedione) to testosterone induces 
virilization of affected individuals. Affected “girls” may 
convert to male gender during puberty. When the diagno-
sis is made in the newborn period, male gender of rearing 
is appropriate. Although increased basal androstenedione 
to testosterone ratios would be expected, hCG stimulation 
tests and molecular genetic analysis may be necessary to 
confirm this diagnosis.

Testosterone is converted to dihydrotestosterone 
(DHT) in specific target cells including the prostate  
and developing external genitalia. Loss-of-function mu-
tations in the 5a-reductase gene (SRD5A2) lead to im-
paired peripheral conversion of testosterone to DHT. 
The phenotype of affected 46,XY individuals ranges 
from varying degrees of male-to-female sex reversal at 
birth. The classic description of the genitalia is perineo-
scrotal hypospadias, bilateral labial masses (testes), and 
absence of Mullerian structures. At puberty, affected in-
dividuals typically virilize with phallic enlargement and, 

if raised as females, may change to a male gender. Thus, 
patients may present with primary amenorrhea, mild 
virilization, no breast development, absent uterus, and 
46,XY karyotype. Spermatogenesis is often impaired. 
This autosomal recessive disorder is prevalent in the Do-
minican Republic, southern Lebanon, southern Turkey, 
and the eastern highland region of Papua, New Guinea. 
Curiously, this disorder has been detected in several elite 
female athletes identified by having primary amenorrhea 
and elevated testosterone concentrations.240 Females 
homozygous for SRD5A2 mutations generally have no 
reproductive phenotype. Random testosterone to DHT 
ratios may be elevated. However, hCG stimulation  
testing is often necessary to confirm the diagnosis.  
Urinary steroid metabolite ratios (androsterone/ 
etiocholanolone, 5a-tetrahydrocortisol/tetrahydrocortisol, 
and 5b-tetrahydrocorticosterone/tetrahydrocorticosterone) 
may be helpful.241

Chemotherapy, Radiation Therapy, 
and Cancer Survival

Treatment of childhood cancers can lead to gonadal 
failure, delayed puberty, and infertility. Quality-of-life 
concerns have become increasingly relevant because 
many young cancer patients are long-term cancer survi-
vors. Multiple components of the hypothalamic- 
pituitary-gonadal axis may be affected by chemotherapy 
and radiation therapy with specific consequences  
depending on the drugs and fields of irradiation. The 
germ cells of the gonads are particularly vulnerable to 
radiation. Discussions regarding fertility preservation 
are crucial for pediatric patients with cancer and their 
parents; however, detailed discussion of this relevant 
subject is beyond the scope of this chapter.

OTHER DISORDERS OF THE MALE 
REPRODUCTIVE ENDOCRINE AXIS

Several other disorders deserve discussion, albeit not 
necessarily associated with alterations in pubertal timing.

Androgen Receptor (AR) Mutations
The classic presentation of 46 XY individuals with  
complete androgen insensitivity (CAIS) is primary amen-
orrhea, breast development, and lack of sexual hair. Labial 
masses (testes) may be palpated on physical exam. Imag-
ing shows an absence of Mullerian structures because in 
utero Sertoli cell secretion of AMH is normal. Inheri-
tance is X-linked recessive. Some individuals with CAIS 
are detected when a gonad is found during repair of an 
inguinal hernia in a phenotypic female child. As bilateral 
inguinal hernias are unusual in girls, the diagnosis of  
androgen insensitivity should be assessed by obtaining a 
karyotype and checking for the presence of a Y chromo-
some by fluorescent in situ hybridization (FISH).

The phenotype of 46,XY individuals carrying muta-
tions in AR ranges from the classic CAIS to partial forms 
presenting with undervirilization and male infertility. 
Individuals with partial androgen insensitivity (PAIS) 



17  Puberty and Its Disorders in the Male 717

may present with gynecomastia, hypospadias, cryptorchi-
dism, micropenis, decreased sexual hair, and infertility. 
Mild isolated hypospadias has rarely been associated with 
AR mutations; missense mutations were detected in exon 
1 that encodes an important regulatory region for the 
receptor.242 Phenotypic heterogeneity occurs even within 
a family. Despite classic features of CAIS, AR mutations 
may not be detected in some individuals. It is speculated 
that these patients may carry mutations in receptor  
cofactors or distant regulatory regions of the AR.

As noted earlier, the AR, located at Xq11-q12, has a 
modular structure with N-terminal regulatory (NTD), 
DNA binding (DBD), and ligand binding (LBD) do-
mains. Ligand binding is impaired for mutations located 
in the ligand binding domain. Mutations located in the 
DNA binding domain do not affect ligand binding; 
rather the ligand-receptor complex fails to bind to the 
promoter region of the gene and shows impaired tran-
scriptional activity. To date, more than 800 AR mutations 
have been described (http://androgendb.mcgill.ca).243

Exon 1 of AR contains two trinucleotide repeat re-
gions. The CAG repeat encodes for a homopolymeric 
stretch of glutamines. In vitro studies have demon-
strated that the number of CAG repeats is inversely 
proportional to the transcription activity of the protein. 
Expansion of the polyglutamine repeat (. 40 repeats) is 
associated with Kennedy disease, a form of spinal and 
bulbar muscular atrophy (SBMA). Kennedy disease is 
an adult-onset lower motor neuron disease character-
ized by slowly progressive muscle weakness and atrophy 
of the bulbar, facial, and limb muscles. Men with  
Kennedy disease may have signs of mild androgen  
insensitivity. The other trinucleotide repeat encodes a 
homopolymeric stretch of glycines.

The typical hormone findings during adolescence 
include elevated LH and testosterone concentrations. 
Inhibin B and FSH concentrations are usually normal. 
Estradiol concentrations are elevated due aromatization 
of testosterone. Sex hormone binding globulin (SHBG) 
concentrations are generally in normal female range. 
Surprisingly, testosterone concentrations are not elevated 
during early infancy in children with CAIS. No explana-
tion for this apparent lack of negative feedback is  
available.

Once the diagnosis of CAIS is confirmed, full disclo-
sure to the patient and her family is essential. Mothers 
may feel guilty for transmitting this X-linked disorder. 
One essential discussion relates to gonadectomy. Some 
individuals and families prefer to delay gonadectomy 
until late adolescence to allow for spontaneous breast 
development. Additional topics for discussion include 
implications of the 46,XY karyotype, infertility, sexual 
function, and what information to share with nonfamily 
members. Individuals with CAIS usually have a blind 
vaginal pouch, and vaginal dilatation may be the only 
therapy necessary to create a functional vagina.

Persistent Mullerian Duct Syndrome
Persistent Mullerian duct syndrome (PMDS) is charac-
terized by persistence of Mullerian duct derivatives in the 
presence of otherwise normal male sex development. 

PMDS is an autosomal recessive disorder due to loss-of-
function mutations in the AMH gene or the AMHRII 
gene. Measurement of AMH can be helpful. Low AMH 
levels are consistent with AMH deficiency and high levels 
suggest a mutation in the AMHRII gene. Common pre-
sentations include discovery of a uterus during inguinal 
hernia repair or orchidopexy. Transverse testicular ecto-
pia with both testes on the same side is virtually pathog-
nomonic for this disorder. Testicular torsion is not un-
common because the testes may not be anchored properly 
to the bottom of the processus vaginalis.

Testicular differentiation is usually normal, but the 
male excretory ducts may be embedded in the Mullerian 
duct remnants or incompletely developed. Infertility 
may ensue secondary to cryptorchidism, intertwining of 
vas deferens and uterine wall, or lack of proper commu-
nication between the testes and excretory ducts. The 
close physical relationship of the vas and the uterine wall 
complicates the surgical excision of the Mullerian rem-
nants. However, because malignancy (adenocarcinoma) 
has been reported to arise in the Mullerian remnants, 
surgical excision by experienced surgeons should be  
considered.244

Testicular Regression Syndrome 
(Anorchia), Cryptorchidism, and 
Hypospadias
Testicular regression syndrome affects approximately 5% 
of boys with cryptorchidism.245 In this instance, one or 
both testes are nonpalpable despite normal-appearing 
male external genitalia. Bilateral nonpalpable testes with a 
normal appearing but small phallus may be considered to 
be a variant of this syndrome. During early infancy and 
adolescence, elevated gonadotropin and unmeasurable 
inhibin B and AMH concentrations indicate anorchia. 
The lack of a testosterone response to hCG stimulation in 
the older infant and prepubertal boy is consistent with 
anorchia. Random inhibin B and AMH concentrations 
may more helpful than hCG stimulated testosterone  
concentrations.246 Imaging studies are generally not in-
formative. Hence, the combination of undetectable 
plasma AMH and inhibin B, an elevated plasma FSH, and 
46,XY karyotype may be sufficient to diagnose anorchia 
and obviate the need for an hCG stimulation test.247 Nev-
ertheless, thorough clinical reevaluations are indicated 
and when warranted hCG stimulation may still be helpful 
to confirm diagnosis of anorchia.

At operation, nubbins of discrete vascularized fibrosis 
are found in close proximity to a blind-ending spermatic 
cord structure. Although the precise etiology is unclear, 
the testicular regression syndrome has been attributed to 
in utero testicular torsion. The finding of hemosiderin-
laden macrophages and dystrophic calcifications supports 
a vascular accident etiology.

Cryptorchidism (undescended testes) is the most com-
mon disorder of sex development affecting 3% of males. 
The prevalence decreases to 1% by 6 months of age due 
to spontaneous descent during infancy. Many conditions 
are associated with cryptorchidism including hypogonado-
tropic hypogonadism, aberrant testicular differentiation, 

http://androgendb.mcgill.ca
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impaired testosterone biosynthesis, androgen insensitivity, 
holoprosencephaly, abnormal AMH production or action, 
abnormalities affecting INSL3/LGR8 function, and pos-
sibly environmental factors. Other associations include 
prune belly syndrome, bladder extrophy, and renal anoma-
lies. Cryptorchidism is also a feature of many syndromes 
(see Chapter 5). Maternal diabetes mellitus, including ges-
tational diabetes, and environmental exposures may be risk 
factors as well.

In male fetuses, urethral closure occurs during 8 to  
14 weeks’ gestation. This process reflects continuous  
ventral fusion in the proximal to distal direction. Hypospa-
dias represents an aberration of this process resulting in 
abnormal penile and urethral development. Physical  
examination reveals an abnormal position of the urethral 
meatus along the ventral portion of the penis, ventral cur-
vature of the penis (chordee), and an abnormal foreskin. 
Hypospadias can be associated with disorders of sex  
development and chromosomal anomalies. Hypospadias 
can be classified into hormone-independent and hormone-
dependent etiologies. Genes associated with hypospadias 
include FGF8, FGFR2, BMP4, and BMP7. Insufficient 
androgen exposure can lead to hypospadias.248

Epidemiologic data suggest a possible role for environ-
mental factors in the etiology of both cryptorchidism  
and hypospadias. Potential mechanisms include binding 
to hormone receptors, interference with postreceptor 
signaling pathways, and effects on hormone synthesis, 
activity, and degradation. Suspected environmental fac-
tors include phthalates, bisphenol A, pesticides containing 
DDE (1,1-dichloro-2, 2-bis(p-chlorophenyl)ethylene) 
and DDT (dichlorodiphenyltrichloroethane), maternal 
smoking, phytoestrogen intake, low birth weight, and 
maternal progestin exposure during gestation. Maternal 
DES exposure is of historical interest. However, studies 
confirming a causal relationship for environmental dis-
ruptors report inconsistent findings.249

Testis Tumors
Testis tumors are rare among the pediatric population. 
Tumors can arise from one of three principal cell types: 
germ cells, Sertoli cells, and Leydig cells. Rarely, tumors 
can develop from other elements such as endothelium 
(hemangioma), muscle (rhabdomyosarcoma), or fibrous 
tissue (fibroma). Germ cells tumors in children include 
yolk sac tumor, embryonal carcinoma, seminoma, non-
seminoma, dysgerminoma, and gonadoblastoma. For pa-
tients with DSDs or undervirilization, the type II germ cell 
tumors are the most relevant and will be the only type of 
germ cell tumor discussed in this section.

Germ Cell Tumors

Type II germ cells tumors include seminoma, nonsemi-
noma, and dysgerminoma; these invasive tumors arise 
from primordial germ cells and occur with increased fre-
quency in patients with DSDs who carry Y chromosomal 
material. The noninvasive premalignant precursors for 
type II germ cells tumors are the intratubular germ cell 
neoplasia unclassified (ITGCNU), previously known as 
carcinoma in situ (CIS), and the gonadoblastoma. Both 

reflect delayed germ cell maturation and express the germ 
cell transcriptional factor, OCT 3/4. A locus mapped to 
Yp, the testis specific protein Y-encoded (TSPY ) gene, 
plays a major role in the pathogenesis of germ cell tumors. 
Hence, germ cells tumors residing in unfavorable envi-
ronments may have prolonged expression of OCT 3/4, 
TSPY, placental/germ cell alkaline phosphatase (PLAP), 
and fail to undergo apoptosis.

ITGCNU is characterized by the presence of germ 
cells in the seminiferous tubules. Gonadoblastomas are 
composed of immature germ cells and sex cord–stromal 
cells. One major difference between these lesions is the 
local microenvironment. Some degree of Sertoli cell/
testicular differentiation favors ITGCNU development, 
whereas gonadoblastomas develop in streak gonads or 
poorly differentiated gonadal tissue. Thus, these lesions 
may represent a continuum with the phenotype reflect-
ing the degree of Sertoli cell differentiation.250 On histo-
logic examination of the tissue, the origin of the cell, 
granulosa versus Sertoli, may be indeterminate. Staining 
of gonadoblastoma for FOXL2 and SOX9 can differenti-
ate granulosa from Sertoli cell, respectively, regarding 
cell of origin.251 Dysgerminoma (ovary) and seminoma 
(testis) are the end-stage invasive tumors.

The risk for the development of germ cell tumors varies 
among patients with DSD. The risk is negligible for the 
virilized XX patient with CAH. For patients with com-
plete androgen insensitivity, the risk for germ cell tumors 
is low in childhood but increases during adulthood. Due to 
the low risk for neoplastic changes, individuals with CAIS 
may choose to postpone gonadectomy.252 Germ cell num-
ber generally decreases with advancing age. A retrospec-
tive review of MRI findings in 25 patients with CAIS 
identified benign paratesticular simple cysts in 80%. His-
tologic evaluation of the testes from these same individuals 
showed premalignant lesions in 12%; these lesions were 
too small to be detected on MRI. Until a sensitive and 
specific screening tool is available, gonadectomy after  
puberty likely remains the safest option for individuals 
with CAIS.253

In contrast, the risk for a type II germ cell tumor is 
high in dysgenetic gonads such as in patients with 46,XY 
gonadal dysgenesis, Frasier syndrome, and partial an-
drogen insensitivity. Curiously, boys with Klinefelter 
syndrome have an increased risk for mediastinal germ 
cell tumors, but not testicular germ cell tumors. Intra-
abdominal location of the dysgenetic gonad increases 
the risk for germ cell tumors. Thorough discussion with 
the patient, if older, and the parents is essential to 
choose the optimal management ranging from observa-
tion to prophylactic gonadectomy.

Nongerm Cell Tumors

As noted previously, Leydig cell tumors may present with 
peripheral precocious puberty and asymmetry of testicu-
lar volume. Reported median age at presentation was  
6.5 years. Gonadotropin concentrations are typically  
low. An activating mutation in the LHCGR has been 
found in some boys.254

Tumors can also develop in Sertoli cells. Large cell 
calcifying Sertoli cell tumors can be found in prepubertal 
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boys, adolescents, and young adult males. Aromatase  
expression may be increased such that growth accelera-
tion, advanced skeletal maturation, and gynecomastia 
may occur. Large cell calcifying Sertoli cell tumors may 
be bilateral with palpable calcifications due to macrocal-
cifications within the tumor. The calcifications can be 
detected on testicular ultrasound. Malignancy occurs in 
approximately 17% and usually in older men. Peutz-
Jeghers syndrome and Carney complex are associated 
with large cell calcifying Sertoli cell tumors.255

Testicular adrenal rest tumors (TARTs) are hy-
poechoic, well-circumscribed lesions believed to arise 
from adrenal stem cells that were misdirected and de-
scended into the scrotum with the testes during gesta-
tion. These cells express adrenal steroidogenic enzymes. 
Typically, suppressive glucocorticoid doses decrease  
the size of the tumor, but TARTs can occur despite 
ACTH-suppressive glucocorticoid doses. Although more 
common in men with classical forms of CAH, TARTs 
have been reported in men with nonclassic CAH. In one 
pediatric series, the youngest patient was 7 years old.256 
The typical location is in the rete testis. TARTs can  
obstruct the seminal ducts, with subsequent permanent 
testicular damage, infertility, decreased sperm count, and 
decreased testicular testosterone production. Testicular 
ultrasound screening is helpful to detect TARTs. Impor-
tantly, TARTs must be differentiated from other testicular 
mass lesions to avoid unnecessary surgery.

Gynecomastia
Physical examination is extremely important in the evalu-
ation of gynecomastia to distinguish among true gyneco-
mastia, pseudogynecomastia, and pathologic gynecomas-
tia. With the patient lying supine with his hands clasped 
beneath his head, the examiner can slowly compress the 
breast area between forefinger and thumb beginning from 
the sides of the breast. In true gynecomastia, the breast 
tissue is located concentrically under the nipple-areolar 
complex, feels rubbery or firm, and is often bilateral. Dur-
ing the early phase, ductal and epithelial proliferation 
occurs. This early proliferation is associated with periduc-
tal inflammation and edema, which correspond to the 
tenderness noted by the patient.257

The differential diagnosis includes lipomastia or pseu-
dogynecomastia that is characterized by breast fullness and 
the absence of a nipple-areolar complex mound. Lipomas 
and neurofibromas can occur in the breast. Although  
extremely rare in adolescents, the tissue mound in the 
breast cancer patient feels firm or hard and is located  
outside the nipple-areolar complex. Nipple discharge, skin  
dimpling, and nipple retraction do not occur in physiologic 
gynecomastia.

Pubertal or physiologic gynecomastia is a common 
midpubertal finding noted at Tanner stage 3 to stage 4 
for pubic hair.258 Pubertal gynecomastia has been attrib-
uted to a relative and transient imbalance in testosterone 
to estradiol ratio. With the progression of puberty and 
rising testosterone concentrations, the gynecomastia 
typically resolves.

Medications, exposures, and rare hormone disorders 
are associated with pathologic gynecomastia. Medications 

associated with gynecomastia include spironolactone,  
cimetidine, ketoconazole, estrogens, anti-androgens, 
growth hormone, GnRH analogs, and 5a-reductase 
inhibitors.259 Exposures to estrogen-containing sub-
stances, lavender and tea tree oils, and phytoestrogens 
have been considered to be etiologies. Other drugs  
associated with gynecomastia include tricyclic antide-
pressants, chemotherapeutic agents, and cardiovascular 
medications (e.g., digitalis). Drugs of abuse associated 
with gynecomastia include marijuana, ethanol, heroin, 
and amphetamines.

Estrogen excess can cause pathologic gynecomastia. 
Autosomal dominant mutations in the aromatase 
(CYP19A1) gene result in constitutively increased gene 
transcription and overexpression of the aromatase  
enzyme.260 Feminizing tumors can directly secrete estro-
gen. Peutz-Jeghers syndrome (PJS) is characterized by 
mucocutaneous pigmentation, multiple gastrointestinal 
polyps, and a variety of neoplasms. Gynecomastia was 
described in prepubertal boys secondary to large cell 
calcifying Sertoli cell tumors associated with PJS or  
Carney complex syndrome.255 Gynecomastia can occur 
in men with hyperthyroidism and with hypogonadism 
including Klinefelter syndrome, androgen insensitivity, 
ovotesticular disorder.261 Additional associations include 
obesity, liver disease, radiation exposure, and other causes 
of hypogonadism.

Gynecomastia in a prepubertal boy is pathologic and 
warrants investigation. Gynecomastia occurring in a mid-
pubertal boy who is otherwise healthy most likely repre-
sents physiologic gynecomastia for which an extensive 
laboratory evaluation is unwarranted. Physiologic gyne-
comastia is typically self-limited. If present, treatment of 
the underlying disorder or removal of environmental 
causes is appropriate and may lead to regression of the 
breast tissue. Aromatase inhibitors and estrogen receptor 
blockers have been used. An open label study concluded 
that anastrozole reduced breast size.262 However, the sin-
gle randomized double placebo controlled pediatric trial 
noted that anastrozole was no more effective than placebo 
to reduce gynecomastia.263

EVALUATION OF THE CHILD WITH DELAYED 
PUBERTY

Whether due to a referral bias or to differences in under-
lying biology that result in a slightly skewed distribution 
of ages of pubertal timing in boys compared to girls,52 
delayed puberty in general and CDGP in particular  
are also seen more commonly in boys in endocrinology 
clinics.202

Initial Evaluation
The aim of the initial evaluation is to rule out causes of 
delayed puberty other than CDGP (Table 17-3 and 
Figure 17-5). Pubertal development is assessed clini-
cally and biochemically, providing information impor-
tant for counseling and predicting further pubertal 
development. Eventual normal progression of puberty 
verifies a diagnosis of CDGP, whereas absent or slow 



SE
C

T
IO

N
 III 

E
n

d
ocrin

e D
isord

ers in
 C

h
ild

ren
 an

d
 A

d
olescen

ts
720

First Line Investigations

VARIABLE REQUIREMENTS AND LIMITATIONS INTERPRETATION

Growth rate Two or more height measurements,  
preferably 6-12 months apart.

In early adolescence in both sexes a growth rate less than 3 cm/year is suggestive of a  
disease specifically inhibiting growth (e.g., GH deficiency, hypercortisolism, hypothyroid-
ism), but such rates can also be seen in CDGP. Boys with delayed puberty who are  
overweight tend to have height and predicted adult consistent with the genetic height  
potential.125,265

Tanner stages Pubic hair stages and genital stages 
should be scored separately because 
they do not necessarily track together. 

Testicular volume of . 3 mL is a more reliable indicator of the onset of puberty than Tanner 
stage 2 genital development.

Testis volume Prader’s orchidometer or a ruler. Testicular volume of . 3 mL ($ 2.5 cm in length) indicates central puberty. Most 
healthy boys with a testicular volume 3 mL or greater will have a further increase  
in testicular volume, pubic hair stage, or both, at repeated examination 6 months 
later.117

Bone age X-ray of left hand and wrist. Greulich and 
Pyle Atlas. Bone age is also used to  
predict adult height. 

A bone age delay of more than 2 years has arbitrarily been used as a criterion for CDGP 
but is not specific to that condition. A bone age delay of 4 years has been associated 
with an average of 8 cm over prediction of adult height, whereas in short stature  
with no bone age delay, adult height is usually underestimated by the Bayley-Pinneau 
tables.293

Biochemistry Evaluation varies but common tests  
include complete blood count, erythro-
cyte sedimentation rate, creatinine, 
electrolytes, bicarbonate, alkaline  
phosphatase, albumin, thyrotropin,  
and free thyroxine.

To rule out chronic disorders. Should be directed based on history and physical examination. 
Additional investigations may be necessary based on family history, symptoms, and signs, 
including screening for celiac disease and inflammatory bowel disease.

Serum luteinizing  
hormone (LH)

Morning sample. Use immunochemilumi-
nometric (ICMA) or immunofluorometric 
(IFMA) assays with a lower limit of  
detection at or below 0.1 IU/L

At low levels, values obtained on ICMA are at least 50% lower than those by IFMA.270 Values 
, 0.1 IU/liter are not specific for hypogonadotropic hypogonadism. Value .0.6 (IFMA) or 
0.2 (ICMA) IU/L are specific but not sensitive markers for the initiation of central puberty, 
because in early puberty some adolescents have lower values.270 In delayed puberty, 
elevated values suggest primary hypogonadism.

Serum follicle-stimulating 
hormone (FSH)

Morning sample. Use ICMA or IFMA  
assays with a lower limit of detection  
at or below 0.1 IU/L if possible.

At low levels, values obtained on ICMA are ,50% lower than those by IFMA. Values ,0.2 
(ICMA) or , 1 (IFMA) IU/L suggest hypogonadotropic hypogonadism but are not diagnos-
tic.269,270 In delayed puberty, a value above the upper limit of normal for the assay is a 
marker of inhibin B deficiency and of primary gonadal failure with high sensitivity and 
specificity.

Serum insulin-like 
growth factor 1  
(IGF-1)

Blood samples should be processed within 
2 h to avoid an artifactual increase in  
results. Only assays that recognize  
IGF-1 without any interference from IGF  
binding proteins provide reliable results.

IGF-1 level is used to screen for GH deficiency. An increase in the levels during follow-up or 
during or after treatment with sex steroids makes the diagnosis of GH deficiency less 
likely. The IGF-1 concentration shows the greatest change during childhood and puberty 
and then changes more slowly with advancing age. Therefore, normal values for children 
and adolescents should include narrow age ranges and Tanner stages. GH provocation 
tests are needed to diagnose GH deficiency.

Serum testosterone Morning sample is ideal. Use an assay 
with a lower limit of detection at or  
below 10 ng/dL (0.35 nmol/L) if possible. 
Concentrations show diurnal variation.

An 8 am serum testosterone value of $ 20 ng/dL (0.7 nmol/L) often predicts the appearance 
of pubertal signs within 12 to 15 months.294

TABLE 17-3 Investigations for Delayed Puberty



17 
P

uberty an
d

 Its D
isord

ers in
 th

e M
ale

721

Second-Line Investigations

VARIABLE REQUIREMENTS AND LIMITATIONS INTERPRETATION

Gonadotropin-releasing 
hormone (GnRH) test*

Assay requirements are the same as  
for basal LH and FSH. Test can be  
performed any time of day. LH and  
FSH values vary according to assay 
used and with the stimulating agent 
(GnRH or GnRH agonist).

A predominant LH over FSH response after GnRH stimulation or peak LH levels of 5 to  
8 IU/L (depending on assay) suggests onset of central puberty. There is an overlap  
between prepubertal and early pubertal post-GnRH values.270 A prepubertal response is 
seen in some patients with CDGP as well as in hypogonadotropic hypogonadism, but a 
post-GnRH LH value , 0.8 IU (IFMA) and FSH value , 1.1 IU/L (IFMA) may be more 
consistent with hypogonadotropic hypogonadism in boys.270

Human chorionic gonad-
otropin (hCG) test*

IM or SC injections on several days. There 
are number of different protocols avail-
able. Results vary by the protocol.

Peak testosterone concentrations to both 3-d and 19-d hCG tests have been reported to be 
significantly lower in patients with hypogonadotropic hypogonadism compared with 
CDGP. A combination of the GnRH test and hCG test [peak LH cutoff, 2.8 U/L; peak  
19-d testosterone cutoff, 275 ng/dL (9.5 nmol/liter)] gave a sensitivity and a specificity of 
100% in a small study of CDGP and hypogonadotropic hypogonadism.295

Serum inhibin B* Can be measured any time of day. Has  
diagnostic value only in boys.

Measurement is used in differentiation of hypogonadotropic hypogonadism from CDGP. 
Boys with higher baseline inhibin B levels had a higher likelihood of CDGP in one study.271 
In prepubertal boys, sensitivity and specificity of 100% was obtained at concentration of 
.35 pg/mL. With Tanner stage 2 genitalia, sensitivities were 86% and 80%, and specifici-
ties 92% and 88%, respectively, for CDGP with an inhibin B value of . 65 pg/mL. In boys, 
unmeasurable inhibin B indicates primary germinal failure.

Serum prolactin Measurement is indicated only in some 
cases. Physiologic states including 
stress, exercise, and sleep can increase 
prolactin levels, as can hypothyroidism 
and some medications. 

Elevated levels may indicate hypothalamic-pituitary tumors causing hypogonadotropic  
hypogonadism. In such cases, additional pituitary-hormone deficiencies may be present. 
Macroprolactin (physiologically inactive form of prolactin) measurement is recommended 
in patients with asymptomatic hyperprolactinemia.

Brain magnetic reso-
nance imaging (MRI)

Indicated in any suspicion of CNS  
pathology (e.g., headache, changes  
in vision, changes in behavior).

Imaging is performed to rule out underlying disorders of the central nervous system. Imaging 
in patients with the Kallmann syndrome commonly shows olfactory bulb and sulcus apla-
sia or hypoplasia and thus may help differentiate the Kallmann syndrome from isolated  
hypogonadotropic hypogonadism in patients with an apparently normal or difficult-to- 
evaluate sense of smell. In hypogonadotropic hypogonadism there is a moderate agree-
ment between the MRI of the olfactory bulbs and the UPSIT (overall Kappa 0.5), but in  
presence of aplastic bulbs and anosmia, there is good agreement (Kappa 0.9).

Olfactory function test One test, UPSIT,296 uses microencapsu-
lated odorants, which are released by 
scratching standardized odor-impregnated 
test booklets.

Used to assess for hyposmia and anosmia as part of evaluation for Kallmann syndrome.

Genetic testing In more than 60% of patients with Kallmann 
syndrome or isolated hypogonadotropic 
hypogonadism no specific gene defect is 
found.

Genotyping for known monogenic causes is currently a research procedure and not warranted 
in routine clinical practice. It may be warranted when there is a positive family history or the 
patient has phenotypic signs suggestive of a specific mutation. If performed, genetic testing 
should be accompanied by genetic counseling.

GH testing Various protocols both for testing and 
priming are available. The choice of  
GH stimuli to be used is variable.

Response in GH provocation test is greater after the administration of exogenous (aroma-
tizable) androgens or estrogens (priming). Reliable assay performance and appropriate 
normative data are critical for appropriate use of GH and IGF-1 measurements.

Karyotype Diagnostic of Klinefelter syndrome.

*These tests are used to try to differentiate CDGP and IHH. However, validation in larger, independent studies is needed before they can be endorsed for routine clinical use.267,268 Clinical 
follow-up is often needed to confirm the diagnosis; no endogenous puberty by age 18 years is diagnostic of IHH.

Table modified and reprinted with permission from Palmert, M. R., & Dunkel, L. (2012). Clinical practice. Delayed puberty. N Engl J Med, 366, 443–453.



SECTION III  Endocrine Disorders in Children and Adolescents722

development, or cessation of development after onset, 
is consistent with permanent hypogonadism.

History
A family history—including childhood growth patterns, 
age at pubertal onset of the parents, and infertility—
should be obtained. Delayed puberty in a parent or sib-
ling, regardless of gender, followed by spontaneous onset 
of puberty suggests CDGP. However, if pubertal devel-
opment was induced by sex steroids in family members, 
IHH is also possible, as reversal of hypogonadism is 
noted after discontinuation of sex steroids in about 10% 
of IHH cases.98,213

Chronic diseases, such as inflammatory bowel disease, 
sickle cell disease, celiac disease, asthma, chronic renal 
failure, cardiac disease, endocrine disorders such as hypo-
thyroidism and poorly controlled diabetes mellitus, and 
chronic therapy with glucocorticoids,264 may delay both 
linear growth and puberty. Inadequate nutritional intake, 
when associated with conditions such as cystic fibrosis, 

anorexia nervosa or excessive energy utilization203 due to 
vigorous exercise in athletes or ballet dancers, may result 
in pubertal delay. Successful intervention in such situa-
tions can be followed by catch-up growth and pubertal 
progression.

Delayed cognitive development associated with 
obesity or dysmorphic features may suggest an under-
lying genetic syndrome. Cryptorchidism or small  
penis at birth, hyposmia, or anosmia may suggest hy-
pogonadotropic hypogonadism. A history of chemo- 
or radiotherapy may indicate primary gonadal failure. 
However, some patients receiving treatment for malig-
nancy may have elevated gonadotropin levels during 
and initially after therapy, but subsequently the go-
nadotropin levels decrease as these patients experience 
varying degrees of gonadal recovery. Of special note, 
although Klinefelter syndrome is a type of hypergo-
nadotropic hypogonadism, males with this condition 
commonly present with unusually small testes, lack  
of pubertal progression, or infertility rather than  
pubertal delay.

FIGURE 17-5 n Flowchart for the evaluation of a patient with delayed puberty. CDGP, constitutional delay of growth and puberty; FSH, 
follicle stimulating hormone; GH, growth hormone; GnRH, gonadotropin-releasing hormone; hCG, human chorionic gonadotropin; 
LH, luteinizing hormone. Percentages are from reference 202; they do not add up to 100% because of rounding and because a small 
percentage of patients have disorders that cannot be classified using this schema. (Reprinted with permission from Palmert, M. R., & 
Dunkel, L. [2012]. Clinical practice: delayed puberty. N Engl J Med, 366, 443–453.)
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hypogonadism, or gonadal failure. Adult height prediction 
is an important part of counseling if short stature is a com-
ponent of the presentation, and practitioners need to be 
aware that the Bayley Pinneau tables overestimate adult 
height in patients with CDGP if bone age is delayed by 
more than 2 years (see Table 17-3).

Pubertal onset is characterized by accentuation of  
diurnal gonadotropin and testosterone secretion before 
apparent phenotypic changes. Basal LH and FSH levels 
are low in CDGP and in hypogonadotropic hypogonad-
ism, whereas they are usually elevated in gonadal failure. 
In general, LH is a better marker of pubertal initiation 
than FSH, and FSH is a better marker of gonadal failure 
than LH. Serum IGF-1 concentrations can help in the 
evaluation of growth hormone deficiency but must be 
interpreted carefully because levels are often low for 
chronologic age but within normal range for bone age in 
patients with delayed puberty. Thyroid function tests are 
routinely obtained.

Brain and pituitary MRI may be indicated when there 
are signs or symptoms to suggest a CNS lesion; other-
wise, although some clinicians obtain brain imaging 
routinely, a reasonable strategy is to defer this test until 
age 15, at which point many patients with CDGP will 
have spontaneously begun puberty and will require no 
further evaluation. Full neuroendocrine testing is war-
ranted in patients with hypothalamic-pituitary tumors 
causing hypogonadotropic hypogonadism, as they may 
have additional pituitary hormone deficiencies. Assess-
ment of olfactory bulbs on MRI may be helpful in  
patients with hypogonadotropic hypogonadism and  
anosmia.

Additional Evaluation
Most boys will not have an apparent alternative cause for 
delayed puberty on initial evaluation, suggesting CDGP 
as the likely diagnosis. However, no test can reliably 
distinguish CDGP from IHH, so the diagnosis of CDGP 
cannot be made with certitude.267,268 Observation usually 
resolves this conundrum; IHH is diagnosed if endoge-
nous puberty has not begun by age 18 years. Several tests 
have been proposed to distinguish CDGP from IHH 
(see Table 17-3). If basal gonadotropin levels are incon-
clusive, some have suggested that stimulation by GnRH 
or a GnRH agonist may be helpful.269,270 Stimulated LH 
levels in the pubertal range indicate reactivation of the 
HPG axis and suggest that secondary sexual develop-
ment is likely to occur within 1 year. However, the 
GnRH test alone often cannot differentiate CDGP from 
HH because prepubertal values may be observed in HH 
or in individuals with CDGP who have not yet activated 
the HPG axis. Data suggest that baseline inhibin B levels 
may facilitate discrimination between these condi-
tions.271,272 Low inhibin B levels may predict IHH, but 
replication is needed before this or other tests can be 
adopted routinely.273

Growth hormone secretion in the basal state, as  
well as after provocative testing, may be decreased in 
CDGP. If concerns about growth are sufficient to war-
rant growth hormone stimulation testing, sex steroid 
priming with estrogen or testosterone is necessary for 

Physical Examination
Previous height and weight measurements should be  
obtained and plotted so that longitudinal growth can be 
carefully assessed. Height, weight, and body proportions 
should be determined. Compared with previous data, 
height and weight can be used to calculate annual growth 
rates preferably based on a 12-month interval, as intervals 
less than 4 to 6 months can be inadequate. Delayed pu-
berty is often associated with short stature and slow 
growth for age, although height and growth rate may be 
within the prepubertal normal range. Individuals who are 
underweight for height have a higher likelihood of an 
underlying condition delaying HPG axis activation. Con-
versely, in boys, unlike girls, being obese can be associated 
with later pubertal development.125,265 Upper-to-lower 
segment ratio can be determined by measuring sitting 
height or lower segment (from top of pubic symphysis to 
floor) and compared with normal for age: ratio decreases 
with age to 1 or lower depending on racial group. Arm 
span (finger tip to finger tip) should be within 5 cm of the 
standing height. Longer limbs or eunuchoid habitus  
suggest hypogonadism.

The physical examination should also concentrate 
on identifying markers of chronic disease, malnutri-
tion, neurologic abnormalities, thyroid and other en-
docrinopathies, and syndromic features. In boys, in 
addition to determining height, weight, and skeletal 
proportions, documentation should include stretched 
penile length, position of urethral opening, testicular 
size, and whether both testes are present in a normally 
developed scrotum. Cryptorchidism, bifid scrotum,  
micropenis, or perineoscrotal hypospadias may indicate 
defects in gonadal steroidogenesis and disorders of sex 
development. Small testes, eunuchoid habitus, and gy-
necomastia suggest Klinefelter syndrome. Obesity and 
delayed puberty may suggest defects in the prohor-
mone convertase 1 (PC1), leptin, or leptin receptor 
genes. When obesity is associated with delayed puberty 
and dysmorphic features, it suggests Prader-Willi,  
Bardet-Biedl, or other genetic syndromes.

In boys, Tanner stage 2 genitalia mark the onset of 
pubertal development and are characterized by enlarge-
ment of scrotum and testes and by a change in the texture 
and color of the scrotal skin (see Figure 17-2). Testicular 
volume should also be measured; a volume . 3 cc indi-
cates the initiation of central puberty. In patients with 
CDGP, both adrenarche and hormonal activation of the 
gonads often occur later than average, but in isolated 
hypogonadotropic hypogonadism, adrenarche usually 
occurs at a normal age.202,266

Testing
The history and physical examination should direct the 
laboratory studies so that a parsimonious, cost-effective 
evaluation is performed. Certainly, not all tests need to 
be performed in all individuals.

An individual who is experienced in interpreting these 
x-rays should review the bone age. A delay in bone age is 
characteristic but not diagnostic of CDGP and also may 
occur in individuals with chronic illness, hypogonadotropic 
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Drug and Formulation
Treatment of Boys

Recommended Dose Side Effects and Cautions

CDGP HYPOGONADISM

Testosterone* Erythrocytosis, weight gain, 
prostate hyperplasia. High 
doses can cause premature 
epiphyseal closure. Not for 
use in boys with bone age  
, 10 years.

Testosterone enanthate,  
cypionate, and propionate. 
Testosterone enanthate 
has longer duration of 
effect than testosterone 
propionate. Intramuscular 
injection. 

Not recommended before 
14 years of age. Initial 
dose 50-100 mg  
every 4 weeks for 3 to  
6 months. Repeated 
treatment with 25-50 mg 
increment in dose (not 
exceeding 100 mg) 

Can initiate after age 12 years of 
age at 50 mg every 4 weeks. 
Increase with 50 mg incre-
ments every 6 to 12 months. 
After reaching 100-150 mg 
monthly, decrease interval to 
every 2 weeks. Adult dose 
,200 mg every 2 weeks.

All intramuscular preparations: 
local side effects (pain,  
erythema, inflammatory  
reaction and sterile abscess). 
Priapism can occur in  
patients with sickle cell  
disease.

Testosterone undecanoate.
Intramuscular injection 

No data available. Adult dose is 1000 mg every  
10-14 weeks.

Testosterone gel. Transder-
mal preparations, applied 
topically at bedtime.

No data available. Can be started when , 50% adult 
dose with intramuscular tes-
tosterone has been achieved. 
Adult dose 50-80 mg daily.

Local irritation. After applying, 
avoid close skin contact  
with others

Aromatase Inhibitors Not yet approved for this  
indication. After onset of  
puberty, may increase  
gonadotropin secretion  
and circulating T levels.297

Letrozole PO 2.5 mg daily Not recommended Decreased level of high-density 
lipoprotein cholesterol, 
erythrocytosis, vertebral  
deformities have been  
reported.195

Anastrozole PO 1 mg daily Not recommended Less potent than letrozole.
Pulsatile GnRH
Subcutaneous pump†

Not recommended  
routinely

Initial: 5-25 ng/kg/pulse every 
90-120 min; increase to  
25-600 ng/kg/pulse 

Requires extensive experience. 
Most physiologic form of  
replacement.

hCG plus recombinant 
FSH.

Subcutaneous or intra-
muscular hCG injections

Subcutaneous rhFSH  
injections†

Not recommended  
routinely

hCG: Dose 500 to 3000 IU twice 
weekly, increased to every  
2 days. Dose adjusted based 
on serum T levels. rhFSH: 
Dose 75 to 225 IU 2-3 times 
weekly. 

hCG: Inflammation locally in 
the testis, may induce apop-
tosis of germ cells. In hypo-
gonadotropic hypogonadism 
with prepubertal onset it is 
necessary to add FSH to  
induce testicular growth and 
spermatogenesis. No data on 
effects on future fertility.

TABLE 17-4 Medications Used for the Treatment of CDGP and Permanent Hypogonadism

*Testosterone undecanoate tablets or anabolic steroids are not recommended for the induction of secondary sexual characteristics.
†Induction of fertility may be less successful in men who have lower baseline testicular volumes, have received previously testosterone 

treatment,288 and have not previously received treatment with GnRH285,286 or gonadotropins.285

CDGP, Constitutional delay of growth and puberty.
Table modified and reprinted with permission from Palmert, M. R., & Dunkel, L. (2012). Clinical practice. Delayed puberty. N Engl J Med, 

366, 443–453.

reliable results in patients with delayed puberty; estro-
gen stimulates endogenous growth hormone secretion, 
and sex steroid priming facilitates separation of true 
growth hormone deficiency from physiologic low GH 
secretion that stems from low estrogen levels. Another 
strategy of assessing for true growth hormone defi-
ciency is to remeasure IGF-1 levels after the initiation 
of testosterone therapy. If IGF-1 increases appropri-
ately with administration of testosterone, then true 
growth hormone deficiency is less likely. If a patient has 

normal growth rate, GH provocation tests are not nec-
essary, whereas low IGF-1 levels together with reduced 
growth velocity warrant testing.

TREATMENT OF DELAYED PUBERTY

The options for management of CDGP include expect-
ant observation or therapy with low-dose testosterone 
(Table 7-4). If puberty has started, clinically or biochemically, 
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and stature is not a major concern, reassurance with 
realistic adult height prediction is frequently all that is 
needed. If therapy is initiated, it is usually to assuage 
psychosocial difficulties that may derive from negative 
interactions with peers, decreased self-esteem, and  
anxiety about growth rate or body habitus.196 Therapy 
is usually not initiated solely for medical reasons, such 
as accrual of bone mass. However, data regarding the 
effect of pubertal timing on bone mass suggest that ad-
ditional data are needed to determine definitively 
whether medical reasons to initiate therapy should be 
given more consideration.201

Since the 1980s, there have been numerous studies of 
treatment of CDGP in boys, mostly involving treatment 
with short courses of low-dose androgens. There are lim-
ited randomized controlled trials, most with small num-
bers of subjects,274-276 but data from these and other studies 
strongly suggest that treatment leads to increased growth 
velocity and sexual maturation and positively affects psy-
chosocial well-being without significant side effects, rapid 
advancement of bone age, or reducing adult height. For 
boys who elect to be treated, we initiate supplementation 
with 50 mg testosterone ester intramuscular each month 
for 3 to 6 months, which can be repeated for another 3 to 
6 months with dose escalation (see Table 17-4). Testoster-
one patches and gels are alternative treatment options, but 
their use during the initiation of secondary sexual charac-
teristics has been limited by the requirement for low doses 
that can be delivered reproducibly. If spontaneous puberty 
has not occurred after 1 year, other diagnoses, such as 
permanent hypogonadotropic hypogonadism, should be 
reconsidered, and an MRI of the brain may be indicated.

For a subset of patients with CDGP, short stature can 
be more concerning than delayed puberty, and indeed in 
idiopathic short stature (ISS) there is a component of 
delay in many of the subjects.277 Although the U.S. Food 
and Drug Administration (FDA) has approved the use of 
GH for the treatment of ISS and height SDS # 2.25 for 
age, this therapy has at best a modest effect on adult 
height in adolescents with CDGP, and its routine use in 
CDGP is not recommended.278 Nor do we use anabolic 
steroids, such as oxandrolone, for treatment of delayed 
puberty. Its use for treatment of ISS was not endorsed by 
the Consensus Statement,277 and it is rare that boys after 
age 14 years are not concerned about the lack of pubertal 
changes, which cannot be induced by oxandrolone  
because of its weak androgenic effects.

In boys with CDGP and short stature, another poten-
tial therapeutic approach is aromatase inhibition, but this 
treatment requires further study before it should be in-
corporated into routine practice.279,280 Aromatase inhibi-
tors (AIs) inhibit conversion of androgens to estrogens. 
Because estrogen is the predominant hormone needed 
for epiphyseal closure, AIs could prolong linear growth 
and potentially increase adult height.281 In controlled tri-
als in boys with short stature or delayed puberty279,280 or 
GH deficiency,282 AIs have been shown to delay bone 
maturation and increase predicted adult height. How-
ever, adult heights have not yet been reported from all 
studies, and characteristics of patients who respond and 
those who do not as well as the optimal timing, dose, and 
duration of AI treatment remain unresolved.283

A complete profile of the potential side effects associ-
ated with the use aromatase inhibitors has not been es-
tablished. Testosterone levels are elevated during AI 
therapy, and erythrocytosis has been observed in pubertal 
boys treated with AIs and in men with aromatase defi-
ciency. Theoretical risks include a decline in adiponectin 
and subsequent development of nonalcoholic hepatic 
steatosis. Letrozole has no apparent adverse effects on 
bone mineral density in adolescents. However, estrogen 
deficiency and letrozole treatment have been associated 
with impaired trabecular bone development in boys with 
ISS, and letrozole treatment during prepuberty or early 
puberty has also been associated with increased risk of 
vertebral body deformities.195 Thus, the use of aromatase 
inhibitors, even in adolescents with compromised pre-
dicted adult height, requires further careful study.284

In boys with permanent hypogonadism, the initial sex 
steroid therapy is the same as for CDGP. The difference 
is that testosterone doses are gradually increased to full 
adult replacement levels over approximately 3 years (see 
Table 17-4). During the last year of dose escalation, the 
interval is decreased from once each month to once every 
2 weeks with a typical regimen for adult replacement be-
ing 200 mg every 2 weeks. Transdermal preparations can 
be initiated during the final stages of dose escalation, if 
preferred. In hypogonadotropic hypogonadism, exoge-
nous testosterone does not induce testicular growth or 
spermatogenesis. Thus, if male patients with permanent 
hypogonadotropic hypogonadism wish to father a child or 
achieve increased testicular volume, gonadotropin ther-
apy can be utilized; induction of testicular growth and 
fertility can be accomplished through treatment with ex-
ogenous gonadotropins285 or, in hypothalamic disorders, 
pulsatile GnRH, if available, can be also be used285-288 
(see Table 17-4).

In some cases of hypergonadotropic hypogonadism, 
individuals may still be able to father children using as-
sisted reproductive technologies, such as intracytoplas-
mic sperm injection (ICSI), although this technology 
may be associated with a small increased risk of birth 
defects.289 In cases where ICSI is not desired or not 
feasible, in vitro fertilization using donor sperm and 
adoption provide additional options for those wanting 
to have children. As noted earlier, fertility preservation 
is an important topic for boys with Klinefelter syn-
drome and malignancies.

TESTOSTERONE: THE HYPOGONADAL MALE 
ATHLETE AND THE INDIVIDUAL WITH A DSD

Treating the competitive athlete with hypogonadism or 
a DSD is a potentially problematic issue. Studies by 
Bhasin and colleagues provided experimental evidence 
confirming that exogenous testosterone improved  
athletic performance.290 These studies ultimately led to 
a ban on the use of exogenous testosterone in Olympic 
competition. The World Anti-Doping Agency (WADA) 
currently maintains a list of substances banned for use by 
competitive athletes.

Yet it is essential to replace testosterone in the hy-
pogonadal male. The complete ban on testosterone 
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QUESTIONS

 4. GnRH dependence underlies which of the following?
 a. Testicular tumor producing large amounts of  

testosterone
 b. Adrenal tumor producing large amounts of androgens
 c. Idiopathic central precocious puberty
 d. All of the above

Answer: c

 5. Obesity has been associated with earlier onset of  
puberty in girls. In boys,
 a. The same relationship exists.
 b. There is no relationship between overweight/ 

obesity and pubertal timing.
 c. The relationship between overweight/obesity and 

onset of puberty is not clear.
Answer: c

 6. The decision to treat idiopathic central precocious pu-
berty is based on which of the following considerations?
 a. Preserving growth potential and optimizing adult 

height
 b. Mitigating psychosocial distress associated with 

early development
 c. Both
 d. Neither

Answer: c

 1. Genetic defects have been identified that cause many 
cases of all except which of the following conditions?
 a. Kallmann syndrome
 b. Constitutional delay of growth and maturation
 c. Isolated hypogonadotropic hypogonadism
 d. McCune-Albright syndrome
 e. Familial male limited precocious puberty

Answer: b

 2. The traditional definition of delayed puberty in a boy 
includes which of the following?
 a. Lack of testicular enlargement by age 13 years
 b. Lack of pubic hair by age 14 years
 c. Lack of testicular enlargement by age 14 years
 d. Lack of pubic hair by age 13 years

Answer: c

 3. Among patients seen in pediatric endocrinology  
clinics, which of the following is true?
 a. Idiopathic central precocious puberty is more 

common among boys and constitutional delay of 
growth and puberty is more common among 
girls.

 b. Idiopathic central precocious puberty is more 
common among girls and constitutional delay of 
growth and puberty is more common among boys.

Answer: b
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Disorders of calcium, magnesium, and phosphate  
metabolism and of bone formation, accrual, and mainte-
nance during the first two decades of life result from 
suboptimal ingestion, absorption, or retention of con-
stituent nutrients, abnormal vitamin D metabolism or 
bioactivity, disorders of parathyroid hormone (PTH) 
synthesis, secretion, or action, and intrinsic aberrations 
in cartilage and bone cells. The origins of these illnesses 
may be intrinsic due to pathologic variations in the 
genes controlling these processes or to acquired insults 
(Table 18-1). For an integrated overview of calcium, 
mineral, and skeletal homeostasis and changes in this 
system through the life cycle, see Chapter 8.

HYPOCALCEMIA
Hypocalcemia in the Neonate and Infant
Clinical manifestations of hypocalcemia occurring in the 
neonate—defined as values of total calcium , 7.5 to 
8 mg/dL and ionized calcium (Ca21) , 4.4 mg/dL (1.1 
mmol/L) in newborns with birth weights . 1500 g and 
, 7 mg/dL and Ca21 , 3.6 mg/dL (0.9 mmol/L) in 
newborns with birth weights , 1500 g—are principally 
those of neuromuscular hyperexcitability: irritability, 
hyperacusis, jitteriness, tremulousness, facial spasms, 
tetany, laryngospasm, and focal or generalized seizures.1,2 
Nonspecific symptoms such as apnea, tachycardia,  

cyanosis, emesis, and feeding problems may also occur. 
Causes of neonatal hypocalcemia may be considered in 
relation to the age of onset (before or after 72 hours of 
life) (Table 18-2).

Early Neonatal Hypocalcemia

In the absence of hypoproteinemia, hypocalcemia  
occurring within the first 72 hours after birth is considered 
“early neonatal hypocalcemia.” It occurs most com-
monly in prematurely delivered or small-for-gestational-
age, low-birth-weight, or asphyxiated neonates, or in 
those born to women with gestational or permanent 
forms of diabetes mellitus, and it is the consequence of 
impaired PTH secretion and delayed renal tubular 
phosphaturic response to PTH characteristic of the 
neonate, prolonged secretion of calcitonin, or hypo-
magnesemia.2 Total calcium and Ca21 concentrations 
decline more rapidly from high intrauterine values to 
lower nadir levels in preterm than in term neonates. In 
low-birth-weight (LBW) neonates, hypocalcemia may 
be further attributed to the rapid accretion of skeletal 
calcium in the presence of relative resistance to the  
calcium absorptive and reabsorptive effects of calcitriol 
on the intestinal tract and bone, respectively. Offspring 
of severely vitamin D–deficient mothers may become 
hypocalcemic shortly after birth. Hypocalcemia devel-
ops in approximately one third of asphyxiated newborns 

HYPOCALCEMIA
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Hypocalcemia in the Child and Adolescent

HYPERCALCEMIA
Hypercalcemia in the Neonate and Infant
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Gene Chromosome MIM Disease MIM

ACVR1 2q24.1 102576 Fibrodysplasia ossificans  
progressiva

135100

AIRE 21q22.3 607358 Autoimmune polyendocrine 
syndrome, type I

240300

ALPL 1p36.1 171760 Hypophosphatasia, infantile 241500
Hypophosphatasia, childhood 241510
Hypophosphatasia, adult 146300

BAZ1B 7q11.23 605681 Williams-Beuren syndrome 194050
BMP1 8p21.3 112264 Osteogenesis imperfecta  

type XIII
614856

CA2 8q21.1 611492 Osteopetrosis: renal tubular  
acidosis

259730

CASR 3q13.3-q21 601199 Hereditary hypocalciuric  
hypercalcemia

145980

Neonatal severe  
hyperparathyroidism

239200

Hypercalcemic hypercalciuria 601199
Hypoparathyroidism, familial 

isolated
146200

Acquired hypocalciuric  
hypercalcemia

145980

CDC73 1q31.2 607393 Familial primary hypoparathy-
roidism

145000

Hyperparathyroidism jaw tumor 
syndrome

145001

CDKN1B 12p13.1 600778 Multiple endocrine neoplasia 
type IV

610755

CLCN5 Xp11.2 300008 X-linked recessive hypophos-
phatemic rickets

300554

Dent disease 300009
Nephrolithiasis, X-linked  

recessive
310468

CLCN7 16p13,3 602727 Osteopetrosis, autosomal  
recessive type IV

611490

Osteopetrosis, autosomal  
dominant type II

166600

CLDN16 3q28 603959 Type 3 hypomagnesemia 248250
CLDN19 1p34.2 610036 Type 5 hypomagnesemia,  

hypercalciuria, visual  
impairment

248190

CNNM2 10q24.32 607803 Type 6 hypomagnesemia with 
normomagnesuria

613882

COL1A1 17q21.33 120150 Osteogenesis imperfecta type I 166200
Osteogenesis imperfecta  

type II
166210

Osteogenesis imperfecta  
type III

259420

Osteogenesis imperfecta  
type IV

166220

COL1A2 7q22.3 120160 Osteogenesis imperfecta  
type II

166210

Osteogenesis imperfecta type III 259420
Osteogenesis imperfecta  

type IV
166220

CRTAP 3p22.3 605497 Osteogenesis imperfecta type VII 610854
610682

CTSK 1q21.3 601105 Pycnodysostosis 265800
CYP2R1 11p15.2 608713 25-Hydroxylase deficiency,  

selective
600081

CYP24A1 20q13.2 126065 Idiopathic infantile  
hypercalcemia

143880

TABLE 18-1 Genetic Origins of Disorders of Mineral, Cartilage, and Bone Metabolism

Continued
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Gene Chromosome MIM Disease MIM

CYP27B1 12q14.1 609506 25a-Hydroxyvitamin 
D-1a-hydroxylase deficiency 
(vitamin D–dependent  
rickets, type I)

264700

DMP1 4q22.1 600980 Hypophosphatemic rickets,  
autosomal recessive type 1

241520

ELN 7q11.23 120160 Williams-Beuren syndrome 194050
ENPP1 6q23.2 173335 Hypophosphatemic rickets,  

autosomal recessive type 2
613312

FAM111A 11q12.1 615292 Kenny-Caffey syndrome, type 2 127000
FGF23 12p13.32 605380 Hypophosphatemic rickets,  

autosomal dominant
193100

Familial tumoral calcinosis 211900
Hyperostosis hyperphosphate-

mia syndrome
211900

FKBP10 17q21.2 607063 Osteogenesis imperfecta type XI 610968
FOXP3 Xp11.23 300292 Immunodysregulation, polyen-

docrinopathy, enteropathy
304790

FXYD2 11q23.3 601814 Type 2 hypomagnesemia with 
hypocalciuria

154020

GALANT3 2q24.3 601756 Familial tumoral calcinosis 211900
Hyperostosis hyperphosphate-

mia syndrome
610233

GATA3 10p14 131320 Hypoparathyroidism, sensori-
neural deafness, renal disease 
(HDR/Barakat syndrome)

146255

GCM2 6p24.2 603716 Hypoparathyroidism, familial 
isolated

146200

GNAS 20q13.32 139320 Pseudohypoparathyroidism, 
type 1A

103580

Pseudohypoparathyroidism, 
type 1B

603233

Osseous heteroplasia,  
progressive

166350

Fibrous dysplasia/McCune- 
Albright

174800

GNPTAB 12q23.2 607840 Mucolipidosis type II 252500
GTF21 7q11.23 601679 Williams-Beuren syndrome 194050
HNF1B 17q12 189907 Hypomagnesemia with maturity 

onset diabetes of youth (5) 
and renal cysts

137920

HNRNPC 14q11.2 164020 Vitamin D–dependent rickets 
type 2B

600785

HRPT2 1q24-q31 607393 Familial hyperparathyroidism 
2—jaw tumor syndrome

145001

IKBKG Xq28 300248 X-linked osteopetrosis,  
ectodermal dysplasia

300301

IFITM5 11p15.5 614757 Osteogenesis imperfecta type V 610967
KCNA1 12p13.32 176260 Hypomagnesemia with  

myokymia
160120

KCNJ1 11q24 600359 Hypomagnesemia/antenatal 
Bartter syndrome type 2

600839

KCNJ10 1q23.2 602208 Hypomagnesemia/SESAME 
syndrome

612780

KL 13q13.1 604824 Familial calcinosis 211900
LEPRE1 1p34.2 610339 Osteogenesis imperfecta type VIII 610915
LRP5 11q13.2 603506 Osteoporosis-pseudoglioma 

syndrome
259770

Idiopathic juvenile osteoporosis 259750
High bone mass variation 601884
Autosomal dominant  

osteopetrosis type I
607634

Van Buchem disease, type 2 607636

TABLE 18-1 Genetic Origins of Disorders of Mineral, Cartilage, and Bone Metabolism—cont’d
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Gene Chromosome MIM Disease MIM

MEN1 11q13 613733 Multiple endocrine neoplasia 
type I

131100

NPR2 9p13.3 108961 Acromesomelic dysplasia  
(Maroteaux)

602875

OSTM1 6q21 607649 Autosomal recessive  
osteopetrosis type V

259720

PHEX Xp22.11 300550 Hypophosphatemic rickets,  
X-linked dominant

307800

PLEKHM1 17q21.31 611466 Autosomal recessive  
osteopetrosis type VI

611497

PPIB 15q22.31 123841 Osteogenesis imperfecta  
type IX

259440

PRKAR1A 17q24.2 188830 Acrodysostosis with/without 
hormone resistance

101800

PTH 11p15.2 168450 Hypoparathyroidism, autosomnal 
dominant or negative

146200

PTH1R 3p21.31 168468 Blomstrand osteochondrodys-
plasia

215045

Murk-Jansen metaphyseal 
chondrodysplasia

156400

Enchondromatosis (Ollier  
disease)

166000

RET 10q11.2 164761 Multiple endocrine neoplasia 
type IIA

171400

Multiple endocrine neoplasia 
type IIB

162300

Familial medullary carcinoma  
of thyroid

155240

SAMD9 7q21.2 610456 Tumoral calcinosis, normophos-
phatemic

610455

SERPINF1 17p13.3 172860 Osteogenesis imperfecta  
type VI

613982

SERPINH1 11q13.5 600943 Osteogenesis type X 613848
SLC34A1 5q35.3 182309 Autosomal dominant hypo-

phosphatemia with  
urolithiasis 1

612286

SLC34A3 9q34.3 609826 Hypophosphatemic rickets  
with hypercalciuria

241530

SLC9A3R1 17q25.1 604990 Autosomal dominant  
hypophosphatemia with  
urolithiasis 1

612286

SLC9A3R1 17q25.1 604990 Autosomal dominant  
hypophosphatemia with  
urolithiasis 2

612287

SLC12A1 15q21.1 600839 Antenatal Bartter syndrome 
type 1

601678

SLC12A3 16q13 600968 Hypomagnesemia/Gitelman 
syndrome

263800

SLC34A3 9q34 609826 Hypophosphatemic rickets  
with hypercalciuria,  
hereditary

241530

SLC7A7 14q11.2 603593 Lysinuric protein intolerance 222700
SNX10 7p15.2 614780 Autosomal recessive osteoporo-

sis type VIII
615085

SOST 17q21.31 605740 Sclerosteosis 269500
Hyperostosis corticalis general-

isata (Van Buchem disease 
type 1)

239100

SOX3 Xq27.1 313430 Hypoparathyroidism, X-linked 307700
SP7 12q13.13 606633 Osteogenesis imperfecta XII 613849
STX16 20q13.32 603666 Pseudohypoparathyroidism, 

type 1B
603233

TBX1 22q11.21 602054 DiGeorge syndrome 188400

TABLE 18-1 Genetic Origins of Disorders of Mineral, Cartilage, and Bone Metabolism—cont’d

Continued
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Gene Chromosome MIM Disease MIM

TBCE 1q42.3 604934 Sanjad-Sakati (HRD) syndrome 241410
Kenney-Caffey syndrome,  

type 1
244460

TCIRG1 11q13.2 604592 Autosomal recessive  
osteopetrosis type I

259700

TGFB1 19q13.1 190180 Progressive diaphyseal  
dysplasia

131300

TMEM38B 9q31.2 611236 Osteogenesis imperfecta  
type IV

615066

TNFRSF11A 18q21.33 603499 Autosomal recessive  
osteopetrosis type VII

612301

Hereditary (familial) expansile
Polyostotic osteolytic  

dysplasia
174810

TNFRSF11B 8q24 602643 Paget disease, juvenile 239000
TNFSF11 13q14.11 602642 Autosomal recessive  

osteopetrosis type II
259710

TRPM6 9q21.13 607009 Type 1 hypomagnesemia with 
hypocalcemia

602014

VDR 12q13.11 601769 Vitamin D–dependent rickets, 
type 2A

277440

TABLE 18-1 Genetic Origins of Disorders of Mineral, Cartilage, and Bone Metabolism—cont’d

who are products of complicated and compromised  
deliveries. In these infants, increased phosphate load 
due to cellular injury, reduced calcium intake, and hy-
percalcitonemia are important pathogenetic factors in 
the development of hypocalcemia. Neonates with se-
vere infections (sepsis) or other critical illness are often 
hypocalcemic.

Fifty percent of infants of mothers with diabetes  
mellitus develop early neonatal hypocalcemia; the inci-
dence may be reduced by strict maternal glycemic control.3 
Its causes are multifactorial and include reduced placen-
tal transfer of calcium due to substantial maternal uri-
nary excretion of calcium and magnesium, decreased 
neonatal secretion of PTH, hypercalcitonemia, hypo-
magnesemia (occurring in 40% of offspring of diabetic 
women), and limited intake and impaired absorption  
of ingested calcium.4 Maternal hypercalcemia due to 
unsuspected hyperparathyroidism leads to increased 
transfer of calcium to the fetus and still further increase 
in the in utero serum calcium concentrations that sup-
press fetal PTH synthesis and release and stimulate 
calcitonin secretion, aberrations in homeostatic mecha-
nisms that persist postpartum and may result in hypo-
calcemic tetany/seizures in offspring. Suppression of 
PTH secretion may persist for several months and be 
undetected until symptomatic hypocalcemia develops 
after weaning of the infant from breast milk to higher 
phosphate containing cow milk formula. Maternal inges-
tion of large quantities of calcium carbonate in antacids 
has also led to neonatal hypocalcemia.5

Hypocalcemia has occurred in neonates with hyper-
bilirubinemia undergoing exchange transfusion due to 
complexing of calcium by citrate used to store blood 

and avoid clotting, and in those exposed to photother-
apy. Neonates with acute rotavirus infection and severe 
diarrhea may present with hypocalcemic seizures.  
Aminoglycoside antibiotics (e.g., gentamycin) increase 
urinary excretion of calcium and magnesium, thereby 
facilitating the development of neonatal hypocalcemia. 
Compounds that complex with and sequester calcium 
such as citrate (present in transfused blood), phosphates 
(that alter the calcium 3 phosphate product), and fatty 
acids (given as caloric supplements) lower Ca21 levels. 
Bicarbonate administered to correct acidosis increases 
calcium binding to albumin and thus lowers Ca21 
values. Hypocalcemia may also occur in hyperventilated 
infants with severe respiratory alkalosis as well as in 
those with other causes of metabolic alkalosis. Phytates 
in soy milk bind calcium and phosphate and interfere 
with their absorption. Neonates and infants with ma-
lignant osteopetrosis type II and impaired osteoclasto-
genesis may present with either early or late neonatal 
hypocalcemia.6-8

Late Neonatal Hypocalcemia

Hypocalcemia developing after 72 hours of postnatal  
age may be due to an increased intake of phosphate, 
hypomagnesemia, hypoparathyroidism, or vitamin D 
deficiency (see Tables 18-2A and B). Often neonatal hy-
pocalcemia develops after 3 days of age in offspring born 
in the late winter-early spring of the year to multiparous 
women of lower socioeconomic status with an inadequate 
intake of vitamin D or exposure to sunlight. Ingestion of 
excessive phosphate in evaporated milk or modified  
cow milk formulas forms poorly soluble calcium salts, 
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Modified from Carpenter, T. O. (2006). Neonatal hypocalcemia. In M. J. Favus (Ed.), Primer on the metabolic bone diseases and disorders 
of mineral metabolism, (6th ed.) (pp. 224-229). Washington, DC: American Society for Bone and Mineral Research; Shaw, N. (2009). 
A practical approach to hypocalcaemia in children. In J. Allgrove, & N. Shaw (Eds.), Calcium and bone disorders in children and adoles-
cents. Endocr Dev. (Vol. 16, pp. 73–92). Basel: Karger; Levine MA (2006). Parathyroid hormone resistance syndromes. In M. J. Favus 
(Ed.), Primer on the metabolic bone diseases and disorders of mineral metabolism (6th ed.) (pp. 220-224). Washington, DC: American 
Society for Bone and Mineral Research; Thakker, R. V. (2006). Hypocalcemia: pathogenesis, differential diagnosis, and management. In 
M. J. Favus (Ed.), Primer on the metabolic bone diseases and disorders of mineral metabolism, (6th ed.) (pp. 213-215). Washington, DC: 
American Society for Bone and Mineral Research; Goltzman, D., & Cole, D. E. C. (2006). Hypoparathyroidism. In M. J. Favus (Ed.), 
Primer on the metabolic bone diseases and disorders of mineral metabolism (6th ed.) (pp. 216-219). Washington, DC: American Society 
for Bone and Mineral Research.

TABLE 18-2A Causes of Hypocalcemia

I  Neonatal
A Maternal Disorders

 1 Diabetes mellitus
 2 Toxemia of pregnancy
 3 Vitamin D deficiency
 4 High intake of alkali or magnesium sulfate
 5 Use of anticonvulsants
 6 Hyperparathyroidism

B Neonatal Disorders
 1 Low birth weight: prematurity, intrauterine growth  

restriction
 2 Peripartum asphyxia, sepsis, critical illness
 3 Hyperbilirubinemia, phototherapy, exchange  

transfusion
 4 Hypomagnesemia, hypermagnesemia
 5 Acute/chronic renal failure
 6 Nutrients/medications: high phosphate intake, fatty  

acids, phytates, bicarbonate infusion, citrated blood, 
anticonvulsants, aminoglycosides

 7 Hypoparathyroidism
 8 Vitamin D deficiency or resistance
 9 Osteopetrosis type II

II  Hypoparathyroidism

A Congenital
 1 Transient neonatal
 2 Congenital hypoparathyroidism (see also Table 18-2B)
 a Familial isolated hypoparathyroidism

 (1) Autosomal recessive hypoparathyroidism (GCMB, 
PTH)

 (2) Autosomal dominant hypoparathyroidism (CASR)
 (3) X-linked hypoparathyroidism (SOX3)

 b DiGeorge syndrome (TBX1)
 c Sanjad-Sakati syndrome (short stature, retardation, 

dysmorphism; HRD)
 Kenny-Caffey syndrome 1 (short stature, medullary 

stenosis) (TBCE)
 d Barakat syndrome (sensorineural deafness, renal  

dysplasia; HDR) (GATA3)
 e Lymphedema-hypoparathyroidism-nephropathy, 

nerve deafness
 f Mitochondrial fatty acid disorders (Kearns-Sayre, 

Pearson, mitochondrial encephalopathy, lactic  
acidosis, stroke-like [MELAS])

 3 Insensitivity to parathyroid hormone
 a Blomstrand chondrodysplasia (PTHR1)
 b Pseudohypoparathyroidism type IA (GNAS)

 Pseudohypoparathyroidism type IB
 Pseudohypoparathyroidism type IC
 Pseudohypoparathyroidism type II
 Pseudopseudohypoparathyroidism

 c Acrodysostosis with hormone resistance (PRKAR1A)
 d Hypomagnesemia (see Tables 18-7A and B)

B  Acquired
 1 Autoimmune polyglandular syndrome type I (AIRE)
 2 Activating antibodies to the calcium sensing receptor
 3 Post surgical, radiation destruction
 4 Infiltrative—excessive iron (hemochromatosis, thalasse-

mia) or copper (Wilson disease) deposition; granuloma-
tous inflammation, neoplastic invasion; amyloidosis, 
sarcoidosis

 5 Maternal hyperparathyroidism
 6 Hypomagnesemia/hypermagnesemia

III  Vitamin D Deficiency

IV  Other Causes of Hypocalcemia

A Calcium Deficiency
 1 Nutritional deprivation
 2 Hypercalciuria

B Disorders of Magnesium Homeostasis (see Tables 18-7A 
and B)

 1 Congenital hypomagnesemia
 2 Acquired
 a Acute renal failure
 b Chronic inflammatory bowel disease, intestinal  

resection
 c Diuretics

C Hyperphosphatemia
 1 Renal failure
 2 Phosphate administration (intravenous, oral, rectal)
 3 Tumor cell lysis
 4 Muscle injuries (crush, rhabdomyolysis)

D Miscellaneous
 1 Hypoproteinemia
 2 Hyperventilation
 3 Drugs: furosemide, bisphosphonates calcitonin, anticon-

vulsants, ketoconazole, antineoplastic agents (plicamycin, 
asparaginase, cisplatinum, cytosine arabinoside, doxoru-
bicin), citrated blood products

 4 Hungry bone syndrome
 5 Acute and critical illness: sepsis, acute pancreatitis, toxic 

shock
 a Organic acidemia: propionic, methylmalonic, isovaleric
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Disorder MIM Gene(s) Chromosome MIM Pathophysiology Inheritance

Familial isolated hypoparathyroidism 146200 GCM2: Glial cells missing, 
Drosophila, homologue of, 2

6p24.2 
603716

Transcription factor essential for parathy-
roid gland development

AR, AD

PTH: Parathyroid hormone 11p15.2
168450

Peptide that increases serum Ca21 
concentration

AR, AD

CASR: Calcium sensing receptor 3q21.1
601199

GPCR that monitors ambient Ca21 
concentration

AD

Familial isolated  
hypoparathyroioidism

307700 (SOX3: SRY box 3) Xq26-27 
(Xq27.1 
313430)

Factor(s) expressed in the developing 
parathyroid gland

X-linked recessive

DiGeorge syndrome 1 (chromo-
some 22q 11.2 deletion  
syndrome)

188400 Continuous gene deletion  
disorder or mutation in 
TBX1: T-box 1

22q11.21 
602054

TBX1: Transcription factor that regulates 
GCM2 expression

AD, Sporadic

DiGeorge syndrome 2 601362 Deletion of 10p 10p14-p13
Chromosome 22q11.2 duplication 

syndrome
608363 Microduplication involving  

the same interval deleted  
in DiGeorge syndrome 1

22q11.2 AD

Barakat syndrome (HDR) 146255 GATA3: GATA binding protein 3 10p14 
131320

Transcription factor that regulates  
expression of GCM2 and development 
of otic vesicles and kidneys

AD, AR

Sanjad-Sakati syndrome (HRD) 241410 TBCE: Tubulin-specific 
chaperone E

1q42.3 
604934

Chaperone protein necessary for  
formation of the cytoskeleton,  
protein transport and secretion

AR

Kenny-Caffey syndrome 1 (KCS1) 244460 TBCE: Tubulin-specific 
chaperone E

1q42.3 
604934

Chaperone protein necessary for formation 
of the cytoskeleton, protein transport, 
and secretion

AR

Kenny-Caffey syndrome 2 (KCS2) 127000 FAM111A: Family with early 
seqence similarity 111

615292 Restriction factor AD

Kearns-Sayre syndrome 530000 ATP8: ATP synthase 8 516070 Mitochondrial gene Transmitted primarily 
by females

MTTL1: Transfer RNA, 
mitochondrial leucine, 1

590050 Mitochondrial gene

RRM2B: Ribonucleotide 
reductase, M2 B

8p22.3 
604712

Enzyme essential for mitochondrial DNA 
synthesis

AR

TABLE 18-2B Gene Mutations Associated with Hypoparathyroidism
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GPCR, G protein–coupled receptor; AD, autosomal dominant; AR, autosomal recessive.

Mitochondrial myopathy, encepha-
lopathy, lactic acidosis and 
stroke-like episodes (MELAS)

540000 MTTKL: Transfer RNA, 
mitochondrial, lysine

590060 Mitochondrial genes Transmitted primarily 
by females

MTTQ: Transfer RNA, 
mitochondrial, glutamine

590030

Pearson marrow-pancreas  
syndrome

557000 Continuous gene deletion/ 
duplication syndrome involv-
ing several mtDNA genes

Mitochondrial genes Transmitted primarily 
by females

Blomstrand chondrodysplasia 215045 PTH1R: Parathyroid hormone 1 
receptor

3p21.31 
168468

GPCR for parathyroid hormone AR

Pseudohypoparathyroidism type IA 103580 GNAS: GNAS complex locus 20q13.32 
139320

Gsa transmits ligand-bound GPCR 
stimulus to adenylyl cyclase

AD

Pseudohypoparathyroidism type IB 603233 GNAS: GNAS complex locus 20q13.32 
139320

Gsa transmits ligand-bound GPCR 
stimulus to adenylyl cyclase

AD

STX16: Syntaxin 16 20q13.32 
603666

Regulates epigenetic control of GNAS 
expression

AD

Pseudohypoparathyroidism type IC 612462 GNAS: GNAS complex locus 20q13.32 
139320

Gsa transmits ligand-bound GPCR 
stimulus to adenylyl cyclase

AD

Progressive osseous heteroplasia 1166350 GNAS: GNAS complex locus 20q13.32 
139320

Gsa transmits ligand-bound GPCR 
stimulus to adenylyl cyclase

AD

Pseudohypoparathyroidism type II 203330 Biochemical lesion distal to generation of 
cyclic AMP

Acrodysostosis 101800 PRKAR1A: Protein kinase, 
cAMP-dependent,  
regulatory, type I, alpha

17q24.2 
188830

Regulatory alpha subunit of protein  
kinase A controls peripheral cyclic  
AMP response to PTH and TSH

AD

Autoimmune polyglandular  
syndrome type 1 (APS1)

240300 AIRE: Autoimmune regulator 21q22.3 
607358

Transcription factor expressed in medulla 
of thymus that enables differentiation 
of self- from foreign antigens

AD

Immunodysregulation, polyendocri-
nopathy and enteropathy

304790 FOXP3: Forkhead box P3 Xp11.23 
300292

Transcription factor essential for normal 
development of naturally occurring  
T regulatory cells

X-linked recessive
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limiting the intestinal absorption of calcium while rais-
ing serum phosphate values. Premature introduction of  
fiber-containing cereals into the infant’s diet also  
decreases calcium absorption. Affected infants may have 
an associated defect in renal phosphate excretion or co-
existing vitamin D deficiency. Hyperphosphatemia and 
hypocalcemia may initially suggest hypoparathyroidism, 
but serum PTH concentrations are high in infants with 
excessive phosphate loading in response to a reciprocal 
reduction in serum calcium values. Newborns and  
infants with chronic renal insufficiency due to renal hy-
poplasia or obstructive nephropathies often are hypocal-
cemic and hyperphosphatemic with elevated serum PTH 
levels as well, but they are also azotemic. Hypomagnese-
mia leads to impaired secretion of PTH and decreased 
peripheral responsiveness to PTH and may be transient 
or related to congenital abnormalities of intestinal ab-
sorption or renal tubular reabsorption of magnesium.3 
Hypermagnesemia may occasionally be associated with 
neonatal hypocalcemia.

Hypocalcemia due to fetal/neonatal deficiency  
of vitamin D occurs in offspring of mothers deprived 
of vitamin D (either for cultural or socioeconomic 
reasons); impaired renal 25-hydroxyvitamin D-1a 
hydroxylase activity or loss-of-function mutations of 
the vitamin D receptor also lead to hypocalcemia (and 
hypophosphatemia). Hypovitaminosis D may develop 
in the breastfed infant of a vegetarian mother who 
shields herself from sunlight and ingests a diet low in 
vitamin D. Marginal deficiency of vitamin D in neo-
nates and infants is much more common than has 
been recognized heretofore.9-12 “Late-late” neonatal 
hypocalcemia occurs in premature infants with osteo-
penia at 3 to 4 months of age in whom the intake of 
calcium, phosphate, and vitamin D has been marginal; 
it is perhaps due to an avid deposition of available 
calcium into bone.3 Hypocalcemia due to vitamin D 
deficiency may develop rather acutely and in the  
absence of clinical or radiographic signs of rickets in 
the older infant or young child who has ingested an 
elimination diet low in vitamin D because of severe 
allergies or who has been maintained indoors with 
limited exposure to sunlight.

Hypoparathyroidism

Hypoparathyroidism presenting in infancy is often tran-
sient and related to delayed developmental maturation 
of parathyroid gland function; it frequently resolves 
within the first several weeks of life (see Tables 18-2A 
and B). When prolonged, hypoparathyroidism is often 
due to an error in the embryogenesis of the parathyroid 
glands or in the synthesis or secretion of parathyroid 
hormone (PTH) or to peripheral unresponsiveness to 
PTH. Familial isolated congenital hypoparathyroidism 
may be transmitted as an autosomal recessive, autosomal 
dominant, or X-linked recessive trait that has been  
associated with loss-of-function mutations of GCM2 and 
PTH and possibly SOX3, respectively, and gain-of-
function mutations in CASR. GCM2 is a gene with five 
exons that encodes a 506-amino-acid DNA-binding 
transcription factor whose expression is restricted to the 

parathyroid glands. “Knockout” of Gcm2 in mice leads 
to agenesis of the parathyroid glands and hypoparathy-
roidism. Intragenic deletions or homozygous missense 
mutations in exons 2, 3, and 5 of GCM2 result in hypo-
parathyroidism in humans.13-17 Mutations in GCM2 
exons 2 and 3 (encoding DNA binding and transactiva-
tion domain 1) lead to impaired protein synthesis and 
stability and autosomal recessive transmission of con-
genital hypoparathyroidism, whereas those in exon  
5 (encoding transactivation domain 2) lead to mutations 
with a dominant negative effect and autosomal dominant 
transmission of this disorder.17 (Expression of GCM2 
is dependent on normal transcriptional function of 
GATA3, the gene mutated in patients with the Barakat 
syndrome of hypoparathyroidism-deafness-renal dyspla-
sia [HDR].18) Inactivating mutations in PTH that inter-
fere with the processing of preproPTH to active PTH 
result in functional hypoparathyroidism that may be 
transmitted as an autosomal dominant or recessive char-
acteristic.15 Depending on the specificity of the immu-
noassay for PTH, serum levels of PTH may be low, 
normal, or even high in these patients. Hypoparathy-
roidism due to heterozygous activating mutations in 
CASR have been found in hypocalcemic neonates.19 
X-linked hypoparathyroidism is associated with agenesis 
of the parathyroid glands; the disorder has been mapped 
to Xq26-q27 and may involve a deletion-insertion muta-
tion that adversely affects the position of SOX3.20 Be-
cause Sox3 is expressed in embryonic mouse parathyroid 
glands, it is likely an important transcription factor for 
normal embryologic development of these structures.

Hypercalciuric hypocalcemia is an autosomal domi-
nantly transmitted form of hypoparathyroidism that is 
due to gain-of-function mutations in CASR that result in 
enhanced “sensitivity” to Ca21. A lowered “set point” 
enables PTH secretion to be suppressed and renal tubu-
lar reabsorption of calcium to be depressed by extremely 
low concentrations of Ca21; this disorder may present in 
the newborn period.19,21 Mutations may be scattered 
throughout the gene but occur predominantly in the 
extracellular domain of the CaSR. Activating mutations 
(Cys141Trp) of CASR may also inhibit function of the 
renal outer medullary potassium channel (KCNJ1, MIM 
600359), leading to a Bartter-like syndrome with hypo-
kalemic metabolic alkalosis, hyperreninemia, and hyper-
aldosteronism as well as hypercalciuric hypocalcemia; 
the paired metabolic defects are partially responsive to 
treatment with hydrochlorothiazide and low doses of 
calcitriol.22 Children with hypercalciuric hypocalcemia 
due to gain-of-function mutations in CASR are very 
sensitive to even low doses of calcitriol that can lead to 
even more marked hypercalciuria and to nephrocalcino-
sis. Thus, management of these patients has been quite 
difficult. Administration of recombinant human PTH1-34 
to a 14-month-old hypocalcemic male infant with a  
de novo nonsense mutation in CASR (Leu727Gln) for 
17 months partially restored calcium homeostasis with 
increased but still subnormal serum levels of calcium, 
whereas urinary excretion of calcium decreased into the 
normal range.19 During treatment the child was clini-
cally asymptomatic, did not develop nephrocalcinosis, 
and tolerated the drug well. Long-term treatment of 
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children with activating mutations of CASR may be 
feasible.23,24

The most common form of dysgenesis of the parathy-
roid glands in neonates and infants is that associated with 
the DiGeorge syndrome (DGS), a disorder that occurs 
with a frequency of 1:4000 births and is present in  
approximately 70% of children with isolated hypopara-
thyroidism.25,26 The DGS is a neurocristopathy that re-
sults from the disturbed migration of cervical neural crest 
cells and consequent maldevelopment of tissues of neural 
crest origin derived from the third and fourth pharyngeal 
pouches and first to fifth branchial arches. It is usually 
associated with microdeletions of chromosome region 
22qll.2 (del22q11.2: DGCR), a segment on which more 
than 35 genes are sited and thus considered a contiguous 
gene syndrome (a disorder caused by deletion of several 
adjacent genes that when individually mutated may result 
in a distinctive clinical feature but when collectively lost 
lead to a group of apparently unrelated clinical findings). 
The chromosome 22q11.2 microdeletion is contained 
within regions of low copy number repeats, and it is  
this characteristic that results in an unequal segmental 
exchange between the paired 22nd chromosomes during 
meiosis.26 DGS may occur sporadically or be transmitted 
as an autosomal dominant trait. Although the clinical 
severity and phenotype of patients with this chromo-
somal anomaly are variable, characteristically subjects 
with DGS have the triad of hypocalcemia due to hypo-
plasia of the parathyroid glands often manifest in the 
neonatal period but which may not be detected until the 
child reaches an older age, defective T-lymphocyte func-
tion and impaired cell-mediated immunity due to partial 
or complete absence of thymic differentiation leading to 
increased frequency of viral and fungal infections, and 
conotruncal defects of the heart or aortic arch (tetralogy 
of Fallot, ventricular septal defect, interrupted or right 
aortic arch, truncus arteriosus, vascular ring).3,26,27 
Immune deficiency is common as are velopharyngeal in-
sufficiency, cleft palate, and developmental challenges.26 
Other features of the DGS include gastrointestinal mal-
formations (esophageal atresia, anal atresia), dysplastic 
kidneys, cervical spine instability, impaired vision, and 
ocular malformations.

In addition to the DGS, deletion of chromosome 
22q11.2 has been associated with the conotruncal anom-
aly face and velocardiofacial syndromes. Collectively, 
these syndromes are associated with similar facial fea-
tures (ocular hypertelorism, lateral displacement of inner 
canthi, short palpebral fissures, swollen eyelids, dysmor-
phic “segmented” nose, small mouth, low-set ears with 
abnormally folded pinnae, short philtrum, micrognathia, 
malar hypoplasia, velopharyngeal insufficiency with/
without cleft palate), olfactory dysfunction, short stature, 
nonverbal learning disabilities, and various psychological 
maladies.25,28 Takao velocardiofacial syndrome (included 
in MIM 188440) consists primarily of the typical cardiac 
defects described earlier that may also be associated with 
hypocalcemia; Shprintzen velocardiofacial syndrome 
(MIM 192430) is characterized by craniofacial and pala-
tal defects and cardiac anomalies; Cayler cardiofacial 
syndrome (MIM 125520) is associated with partial uni-
lateral facial paresis due to hypoplasia of the depressor 

anguli oris muscle and anomalies of the heart and aorta. 
These syndromes have been grouped as the CATCH-22 
syndromes of Cardiac defects, Abnormal face, Thymic 
hypoplasia, Cleft palate, Hypocalcemia. In addition to 
the anomalies and clinical findings listed, a litany of  
additional abnormalities may be seen in patients with 
del22q11.2.29 Disparate manifestations of these syn-
dromes may be observed in different members of the 
same family, indicating the variable clinical expressions 
that accompany deletions of chromosome 22q11.2.30

A two-megabase microdeletion at chromosome 
22q11.2 leads to loss of several contiguous genes within 
this region including HIRA (histone cell cycle regulation, 
MIM 600237), a transcription factor that is expressed in 
developing heart and upper body neural crest elements 
and is necessary for normal cardiac development. Also 
within this region is TBX1 encoding T-box 1, a transcrip-
tion factor with a highly conserved DNA binding se-
quence (the T-box) that is essential for organogenesis and 
pattern formation and is expressed in the pharyngeal 
arches and pouches. Experimental disruption of Tbx1 
impairs development of the pharyngeal arch arterial  
vasculature, whereas introduction of null mutations in 
Tbx1 results in anomalies of the cardiac outflow track and 
hypoplasia of the thymus and parathyroid glands. The 
transcription factor encoded by TBX1 is part of a net-
work of gene products (including those encoded by ISL1, 
SHH, FOXA2, FOXC2) that controls development of the 
parathyroid glands and thymus by regulating expression 
of GATA3, GCM2 and PAX9.26 Evaluation of patients 
with clinical characteristics of the CATCH-22 syndromes 
but intact chromosome 22q11.2 has revealed heterozy-
gous loss-of-function mutations (Phe148Tyr, Gly310Ser) 
in TBX1 in patients with the DGS and Shprintzen 
velocardiofacial syndrome.25,31 Thus, haploinsufficiency 
of TBX1 alone can account for the cardiac defects, abnor-
mal face, thymic and parathyroid hypoplasia, and  
velopharyngeal insufficiency with cleft palate but not for 
the developmental delay characteristic of CATCH-22. 
Another candidate gene for the DGS sited at chromo-
some 22q11.2 is UFD1L (ubiquitin fusion degradation 
1-like, MIM 601754), whose product is important for the 
posttranslational processing of proteins or their degrada-
tion by interaction with the ubiquitin fusion protein. 
Experimentally, the DGS and related disorders have also 
been linked to genes encoding endothelin-1, vascular 
endothelial growth factor, and fibroblast growth factor-8 
(a target gene for TBX1), and to genes within the DGCR 
at chromosome 22q11.2—CRKL—(MIM 602007) and 
DGCR6 (MIM 601279). In the mouse hypomorphic for 
Fgf8, there are cardiovascular, craniofacial, parathyroid, 
and thymic defects—an experimental phenocopy of the 
human del22q11.2 syndrome.32 Fgf8 functions through 
stimulation of transcription of Crkl—its product is an 
adaptor protein that transduces intracellular signals from 
several tyrosine kinase receptors, one of which is the  
receptor for Fgf8; interestingly, Fgf8 interacts with Tbx1 
as well. The DGS has also been associated with microde-
letions of chromosomes 10p13 (DGS2), 18q21.33, and 
4q21.2-q25, indicative of the cascade of genes likely  
involved in the generation of this phenotype. The  
presence of the DGS should be considered when fetal 
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ultrasonography reveals an interrupted aortic arch or 
truncus arteriosus and may be confirmed by appropriate 
studies (microarray, fluorescent in situ hybridization 
[FISH]) on samples of chorionic villi or amniotic fluid.

Hypocalcemia has been observed in some subjects 
with microduplication of chromosome 22q11.2, a copy 
number variant; clinical characteristics of individuals 
with this genetic anomaly vary from those who are  
entirely normal to patients with multiple congenital 
anomalies, severe developmental delay, autism, and 
schizophrenia.33,34 The duplication chromosome 22q11.2 
syndrome appears to be transmitted as an autosomal-
dominant characteristic whose expression is modified by 
other factors. The pathophysiology of hypocalcemia in 
affected subjects is uncertain. In one family in which the 
proband had the DGS associated with del22q11.2, the 
normal father had the same anomaly on one of his 22nd 
chromosomes and dup22q11.2 on his other 22nd chro-
mosome; paternal quantitative expression of the genes 
located on chromosome 22q11.2 was normal, indicating 
that the adverse effects of the 22q11.2 deletion were 
compensated by the 22q11.2 duplication.35

Several other syndromes exhibit multisystem involve-
ment and hypoparathyroidism. The Barakat or HDR 
syndrome of Hypoparathyroidism, sensorineural Deafness, 
and Renal disease (dysplasia, steroid-resistant nephrosis 
with progressive renal failure) has been attributed to  
haploinsufficiency of GATA3, a zinc-finger transcription 
factor that regulates expression of GCM2 and thus is 
critical for the embryonic development of the parathyroid 
glands as well as for the kidneys, otic vesicles, and thy-
mus.15,18,36 The parathyroid glands of these children are 
dysgenetic—hypoplastic or absent. Hypocalcemia may be 
present in the newborn period or unrecognized until later 
childhood. Malformations of the female genital tract  
(didelphic uterus, septate vagina) may also occur in  
patients with HDR.37 Heterozygous deletions, insertions, 
missense, and nonsense mutations in GATA3 have been 
identified in patients and families with HDR.38,39 Patients 
with an isolated loss of GATA3 function do not have other 
features common to patients with larger terminal deletions 
of chromosome 10p such as growth and developmental 
retardation, dysmorphic facial features, or congenital 
heart disease.

Biallelic mutations in the gene encoding tubulin- 
specific chaperone E (TBCE) have been identified in the 
Sanjad-Sakati syndrome of Hypoparathyroidism-mental 
Retardation-Dysmorphism (HRD) and the Kenny-Caffey 
syndrome type 1 (KCS1) of hypocalcemia, cortical thick-
ening, medullary stenosis, dysmorphic face, and growth 
retardation. Children with HRD are short, developmen-
tally delayed, and seizure prone; they have medullary 
stenosis and other skeletal anomalies; they are microce-
phalic with faces characterized by deeply recessed eyes  
or microphthalmia, depressed nasal bridge, beaked nose, 
long philtrum, thin upper vermillion border, microgna-
thia, and large earlobes. The HRD syndrome often presents 
in infancy with symptomatic hypocalcemia associated 
with low serum concentrations of PTH and normal 
phosphaturic responses to exogenous PTH. The cardio-
vascular system of these patients is intact, but as infants 
they are susceptible to life-threatening pneumococcal 

infections.40 Neonates with the closely related disorder 
KCS1 are often severely hypocalcemic early in the neo-
natal period. As children they are short, with craniofacial 
anomalies due to the absence of diploic space in the skull, 
osteosclerosis, and thickening of the cortices of the long 
bones with narrowing of the medullary compartment, 
normal or mildly delayed development, and increased 
susceptible to recurrent bacterial infections. TBCE is  
essential for formation of microtubules—cytosolic struc-
tures composed of heterodimeric a- and b-tubulin sub-
units that form the cytoskeleton, mitotic apparatus, cilia, 
and other cellular components; this chaperonin assists  
in the correct folding of a- and b-tubulin subunits and 
the formation of a-b-tubulin heterodimers. The a- and 
b-tubulin subunits and TBCE are necessary for normal 
embryogenesis of the parathyroid glands. Mutations in 
TBCE result in lowered microtubule formation and 
consequently in a decrease in subcellular components 
such as the Golgi apparatus and endosomal compart-
ments required for normal intracellular movement of 
proteins. Interestingly, the identical mutation in TBCE—
a homozygous 12 bp deletion in exon 2—may result in 
either the HRD or KCS1 phenotype in a specific fam-
ily.41 A child with autosomal recessive HRD syndrome 
and intact TBCE has been identified, suggesting that this 
disorder is likely to be genetically heterogeneous.42 
In KCS type 2, the phenotype is similar to that of KCS1 
but transmission is as an autosomal dominant trait attrib-
utable to heterozygous loss-of-function mutations in 
FAM111A (MIM 615292).

Neonates with loss-of-function mutations in PTH1R, 
the gene encoding the GPCR for PTH and PTHrP, are 
functionally hypoparathyroid despite elevated serum 
concentrations of PTH.43 Because of subresponsiveness 
to PTHrP in utero, fetal bone formation is abnormal, 
resulting in Blomstrand chondrodysplasia—an osteo-
chondrodystrophy characterized by short extremities and 
advanced skeletal and dental maturation—abnormalities 
detectable in utero by fetal ultrasonography. Histologi-
cally the proliferative zone of the cartilage growth plate 
is narrowed with relatively few resting and proliferating 
chondrocytes, whereas the hypertrophic zone is com-
posed of irregular columns of chondrocytes. Transmitted 
as an autosomal recessive trait, its clinical characteristics 
include polyhydramnios, hydrops fetalis, short-limbed 
dwarfism, facial anomalies, aberrant tooth development, 
aplasia of the nipples and breasts, hypoplastic lungs,  
and preductal aortic coarctation. Although Blomstrand 
osteochondrodysplasia is usually lethal, skeletal malfor-
mations may be more (type I) or less severe (type II). 
Mutations in PTH1R that result in complete absence of 
normal protein (e.g., Arg104Ter) are designated type I, 
whereas mutations that permit some PTH1R synthesis 
(Pro132Leu) result in type II Blomstrand osteochondro-
dysplasia.44 Heterozygous inactivating mutations of 
PTH1R (Glu155Ter) result in autosomal dominant non-
syndromic failure of tooth eruption (MIM 125350).45 
Eiken chondrodysplasia (MIM 60002) is also due to  
biallelic loss-of-function mutations in PTH1R but is 
clinically and radiographically distinct from Blomstrand  
osteochondrodysplasia as affected subjects have mild 
growth retardation, markedly delayed ossification,  
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multiple epiphyseal dysplasia, and persistent islands  
of cartilage in the pelvis.46 The PTH1R mutations in pa-
tients with Eiken skeletal dysplasia occur in the carboxyl 
terminal (e.g., Arg485Ter).

GNAS encodes the stimulatory alpha subunit (Gas) of 
G-proteins coupled to seven transmembrane receptors. 
After activation by its GPCR, the guanosine diphosphate 
(GDP) moiety on Gas is replaced by guanosine triphos-
phate (GTP), Gas dissociates from its bg companion 
subunit complex, and stimulates membrane-bound ade-
nylyl cyclase activity generating cyclic adenosine mono-
phosphate (AMP) and activating protein kinase A, which 
phosphorylates serine and tyrosine residues of further 
signal transduction proteins. GNAS is composed of 13 
exons; it has four major transcripts that arise through 
splicing of unique first exons onto shared exons 2 to 13 
(Figure 18-1).47 The four transcripts of GNAS encode (1) 
the Gas transcript is a protein that stimulates adenylyl 
cyclase and generates cyclic AMP; Gas is expressed by 
both maternal and paternal alleles in most tissues; in the 
proximal renal tubule, thyroid, gonads, and adenohy-
pophysis, however, only the maternal allele of GNAS is 
expressed; (2) XLas yields a Gas isoform that is specifi-
cally expressed in neuroendocrine and nerve tissues  
and is identical to Gas except that it has a very long 
amino terminal sequence of amino acids; it is expressed 
only by the paternally acquired allele; (3) the NESP55 
(neuroendocrine secretory protein-55) transcript is a 
chromogranin-like protein that is expressed in neuroen-
docrine tissues but only by the maternal GNAS allele; 
(4) the alternative first exon A/B (exon 1A) transcript is 
expressed ubiquitously but only by the paternal GNAS 
allele and is not translated. The promoters of XLas, 
NESP55, and exon 1A transcripts lie within the 59 dif-
ferentially methylated region (DMR) of GNAS. Methyla-
tion of the promoter usually silences expression of that 
GNAS transcript.

Loss-of-function mutations in GNAS or epigenetic 
aberrations that lead to failure of expression of the Gas 
transcript of GNAS result in pseudohypoparathyroidism 
(PHP). PHP type IA is manifested by resistance to pro-
tein hormones that signal though GPCRs; resistance to 
PTH results in hypocalcemia, hyperphosphatemia, and 

elevated serum concentrations of PTH and impaired 
urinary excretion of cyclic AMP and phosphate after  
administration of exogenous PTH. (Resistance to  
thyroid-stimulating hormone, the gonadotropins, and 
growth hormone releasing hormone also occurs in pa-
tients with PHP IA. PHP IA may be suspected in the 
neonate with hypocalcemia in whom hyperthyrotropin-
emia has been detected in the neonatal screening study  
for congenital hypothyroidism.48) When maternally 
transmitted, PHP IA is coupled with the phenotype of 
Albright’s hereditary osteodystrophy (AHO; short stature; 
brachydactyly of the 3rd, 4th, and 5th metacarpals; round 
face; and heterotopic intramembranous subcutaneous 
calcifications).49 Although both maternal and paternal 
GNAS alleles are expressed in most tissues including 
bone, in renal tissue only the maternal GNAS allele is 
expressed. Thus, in renal tissue GNAS expression is 
“imprinted”—that is, there is differential gene expression 
depending on the parent of origin of the allele. There-
fore, clinical manifestations of PHP IA in the affected 
patient depend on which parent donated the inactive 
GNAS allele. Loss-of-function mutations of the maternal 
GNAS allele result in PHP type IA with end-organ resis-
tance to PTH and the skeletal defects of AHO. PHP IA 
patients have subnormal expression of Gsa in their 
erythrocytes. Inactivating mutations of paternal GNAS 
result in the abnormal AHO skeletal phenotype due to 
haploinsufficiency of GNAS expression in bone but intact 
proximal renal tubular responses to PTH where maternal 
GNAS is expressed; this clinical complex is designated 
pseudopseudohypoparathyroidism (PPHP). More than 
80 heterozygous loss-of-function mutations in GNAS 
have been described. A four base pair deletion in exon 7 
(codons 188 to 189) in GNAS that leads to a frameshift 
and premature stop codon has been found in a number of 
families with PHP IA and appears to be a “mutational hot 
spot” as it impairs DNA polymerization and replication. 
Other mutations alter intracellular movement of GNAS 
protein (Leu99Pro, Ser250Arg), increase the rate of  
release of GDP (Arg258Trp, Ala366Ser), or impair  
coupling of G-protein to PTH1R (Arg385His).

PHP type IB occurs only in the offspring of obligate 
female carriers in whom loss of maternal GNAS expression 

DMRs

************* ***
DMRs

Nesp55 AS-1 XL�s Gs� Exons 2–13A/BMaternal allele

DMRs

*****
Nesp55 AS-1 XL�s Gs� Exons 2–13A/BPaternal allele

GNAS

FIGURE 18-1 n Schematic view of the GNAS gene complex. Three alternate exons 1—NESP55, XLas, and AS-1—are upstream of the 
start codon. DMR refers to the differentially methylated region. The pattern of methylation and hence the expression of the alternate 
exons is dependent on the parent of origin of the allele and the specific tissue in which GNAS is expressed. (From Shore, E. M., & 
Kaplan, F. S. (2010). Inherited human diseases of heterotopic bone formation. Nat Rev Rheumatol, 6, 518–527.)
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is present in the renal proximal tubule, resulting in selec-
tive proximal renal tubular resistance to PTH; skeletal 
expression of both maternal and paternal GNAS is intact 
and hence bone formation is normal. In some patients, 
PHP type IB is due to deletions within the DMR 
(NESP55, XLas, or alternative first exons A/B) of GNAS 
or to loss of a 59 cis-acting imprinting control center that 
is essential for methylation of the GNAS differentially 
methylated region that regulates expression of maternal 
GNAS in the proximal renal tubule.47,49 Within the 59 
upstream region of GNAS is STX16, a gene that is par-
tially deleted in some patients with PHP IB; mutations of 
this gene are associated with loss of methylation of GNAS 
exons A/B. Thus, defects in STX16 and within the DMR 
of GNAS prevent expression of maternal GNAS in the 
proximal renal tubule. Paternal uniparental isodisomy of 
the long arm of chromosome 20 (site of GNAS) may be 
the cause of PHP IB in some patients. Patients with PHP 
IB are often resistant to thyroid-stimulating hormone 
(TSH) as well as to PTH.49 The phenotype of subjects 
with PHP type Ic is similar to that of those with PHP IA 
including AHO, but these patients usually express normal 
quantities of functional Gsa in their erythrocytes; in some 
PHP Ic subjects, however, inactivating mutations in 
GNAS have been reported.49 It must be remembered that 
there may be overlap in mechanisms that down-regulate 
expression of GNAS in various tissues and that PHP 
types 1 are heterogeneous in their genetic origins. Indeed,  
imprinting defects are present in patients with clinical 
manifestations of either PHP IA or PHP IB, indicating 
the pathogenetic overlap of these two disorders.50 Despite 
elevated levels of PTH and radiographic evidence of bone 
responsiveness to PTH in patients with PHP IA, bone 
mineralization is normal in these subjects.51 In patients 
with PHP type II, the skeletal phenotype is normal  
but patients are partially resistant to the renal effects  
of PTH; after administration of PTH, the urine excretion 
of cyclic AMP increases but that of phosphate does not; 
its pathogenesis is unknown as yet. Progressive osseous 
heteroplasia (MIM 166350) is an autosomal dominant 
disorder due to loss-of-function mutations in paternal 
GNAS, characterized by dermal ossifications, that begins 
in infancy and progresses to diffuse bone formation in 
skeletal muscle and deep fascia.49,52,53 This disease may lie 
at one end of the spectrum of PPHP. Although not as yet 
clinically described, an inactivating mutation in LRP6 
(encoding lipoprotein receptor-related protein 6; MIM 
603507) might also be associated with resistance to the 
biologic effect of PTH. In addition to its primary role in 
receptor-mediated endocytosis of lipoproteins, LRP6 is 
essential for the movement of Gas to the plasma mem-
brane and for its coupling to PTH1R.54 Experimentally, 
in vitro “knockdown” or inactivating mutations of Lrp6 
decrease the cellular response to PTH.

Acrodysostosis is a chondrodysplasia with many features 
of PHP IA (short stature, obesity, brachydactyly, abnormal 
face with nasal and maxillary hypoplasia, advanced skeletal 
maturation) that is due to a mutation in PRKAR1A. This 
gene encodes the cyclic AMP–dependent regulatory alpha 
subunit of protein kinase A (PKA), the protein kinase that 
is downstream of Gas and cyclic AMP and whose activa-
tion leads to cascades of intracellular signal transduction 

pathways that regulate cell division, differentiation, me-
tabolism, and apoptosis. Paradoxically, prolonged activa-
tion of the regulatory alpha subunit of PKA results in a 
decline in the functional activity of the catalytic subunit of 
PKA. In a patient with acrodysostosis, a de novo germline 
gain-of-function mutation (Arg368Stop) in PRKAR1A was 
identified that led to functional resistance to PTH and 
TSH.55 Mutant PRKAR1A was a shortened protein whose 
binding avidity to the catalytic subunit of PKA was in-
creased because it lacked one of two cyclic AMP binding 
domains; hence, it could only be slowly released from the 
catalytic subunit of PKA by cyclic AMP, thereby maintain-
ing the catalytic subunit of PKA in the inactive state.

Deletions and mutations of the (maternal) mitochon-
drial genome (composed of 16,569 base pairs) have been 
associated with hypoparathyroidism. Patients with the 
Kearns-Sayre syndrome manifest ophthalmoplegia,  
retinal pigmentation, and cardiomyopathy; muscle bi-
opsy may reveal ragged red fibers. Hypoparathyroidism 
has been observed in patients with the syndromes of 
Mitochondrial encephalopathy, Lactic Acidosis, and 
Stroke-like episodes (MELAS), Mitochondrial Trifunc-
tional Protein Deficiency Syndrome (MTPDS, MIM 
609015), and Pearson marrow-pancreas syndrome.15,43,56

 
Point mutations, duplications, and deletions of various 
length of the mitochondrial genome have been found in 
these patients.

Evaluation and Management

Evaluation of the neonate with hypocalcemia begins 
with review of the maternal, gestational, peripartum, 
postnatal, and family histories and physical examination 
(Figure 18-2).1-3 Historical data include those related to 
maternal parity and complications of pregnancy such as 
maternal diabetes mellitus (gestational, types I or II), 
toxemia of pregnancy or ingestion of agents that may 
cause maternal hypercalcemia (excessive alkali), intra-
uterine growth restriction, abnormalities of delivery, 
neonatal sepsis, or other early postpartum illnesses. The 
family history is examined for members with abnormali-
ties of mineral metabolism such as renal calculi, rickets, 
or hypocalcemia (e.g., seizure disorders). The social  
history provides information about the socioeconomic 
status of the mother and her cultural milieu that may 
have impacted maternal diet and exposure to sunlight 
during gestation. Physical examination of the neonate 
(abnormal face, cardiac murmur) may suggest a complex 
form of hypocalcemia. Determination of a complete 
blood count, serum concentrations of total calcium, 
Ca21, magnesium, phosphate, creatinine, intact PTH, 
calcidiol, and calcitriol, and urinary calcium and creati-
nine concentrations in a spot urine should precede initial 
therapy of the hypocalcemic newborn whenever possible. 
Decreased serum concentrations of PTH are common in 
neonates with early onset hypocalcemia, but persistently 
low PTH levels suggest impaired PTH secretion. High 
PTH concentrations are present in patients with vitamin 
D deficiency or insensitivity, PTH resistance due to loss-
of-function mutations in PTH1R, GNAS, or PRKAR1A 
or impaired renal function. Low levels of calcidiol signify 
decreased maternal (and hence fetal) vitamin D stores or 
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rarely a defect in vitamin D-25 hydroxylase, whereas 
calcitriol concentrations are inappropriately low in  
subjects with severely compromised renal function, hy-
poparathyroidism, or those with a deficiency of 25OHD-
1a-hydroxylase. Elevated calcitriol values suggest 
vitamin D resistance due to an abnormality in VDR, a 
disorder that may be associated with alopecia. Skeletal 
radiographs may disclose osteopenia, whereas chest x-ray 
may not identify a thymic shadow (although this is  
an unreliable sign in a severely ill or stressed neonate). 
Serum levels of calcium, Ca21 phosphate, and intact 
PTH should be measured in the mothers of neonates 
with unexplained hypocalcemia.

In neonates with hypocalcemia not otherwise explained, 
evaluation for possible DGS should be undertaken, par-
ticularly when physical examination reveals an abnormal 
face, and a congenital anomaly of the outflow tract of the 
heart is present. The white blood and T (CD4) lympho-
cyte counts are low in DGS and the thymic shadow often 
absent. The diagnosis of the DGS is confirmed by the 
presence of a microdeletion of chromosome 22q11.2 as 
demonstrated by microarray or fluorescent in situ hybrid-
ization (FISH). Occasionally, sequence analysis of TBX1 
may be needed to establish this diagnosis, if the other stud-
ies are normal. Because the DGS may be heritable, ex-
amination of the karyotype of the parents of a DGS infant 
is indicated as well as those of the siblings if the parent also 

has deletion of chromosome 22q.11.21. It should be noted 
that the majority of neonates and infants with DGS are 
recognized primarily because of cardiac anomalies and 
that subjects without these lesions may not be identified 
until mid or late childhood or adolescence.57 Neonates 
with PHP IA may present with elevated serum levels of 
TSH in the neonatal metabolic screening survey but usu-
ally do not have the characteristic skeletal phenotype 
(brachymetacarpals) of AHO; if no cause of congenital 
hypothyroidism is identified, the diagnosis of PHP IA 
should be suspected, and measurement of serum calcium 
levels and, if appropriate, genotyping and methylation 
studies of GNAS are indicated.49

Early neonatal hypocalcemia is often asymptomatic, 
but nevertheless treatment is indicated when the total 
serum calcium concentration is below 6 mg/dL in the 
preterm infant and less than 7 mg/dL in the term infant.3 
Asymptomatic neonates are most easily managed by in-
creasing the oral intake of calcium and establishing an 
overall ratio of calcium:phosphate intake of 4:1 (including 
that in feedings with a low phosphate formula such as 
Similac PM 60/40R—calcium:phosphate ratio 1.6:1) with 
calcium glubionate or calcium carbonate administered in 
divided doses every 4 to 6 hours (Table 18-3). Eucalcemia 
is almost always restored in these subjects within 3 weeks 
after birth and often earlier. In hypocalcemic infants  
with tetany or frank seizures, 10% calcium gluconate  

Confirm with repeat measurement +/– ionized Ca++

Serum Mg++
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Evaluate for etiologies
of hypomagnesemia:
• Gastrointestinal losses
   (vomiting, diarrhea,
   malabsorption)
• Renal wasting
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• Drug-induced
• Perform 24-hour urine
   and further testing as
   appropriate

Evaluate for etiologies of
secondary hyperparathyroidism:
• Malabsorption
• Vitamin D deficiency
• Pseudohypoparathyroidism types 1, 2
• Vitamin D dependent rickets types 1, 2

Evaluate for hypoparathyroidism:

• Complete medical history, family history, past surgical history for prior parathyroid,
   thyroid, or neck surgery
• Physical examination (neck scar, candidiasis, signs of tetany, cataracts, short stature,
   mental retardation)
• Family history: mental retardation, features of autoimmune disorders (Addison
   disease, autoimmune thyroid disease), deafness, renal anomalies, thalassemia or
   iron overload
• Further lab testing, genetic screening and testing of family members as appropriate
   (activating CaSR mutation; PTH mutation; AIRE, GCMB, or GATA3 mutational
   analysis)
• Assessment of autoantibodies (21-hydroxylase abs, anti-parathyroid abs)
• Hearing test, renal imaging (as appropriate)
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FIGURE 18-2 n Evaluation of hypocalcemia. (From Bilezikian, J. P., Khan, A., Potts, J. T., Jr, et al. (2011). Hypoparathyroidism in the adult: 
epidemiology, diagnosis, pathophysiology, target-organ involvement, treatment, and challenges for future research. J Bone Mineral Res, 26, 
2317–2337.)
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Content Elemental Mineral

Vitamin D
Vitamin D 
Calciferol 8000 IU/mL

50,000 IU/capsule
Calcidiol 20 or 50 mg/tablet
Calcitriol
Rocaltrol 1 mg/mL (oral solution)

0.25 mg or 0.5 mg/capsule
Vectical 3 mg/g (ointment)
Dihydrotachysterol
Hytacherol 0.2 mg/5 mL 0.125, 0.2, 0.4 mg/tablet

Calcium
Calcium acetate
Phoslyra 667 mg/5 mL 667 mg/capsule
Calcium gluconate (iv) 93 mg/10 mL 93 mg/g

500, 650 mg/tablet
Calcium glubionate (solution) 64 mg/g 115 mg/5 mL
Calcium carbonate 400 mg/g 500, 600, 750, 1250 mg/

tablet
Titralac 420 mg tablet 168 mg/tablet

780 mg tablet 300 mg/tablet
Oscal 650 mg tablet 260 mg/tablet (vitamin D)

1250 mg tablet 500 mg/tablet (vitamin D)
Tums 500 mg tablet 200 mg/tablet

750 mg tablet 300 mg/tablet
1000 mg tablet 400 mg/tablet
1250 mg tablet 280 mg/tablet

Caltrate 1500 mg tablet 600 mg/tablet (vitamin D)
Calcium carbonate (suspension) 1250 mg/5 mL 500 mg/5 mL
Calcium chloride 100 mg/mL
Calcium citrate 200 mg/g 210 mg/tablet
Citracal 950 mg tablet 200 mg/tablet
Calcium lactate 84 mg/g 130 mg/tablet

Magnesium
Magnesium sulfate 49 mg/mL (50% intramuscular  

solution)
0.32, 0.64, 4 mEq/mL (intravenous 

solution)
Magnesium oxide 603 mg/g 241 mg/tablet
Magnesium gluconate 54 mg/g 27 mg/tablet
Magnesium chloride 120 mg/g 64 mg/tablet

Phosphorus
Sodium phosphate (Phospha-Soda) 127 mg/mL
Sodium/potassium phosphate (Phos-NaK) 250 mg/packet (powder)
Potassium phosphate (Neutraphos-K) 250 mg/packet (powder)
Potassium phosphate (K-Phos Original) 114 mg/tablet
Sodium/Potassium phosphate (K-Phos #2) 250 mg/coated tablet
Sodium/Potassium phosphate (K-Phos 

Neutral)
250 mg/tablet

TABLE 18-3 Preparations of Vitamin D, Calcium, Magnesium, and Phosphate

Compiled from Alon US (2006). Hypophosphatemic vitamin D–resistant rickets. In M. J. Favus (Ed.), Primer on the metabolic bone diseases 
and disorders of mineral metabolism, (6th ed.) Washington, DC: American Society for Bone and Mineral Research, 342-345; Shoback, D. 
(2008). Hypoparathyroidism. N Engl J Med 359:391-403.
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(elemental calcium 9.3 mg/mL) at a dose of 1 to 3 mg/kg 
and at a rate of less than 1 mL/minute with the total dose 
not to exceed 20 mg of elemental calcium/kg may be ad-
ministered by intravenous infusion over 15 minutes; often  
seizures will cease after 1 to 3 mL of 10% calcium gluco-
nate have been administered.3,58 Cardiac rate and rhythm 
must be carefully monitored to prevent bradycardia  
and asystole. Further intravenous bolus doses of calcium 
(,10 mg/kg at 6-hour intervals) should be used sparingly, 
as they result in wide excursions in serum calcium values. 
After initial treatment of neonatal hypocalcemia, 500 mg 
of calcium gluconate/kg/24 hours may be administered  
by continuous intravenous infusion taking care to prevent 
extravasation or infiltration as extracellular calcium will 
precipitate in soft tissues.59 These infants may receive 
supplemental oral calcium if necessary (as discussed  
previously). Depending on the cause of the hypocalcemia, 
supplemental vitamin D or calcitriol may also be needed. 
In a neonate with hypocalcemia due to hypoparathyroidism, 
administration of synthetic PTH1-34 may occasionally be 
required to restore eucalcemia.60 Serum and urine 
calcium and creatinine levels should be determined fre-
quently and treatment modified to maintain eucalcemia 
and the urine calcium/creatinine ratio , 0.2 - , 0.5 in an 
effort to avoid iatrogenic hypercalcemia, hypercalciuria, 
nephrocalcinosis, and renal insufficiency. In neonates who 
require parenteral alimentation, 50 mg of elemental 
calcium/kg/24 hours should be incorporated into the 
infused solution; elemental phosphate must also be  
administered as permitted and indicated.

After restoration of eucalcemia in the infant with 
DGS, other components of this disorder must be  
addressed. Cardiac anomalies often require surgical  
correction, as do palatal clefts. In DGS infants who are 
immunocompromised and experience recurrent infec-
tions due to thymic aplasia, appropriate anti-infectious 
therapy is mandatory. Transplantation of fetal or  
cultured postnatal thymic tissue, bone marrow, or pe-
ripheral blood mononuclear cells has restored immune 
function in infants with the DGS. Supplemental cal-
citriol (20 to 60 ng/kg/day) and calcium are necessary for 
restoration and maintenance of eucalcemia in infants 
with hypoparathyroidism. Poor growth due to feeding 
difficulties and learning disabilities due to developmen-
tal delay must be managed on an individual basis and 
illustrate the need for a multidisciplinary approach to 
the care of DGS patients.57 Hypocalcemia due to hypo-
magnesemia is managed acutely by the intravenous infu-
sion over 1 to 2 hours or by the intramuscular injection 
of 50% magnesium sulfate at a dose of 0.1 to 0.2 mL/kg 
while carefully monitoring cardiac status.

Hypocalcemia in the Child and 
Adolescent
Etiology

Causes of hypocalcemia in the child and adolescent in-
clude many that also result in neonatal hypocalcemia and 
are listed in Tables 18-2A and B. Hypocalcemia is 
defined by the norms of the analytic laboratory and its 
parameters dependent on the age of the subject (total 

calcium concentrations: 1 to 5 years 9.4 to 10.8; 6 to  
12 years 9.4 to 10.2; . 20 years 8.8 to 10.2 mg/dL).58 
Total calcium levels are low in the hypoalbuminemic 
patient; a correction for hypoalbuminemia may be calcu-
lated by adding 0.8 mg/dL to the recorded total calcium 
concentration for every decrease in albumin concentra-
tion of 1 g/dL. Thus, it is appropriate to measure both 
total and Ca21 values when evaluating the hypocalcemic 
child, but reliance on Ca21 determinations alone is dis-
couraged given the technical difficulties with this assay. 
Hypocalcemia develops as a consequence of either too 
little inflow of calcium from the gastrointestinal tract, 
bone, or kidney into the extracellular and vascular spaces 
or an excessive loss of calcium from these spaces into 
urine, stool, or bone. Thus, hypocalcemia may be due  
to decreased intake or absorption or excessive loss of 
calcium, decreased production of bioactive PTH due to 
congenital abnormalities of parathyroid gland develop-
ment or PTH synthesis or of the CaSR, destruction of 
parathyroid glands by autoantibodies, metal overload 
(copper, iron), surgical or radiation insults, granuloma-
tous infiltration, or impaired cellular responsiveness to 
PTH. Restricted exposure to sunlight or reduced intake, 
absorption, metabolism, or activity of vitamin D leads to 
hypocalcemia. Hypomagnesemia impairs the secretion 
(but not the synthesis of PTH) and blunts tissue respon-
siveness to PTH. Hypocalcemia occurs in the very ill 
child and after exposure to a number of drugs and 
medications. Hypocalcemic tetany may develop after the 
administration of phosphate containing enemas by rec-
tum or laxatives by mouth.61 At times, the hypocalcemic 
child or adolescent may be asymptomatic and identified 
by chemical screening for an unrelated problem, or she 
or he may present with intermittent muscular cramping 
either at rest or during exercise (when the increase in 
systemic pH due to hyperventilation further lowers the 
concentration of Ca21); paresthesias of fingers, toes, or 
circumoral regions; tetany (carpopedal spasm, laryngo-
spasm, bronchospasm); or seizures (grand mal, focal, 
petit mal, adynamic, or syncopal). Prolonged and severe 
hypocalcemia may lead to congestive heart failure.62 
Physical examination often reveals a positive Chvostek 
or Trousseau sign (carpopedal spasm) and hyperreflexia. 
However, a Chvostek sign is commonly present in  
normal adolescents also.

Hypoparathyroidism may occur as a solitary disorder, 
as part of a multidimensional autoimmune polyendocri-
nopathy, or as one manifestation of a group of complex 
congenital anomalies (DGS, HDR, HRD, KCS1, Blom-
strand, and other syndromes).62 There are sporadic and 
familial forms of hypoparathyroidism; when familial, hy-
poparathyroidism may be transmitted as an autosomal 
dominant, autosomal recessive, or X-linked recessive trait 
(see Tables 18-2A and B). Abnormalities in the develop-
ment of the parathyroid glands, in the transcription of 
PTH, and in the processing of the translated product have 
been associated with inherited forms of hypoparathyroid-
ism. Autosomal dominant dyshormonogenic hypoparathy-
roidism due to a monoallelic T d C transition in codon 
18 (Cys18Arg) of the 25 amino acid signal peptide of pre-
pro-PTH impaired efficient transport of protein from the 
ribosome and interaction of prepro-PTH with the signal 
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recognition particle, movement of the precursor peptide 
into and exit from the rough endoplasmic reticulum,  
its cleavage by a signal peptidase, and its incorporation 
into a secretory granule.63 Autosomal recessive dyshor-
monogenic hypoparathyroidism has been associated with a 
homozygous G d C transversion in nucleotide 1 of intron 
2 of PTH within the signal sequence that prevented normal 
cleavage of prepro-PTH and decreased secretion of PTH. 
However, inactivating mutations in PTH are uncommon in 
patients with sporadic idiopathic hypoparathyroidism.64 
Isolated hypoparathyroidism may be found in patients with 
deletion of chromosome 22q11.2 without other signs or 
symptoms of the DGS or the velocardiofacial syndrome.

Autosomal dominant hypoparathyroidism (MIM 
146200) due to heterozygous gain-of-function muta-
tions in the extracellular, transmembrane, and intracel-
lular domains of CASR that transcribe a CaSR that is 
not intrinsically constitutively active but is exceptionally 
sensitive to and easily activated by very low serum Ca21 
concentrations may be identified in infancy or in older 
subjects (Figure 18-3). Even at hypocalcemic levels, 
Ca21 binds avidly to the CaSR and activates phospholi-
pase C-b1, increasing cytosolic levels of inositol phos-
phate and Ca21 and stimulating the mitogen-activated 
protein kinase (MAPK) signal transduction pathway in 
parathyroid chief cells—suppressing PTH synthesis and 
secretion—and in the kidney—decreasing renal tubular 
calcium and magnesium resorption leading to urinary 
wasting of these cations (hypercalciuric hypocalcemia); 
urinary concentrating ability is also depressed. In these 
subjects, serum levels of phosphate are increased and 
magnesium values decreased; PTH concentrations are 
low or inappropriately normal. Affected patients fre-
quently have symptomatic hypocalcemia such as tetany 
and seizures. They are very sensitive to vitamin D; the 
dose of calcitriol must be limited to that which raises 
serum calcium to asymptomatic values even if not 
within the normal range, as larger doses lead to hyper-
calciuria (sometimes even when serum calcium levels 
remain subnormal), nephrocalcinosis, and functional 
renal insufficiency. Administration of recombinant  
human (rh)PTH1-34 restores calcium homeostasis in 
this disorder but does not necessarily prevent nephro-
calcinosis.19,23,24 Although there has been reluctance to 
administer rhPTH to children because there is an in-
creased incidence of bone tumors in young rats receiving 
very large amounts of this agent, primates appear to be 
less susceptible to PTH-induced bone tumor formation 
than do rodents.65 Development of stimulatory autoan-
tibodies to the CaSR results in an acquired variant of 
spontaneous hypoparathyroidism that may be isolated 
or part of a complex autoimmune endocrinopathy.66 
Indeed, in perhaps as many as one third of patients with 
acquired isolated idiopathic hypoparathyroidism, anti-
bodies directed against epitopes in the extracellular 
domain of the CaSR may be present. This form of  
acquired hypoparathyroidism may be reversible, as 
these antibodies do not destroy the parathyroid glands. 
In patients with other forms of autoimmune hypopara-
thyroidism, the antibodies are cytotoxic and accompanied 
by lymphocytic infiltration, atrophy, and fatty replace-
ment of parathyroid tissue.

In mid-childhood and adolescence, acquired hypopara-
thyroidism may be a late manifestation of a congenital ab-
normality (e.g., DGS), but it is also likely to be the result of 
destruction of the parathyroid glands by autoimmune dis-
ease or surgical removal or operative trauma to the vascular 
supply of these structures. Unusual causes of acquired hy-
poparathyroidism in this age group include infiltration by 
iron (hemochromatosis, thalassemia) or copper (Wilson’s 
hepatolenticular degeneration), granulomatous diseases, or 
radiation (mantle radiation for Hodgkin/non-Hodgkin 
lymphoma or radioiodine therapy of hyperthyroidism).2,67 
Autoimmune hypoparathyroidism may occur as an isolated 
disorder or as part of the complex of autoimmune polyen-
docrinopathy syndrome type I.67,68 Development of an 
autoimmune endocrinopathy is initiated by failure to rec-
ognize a peptide specific for a target organ by a subgroup 
of regulatory T cells that ordinarily recognize that peptide. 
When immunologic tolerance for that peptide is lost, 
clones of CD4 regulatory T cells for the peptide expand; 
type 1 helper T cells secrete inflammatory cytokines such 
as interferon-g, whereas type 2 helper T cells stimulate B 
cell function and lead to autoantibody-mediated inflamma-
tion. Loss of immune tolerance may be the consequence of 
the postinfectious inflammatory state due to activation of 
the innate immune system or due to a gene mutation that 
depresses immune tolerance and permits expansion of a 
CD41 regulatory T cell clone after exposure to quantita-
tively small amounts of antigen. Genetic variations within 
the major histocompatibility complex (HLA-DQ, HLA-
DR) that determine peptide (antigen) presentation to 
CD41 regulatory T cells join with genetic abnormalities in 
immune regulation to induce autoimmune disease. In 30% 
of patients with isolated idiopathic hypoparathyroidism; 
the disorder is due to antibodies to the extracellular domain 
of the CaSR and thus is functionally inhibitory but poten-
tially reversible; in approximately 33% of patients, serum 
antibodies to other components of the parathyroid chief 
cell may be present.66 There are several types of autoim-
mune polyendocrine syndromes (APS), but only in type I is 
hypoparathyroidism a major component. Autoimmune 
polyendocrine syndrome type II is a polygenic disorder 
manifested by hypoadrenalism, type 1 diabetes mellitus, 
and autoimmune thyroid disease (and gastritis, celiac dis-
ease, vitiligo) and is related to the major histocompatibility 
complexes.69 The syndrome of Immunodeficiency, Polyen-
docrinopathy, and Enteropathy—X-linked (IPEX) is asso-
ciated with autoimmune enteropathy, insulin dependent 
neonatal diabetes mellitus, autoimmune thyroid disease, 
eczema, glomerulonephritis, thrombocytopenia, and he-
molytic anemia that occurs only in males as it is due to 
loss-of-function mutations in FOXP3 (MIM 300292; 
chromosome Xp11.23). FOXP3 is a transcription factor 
that is essential for normal development of naturally occur-
ring T regulatory cells.

Autoimmune polyendocrinopathy syndrome type I is 
an autosomal recessive disorder with the classic triad of 
Autoimmune Polyendocrinopathy, mucocutaneous Can-
didiasis, and Ectodermal Dystrophy (APECED) that is 
due to loss-of-function mutations in AIRE encoding 
the autoimmune regulator.69 In a Finnish cohort of 
91 patients with APS1/APECED, the cardinal manifesta-
tions were mucocutaneous candidiasis involving the nails 
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FIGURE 18-3 n Schematic view of the calcium sensing receptor (CaSR) depicting inactivating (hereditary/familial hypocalciuric hyper-
calcemia) and activating (autosomal dominant hypoparathyroidism) mutations. Note that mutations at adjacent codons may result 
in either a gain or a loss of function of the mutant CASR product (e.g., codons 565, 567, 568). (Courtesy of Drs. Lilia D’Souza-Li and 
Geoffrey N. Hendy, McGill University, Montreal, Quebec, www.casrdb.mcgill.ca/?Topic5CasrGraph2&v5new.) This image can be viewed in 
full color online at ExpertConsult.
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and mouth occurring in 100% of patients (often in the 
first 2 years of life), hypoparathyroidism, and hypoadre-
nocorticism, both of which illnesses developed in 80% to 
90% of affected subjects.70 Hypoparathyroidism occurred 
most often in patients who were between 2 and 10 years 
old, and hypoadrenocorticism developed in patients who 
were between 5 and 15 years of age. Almost all females 
with APECED developed hypoparathyroidism, whereas 
80% of affected males did so. Hypomagnesemia, often 
severe and recalcitrant to therapy, was common in  
patients with hypoparathyroidism due to APECED. The 
most frequent presenting manifestations of APECED 
were mucocutaneous candidiasis (60%), hypoparathy-
roidism (32%), and hypoadrenocorticism (5%); the dis-
ease first became apparent when patients were between  
2 months and 18 years of age. However, 10% of patients 
presented with another manifestation of APECED. In 
addition to hypoparathyroidism and hypoadrenocorti-
cism, other endocrinopathies encountered in APECED 
included autoimmune oophoritis leading to ovarian  
failure (70%), orchitis resulting in testicular failure 
(30%), diabetes mellitus (30%), thyroiditis (30%), and 
hypophysitis (4%). Besides mucocutaneous candidiasis, 
dermatologic manifestations and complications of 
APECED in the Finnish cohort included alopecia (40%), 
vitiligo (30%), and rashes with fever (15%). Keratocon-
junctivitis developed in 20% of affected subjects, perni-
cious anemia in 30%, hepatitis in 20%, and chronic  
diarrhea in 20%. In a Norwegian population of 36 pa-
tients with APECED, 13 had clinical evidence of disease 
at or before 5 years of age and an additional 15 subjects 
presented at or before 15 years of age.71 In a Russian 
population of 46 patients, mucocutaneous candidiasis was 
present in 70%, hypoparathyroidism in 83%, and adrenal 
insufficiency in 54%.72 Other common problems were 
alopecia (27%), thyroid dysfunction (20%), and malab-
sorption syndromes (18%). Unusual findings in this co-
hort were retinitis pigmentosa and metaphyseal dysplasia, 
both occurring in 7% of patients. Clinical manifestations 
of APS1/APECED and their age of onset vary among 
subjects and even among siblings. Later manifestations of 
APECED include esophageal and oral squamous cell car-
cinoma, asplenia, and interstitial nephritis. The diagnosis 
of APECED usually requires the presence of two of three 
of its major diseases (mucocutaneous candidiasis, hypo-
parathyroidism, hypoadrenocorticism), but occasionally 
chronic candidiasis, hypoparathyroidism, or primary  
adrenal insufficiency alone may be the only manifestation 
of an inactivating mutation in AIRE.72 In patients with 
autoimmune hypoparathyroidism, antibodies to PTH and 
to the CaSR have been identified; some CaSR antibodies 
have been activated, leading to a clinical picture that mim-
ics that of patients with activating mutations in CASR.73 
Antibodies to NACHT leucine-rich-repeat proteins 
(NALP5), another antigen present in the parathyroid 
gland, have also been found in patients with autoimmune 
hypoparathyroidism and APS1.74

Autoimmune polyendocrinopathy syndrome type I is 
the result of homozygous or compound heterozygous 
loss-of-function mutations in AIRE (autoimmune regula-
tor), a 14-exon gene encoding a 545-amino-acid protein 
with two zinc-finger motifs that is expressed in nuclei of 

thymic medullary epithelial cells and in lymph nodes, 
spleen, monocytes.69 AIRE also serves as an E3 ubiquitin 
ligase, an essential component of the ubiquitin-protea-
somal system for protein modification and destruction 
involved in cellular division and differentiation, protein 
transport, and intracellular signaling.75 Structurally, 
AIRE contains two plant homeodomains: an amino acid 
sequence composed of an octet of cysteines and histidines 
that coordinate two zinc ions; the first plant homeodo-
main is essential for the E3 ubiquitin ligase activity of the 
protein and the second plant homeodomain is required 
for its transcription-regulating action. AIRE also contains 
a SAND domain, a structure that permits it to bind 
DNA. Functionally, AIRE promotes expression of periph-
eral antigens in the thymus, thereby increasing immune 
tolerance.68

Development of an immune system that is capable of 
distinguishing between “self” and “foreign” antigens is  
essential in order to prevent autodestruction of an organ-
ism’s cells and tissues. To this end, thymic stromal medul-
lary epithelial cells locally transcribe the majority of protein 
encoding genes expressed in various peripheral tissues in 
order to permit their recognition by developing T cells 
prior to their release from the thymus and thus prevent an 
autoimmune response when these proteins are encoun-
tered by T cells in the periphery. The autoimmune regula-
tory gene AIRE enables the thymic transcription and 
expression of these genes by interacting with nuclear 
transporters (e.g., exportin), chromatin binding proteins 
(e.g., histones), transcription factors, and postinitiation 
transcription processes (e.g., cyclic AMP response element 
binding protein; complex of DNA-dependent protein  
kinase-polymerase- topoisomerase), and pre-mRNA splic-
ing and processing factors.76 AIRE does not function as a 
specific transcription factor. Inasmuch as nuclear AIRE 
binds to the unmethylated tails of histone-3 in chromatin, 
it has been proposed that AIRE activates quiescent genes 
by attracting to their site the transcription apparatus  
that enables initiation of transcription, elongation, and 
pre-mRNA processing.76 In the Finnish and Russian pop-
ulations with APS1, the most common loss-of-function 
mutation in AIRE was a homozygous truncating mutation 
at codon 257 (Arg257Ter). Pathogenic mutations in AIRE 
detected in patients with APECED include missense, non-
sense (Arg139Ter), insertions, and deletions (e.g., 13 base 
pair deletion; 964del13, NT 1094, exon 8) that alter  
the subcellular distribution of AIRE or decrease its tran-
scriptional activation capacity or its E3 ubiquitin ligase 
activity.72,75,77

Pseudohypoparathyroidism is a disorder with variable 
clinical manifestations associated with resistance to the 
action of PTH, classified as types IA, IB, IC, and II, and 
pseudopseudohypoparathyroidism (PPHP), whose clini-
cal manifestation and pathophysiology were discussed 
previously. Deficiency of vitamin D intake, aberrant me-
tabolism of cholecalciferol, or decreased biologic respon-
siveness of the vitamin D receptor (VDR) may result in 
hypocalcemia.56 In the subject with skeletal demineraliza-
tion due to marked vitamin D deficiency, serum calcium 
concentrations may fall precipitously after administration 
of even small amounts of vitamin D as renewed mineral-
ization of bone matrix due to accelerated osteoblastic  



18  Disorders of Mineral Homeostasis in Children and Adolescents 753

activity consumes calcium and phosphate (the “hungry 
bone” syndrome). After parathyroidectomy for primary 
hyperparathyroidism, calcium concentrations often de-
cline rapidly by the same mechanism. Drugs that inhibit 
PTH secretion (excessive magnesium), osteoclast resorp-
tion of bone (bisphosphonates), or renal resorption of 
calcium (furosemide) may lead to hypocalcemia. Intrave-
nous infusion or rectal administration of phosphate  
(in enemas), acute cellular destruction by tumor cell lysis 
or rhabdomyolysis, and acute and chronic renal failure 
increase serum phosphate levels and lead to reciprocal 
decline in calcium values. Serum calcium concentrations 
decline in patients receiving multiple transfusions of  
citrated blood or during plasmapheresis. In subjects with 
acute pancreatitis, calcium complexed with free fatty acids 
generated by pancreatic lipase is deposited in necrotic tis-
sue.78 Acute severe illness of diverse pathogenesis is often 
associated with hypocalcemia; this has been attributed to 
hypoalbuminemia, functional hypoparathyroidism, hy-
percalcitonemia, hypomagnesemia, decreased calcitriol 
synthesis, alkalosis and increased serum concentrations  
of free fatty acids (the latter increase binding of Ca21 to 
albumin), and increased cytokine activity.

Evaluation

Figure 18-2 outlines the evaluation of the child/adoles-
cent with hypocalcemia. Hypocalcemia may be asymp-
tomatic until detected by a multiassay chemical profile 
obtained for another purpose. It may be first identified 
during evaluation of a long QT interval noted by elec-
trocardiography obtained for evaluation of a functional 
heart murmur or arrhythmia.79 Clinical symptoms that 
suggest hypocalcemia include paresthesias, circumoral 
numbness, muscular cramping (particularly during  
vigorous exercise), tetany (uncontrollable muscular con-
tractions including laryngospasm and bronchospasm), 
muscle twitching, carpal-pedal spasm (flexion of the  
elbow and wrist, adduction of the thumb, flexion of the 
metacarpal/metatarsal-phalangeal joints, and extension 
of the interphalangeal joints), and seizure.62 Review of 
the past medical history may reveal symptoms consistent 
with or illnesses associated with hypocalcemia (recurrent 
infections, congenital cardiac anomalies, surgical proce-
dures in the neck, cervical radiation, infiltrative dis-
eases), or the family history may identify members with 
hypoparathyroidism, dysmorphic physical characteris-
tics, autoimmune endocrinopathies, or hypomagnese-
mia. Physical examination will disclose characteristic 
abnormalities in children with PHP type IA in whom  
the AHO phenotype is present (short stature, round 
face, subcutaneous hard nodules, brachymetacarpals), 
the DGS (typical face, recurrent infections, cardiac mur-
mur), and familial autoimmune polyendocrinopathy 
syndrome type I (chronic mucocutaneous candidiasis 
and other ectodermal abnormalities such as vitiligo,  
alopecia, keratoconjunctivitis), whereas rachitic defor-
mities in the hypocalcemic child imply the presence of a 
form of hypovitaminosis D. Most commonly, however, 
the physical examination reveals no striking abnormality 
in the hypocalcemic child other than those of increased 
neuromuscular irritability such as hyperreflexia, positive 

Chvostek sign (twitching of the circumoral muscles 
when tapping lightly over the seventh cranial nerve) or 
Trousseau sign (carpal pedal spasm when maintaining 
the blood pressure cuff 20 mm Hg above the systolic 
blood pressure for three minutes) and occasionally  
cataracts, papilledema, or abnormal dentition. (Tetany 
also occurs in subjects with hypo- and hypernatremia, 
hypo- and hyperkalemia, and hypomagnesemia, and a 
positive Chvostek sign may be found in many normal 
adolescents.)

After confirmation of the hypocalcemic state (by mea-
suring serum total calcium and Ca21 levels, the latter to 
exclude hypoalbuminemia as a cause of a low total  
calcium value), urine calcium excretion is determined;  
in most hypocalcemic patients, urine calcium excretion is 
low (see Figure 18-2). If the urine calcium excretion is 
inappropriately normal or high, disorders such as autoso-
mal dominant (gain-of-function mutation in CASR) hy-
poparathyroidism may be considered; CASR may then be 
analyzed or antibodies to CaSR determined as clinically 
indicated. The frequency with which antibodies to the 
CaSR are detected in patients with autoimmune hypo-
parathyroidism depends on the method employed for 
their identification. Thus, antibodies to the CaSR have 
been found in 86% of subjects with APS1/APECED 
employing an immunoprecipitation assay with the full-
length CaSR expressed in human embryonic kidney  
cells and in 50% of the same subjects utilizing a flow 
cytometry assay but in none of these patients applying a 
radiobinding assay.73,80 The serum levels of intact PTH, 
calcidiol, magnesium, phosphate, creatinine, and alkaline 
phosphatase are also to be measured. Determination of 
the serum concentration of intact PTH (by ultrasensitive 
assay) permits differentiation between low (or inappro-
priately “normal”) and high PTH secretory states. The 
child/adolescent with hypocalcemia, hypocalciuria, hy-
perphosphatemia, and low or undetectable serum PTH 
concentration (and normal or only slightly low serum 
magnesium level) likely has hypoparathyroidism due to a 
primary defect in PTH synthesis or secretion related to 
congenital malformation or acquired destruction of the 
parathyroid glands. Patients with hypoparathyroidism 
often have low serum concentrations of calcitriol, normal 
levels of calcidiol, decreased excretion of urinary ne-
phrogenous cyclic AMP, and increased renal tubular re-
absorption of phosphate.67 The DGS may be identified 
by microarray or FISH analysis of chromosome 22q11.2 
or TBX1 genotyping. Analysis of GCM2 or SOX3 and 
genes associated with syndromic hypoparathyroidism 
(TBCE GATA3) is indicated in the appropriate clinical 
context (see Table 18-2B). The diagnosis of autoimmune 
polyendocrinopathy syndrome type I is based on clinical 
and laboratory findings and genotyping of AIRE. The 
presence of two of three of its major manifestations  
(candidiasis or ectodermal dystrophy, hypoparathyroidism, 
hypoadrenocorticism) is the accepted criterion for its 
clinical diagnosis, but isolated hypoparathyroidism, adrenal 
insufficiency, or chronic mucocandidiasis may occasion-
ally be its only manifestation.72 Antibodies to the CaSR 
or other cellular components of the parathyroid glands, 
the adrenal glands (side-chain cleavage, 21-hydroxylase, 
17a-hydroxylase enzymes), neurotransmitters (aromatic 
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L-amino acid decarboxylase, tryptophan hydroxylase), 
and interferons-a and -v may be determined; antibodies 
to interferon-v are commonly present in patients with 
APS1/APECED.71,81 Genotyping of AIRE and identifica-
tion of the mutations confirm the diagnosis of APECED. 
There is wide variability in the clinical expression of 
APECED both between families and among siblings,  
as the phenotype is not directly related to the genotype. 
In patients with isolated, idiopathic hypoparathyroidism, 
a search for antibodies to the CaSR or to parathyroid  
tissue is warranted. In hypomagnesemic subjects, magne-
sium and PTH levels are quite low, and PTH secretion 
increases rapidly after intravenous administration of 
magnesium. Primary hypomagnesemia should be consid-
ered when hypocalcemia and hypercalciuria coincide  
and serum PTH and magnesium values are low; urinary 
magnesium excretion should then be quantitated and 
CLDN16 genotyped (see Tables 18-7A and B, presented 
later in the chapter). Because hypomagnesemia may also 
be due to a selective small intestinal defect in magnesium 
absorption, mutations in TRPM6 should be examined 
as warranted. Primary hypomagnesemia must be differ-
entiated from that due to the Gittleman and Bartter 
syndromes.

An elevated serum concentration of PTH in a hypo-
calcemic subject suggests that the patient is either se-
creting an abnormal PTH molecule or is resistant to 
PTH or there is a compensatory (secondary) PTH se-
cretory response to hypocalcemia (see Figure 18-2). 
Physicochemical characterization of the PTH molecule 
and analysis of PTH enable one to define the abnormal-
ity in PTH synthesis, posttranslational processing, se-
cretion, or activity leading to the functionally hypopara-
thyroid state. Analysis of GNAS and its pattern of 
imprinting permits identification of the specific genetic 
defect in the majority of patients with clinical PHP type 
IA and PPHP. Skeletal and renal responsiveness to PTH 
may be assessed if warranted by measurement of changes 
in serum calcium, phosphate, cyclic AMP, and calcitriol 
concentrations and urinary nephrogenous cyclic AMP 
and phosphate excretion following administration of 
biosynthetic PTH1-34 (Elsworth-Howard test). In the 
normal subject and in the patient with primary hypo-
parathyroidism, urinary cyclic AMP excretion increases 
10- to 20-fold and that of phosphate several fold; in the 
patient with PHP types IA and IB there is less than a 
3-fold increase in the excretion of cyclic AMP after ad-
ministration of PTH1-34. The diagnosis of PHP type IB 
may be established by examining the imprinting patterns 
of GNAS and analyzing STX16 and the 59 sequences of 
GNAS as indicated. In the child with vitamin D defi-
ciency, serum levels of calcidiol are low. In patients with 
decreased renal 25OHD3-1a-hydroxylase activity, se-
rum concentrations of calcidiol are normal, whereas 
those of calcitriol are inappropriately low. Increased 
concentrations of calcitriol suggest the presence of a 
defect in the nuclear vitamin D receptor. The patient 
with renal failure is recognized by an increased serum 
creatinine value. Other findings in hypocalcemic sub-
jects include prolongation of the Q-T interval by elec-
trocardiography and calcification of the basal ganglia by 
cranial computerized tomography.

Management

The primary goal in the care of the hypocalcemic child 
and adolescent is to increase serum calcium concentra-
tions to levels at which the patient is asymptomatic and 
as close to the lower range of normal as possible; the 
secondary goal is to identify the cause of hypocalcemia as 
quickly as possible in order to provide disease-specific 
management.56,62,67 Asymptomatic hypocalcemia (total 
calcium . 7.5 mg/dL) may not require immediate inter-
vention. With lower serum calcium levels or when hypo-
calcemia is symptomatic (tetany, seizures, laryngospasm, 
bronchospasm), acute management may require the in-
travenous administration of calcium gluconate (93 mg of 
elemental calcium/10 mL vial) at a slow rate (not greater 
than 2 mL [1.86 mg of elemental calcium]/kg over  
10 minutes) while closely monitoring pulse rate (and the 
QT interval). Acutely, intravenous administration of  
calcium is intended to ameliorate the more serious  
consequences of hypocalcemia such as seizures, broncho-
spasm, or laryngospasm, not to restore and maintain the 
eucalcemic state. Intravenously, calcium should not be 
administered with phosphate or bicarbonate, because 
these salts may coprecipitate. Extravascular extravasation 
of calcium is to be avoided, as it may precipitate and 
cause local tissue injury. After the acute symptoms have 
resolved, calcium gluconate (10 mL 5 93 mg of elemental 
calcium in 100 mL 5% dextrose/0.25 normal saline) may 
be infused intravenously at a rate sufficient to maintain 
calcium levels in the asymptomatic low-normal range 
while the cause of the hypocalcemia is identified and more 
specific therapy for persistent hypocalcemia prescribed. 
The evaluation should proceed as rapidly as possible, and 
oral therapy should begin reasonably quickly. In the child 
with marked hyperphosphatemia as a cause of hypocalce-
mia, in addition to parenteral calcium administration, 
infusion of normal saline sufficient to maintain urine 
output at or above 2 mL/kg per hour is necessary.61 Fre-
quent measurement of serum calcium and phosphate 
concentrations permits rapid adjustment of fluid and 
electrolyte therapy.

After stabilization, patients with hypoparathyroidism 
or PHP may be treated with calcitriol (20 to 60 ng/kg/
day) and supplemental calcium (calcium glubionate or 
calcium citrate 30 to 75 mg elemental calcium/kg/day in 
divided doses; see Table 18-3) to restore and maintain 
eucalcemia. The serum calcium concentration should be 
maintained within the low-normal range. Each patient 
must be carefully monitored to avoid hypercalcemia, 
hypercalciuria (calcium excretion greater than 4 mg/
kg/24 hours), nephrocalcinosis, and nephrolithiasis. Basal 
and periodic measurements of serum concentrations of 
calcium, phosphate, and creatinine and urinary calcium 
and creatinine excretion and renal sonography are man-
datory. Children with autosomal dominant hypoparathy-
roidism due to gain-of-function mutations in CASR are 
extremely sensitive to vitamin D and its metabolites. Even 
small doses of calcitriol may lead to hypercalciuria with a 
minimal increase in serum calcium levels; in that instance, 
the addition of hydrochlorothiazide (0.5 to 2.0 mg/kg/day) 
may increase renal tubular reabsorption of calcium and 
lower the calcitriol requirement. Administration of  
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recombinant human PTH1-34 has been beneficial in indi-
vidual subjects with this disorder.19,23,24 In adults and 
children with hypoparathyroidism due to a variety of 
causes, the use of rhPTH1-34 (0.4 to 0.5 mg/kg every 
12 hours subcutaneously) together with calcium carbon-
ate and vitamin D (1200 mg/day of elemental calcium 
and 800 IU/day of cholecalciferol in four equally divided 
doses) has proven effective and safe for as long as  
3 years.24 rhPTH1-34 led to an acceleration of bone turn-
over as reflected by increases in serum alkaline phospha-
tase and osteocalcin and urinary excretion of pyridinoline 
and deoxypyridinoline, whereas accrual of bone mineral 
mass, linear growth, and weight gain were not adversely 
impacted in treated children.24 Continuous infusion of 
rhPTH1-34 has also proven effective in maintaining rea-
sonable serum calcium concentrations in adults with 
postsurgical hypoparathyroidism with fewer fluctuations 
in calcium levels and lower urine calcium values when 
compared to twice-daily subcutaneous injections of 
rhPTH1-34.82

Because PHP type IA is associated with resistance to a 
number of peptide hormones that act through GPCRs, 
periodic assessment of pituitary-thyroid and pituitary-
ovarian function and growth hormone secretion is neces-
sary and hormone replacement therapy should begin as 
indicated.49 In general the short stature of patients with 
PHP type IA reflects the AHO phenotype and not GH 
deficiency. Transient hypoparathyroidism of infancy may 
be the initial manifestation of later onset hypoparathyroid-
ism; thus, it is important to assess calcium homeostasis in 
such subjects throughout childhood. Patients with appar-
ently isolated hypoparathyroidism of unknown etiology 
should be reevaluated periodically to identify the develop-
ment of autoimmune disorders in the patient or family. 
Assessment of thymic function is important in subjects 
with findings suggestive of the DGS. The management  
of patients with vitamin D deficiency or resistance is  
discussed in subsequent sections.

When hypomagnesemia is symptomatic, administration 
of magnesium sulfate parenterally may be necessary (50% 
solution—0.1 to 0.2 mL/kg intramuscularly—repeated  
after 12 to 24 hours if needed). The patient with primary 
hypomagnesemia may require daily parenteral (intramus-
cular, intravenous) doses of magnesium sulfate in order to 
prevent tetany, seizures, and other neurologic symptoms 
(slurred speech, choreoathetoid movements, weakness) and 
to enable normal growth and development.83 Calcitriol 
alone raises serum calcium levels in hypomagnesemic sub-
jects but is ineffective in the prevention of tetany. Continu-
ous overnight nasogastric infusion of magnesium may help 
alleviate the gastrointestinal side effects of multiple large 
doses of oral magnesium. More mild and transient forms of 
hypomagnesemia may be treated with oral magnesium 
gluconate or tribasic magnesium citrate (see Table 18-3).

HYPERCALCEMIA
Hypercalcemia in the Neonate and 
Infant
Hypercalcemia in neonates and very young infants is 
defined as total blood calcium concentration . 10.8 to 

11.3 mg/dL (depending on the analytic laboratory). 
However, substantial symptoms (impaired growth, an-
orexia, gastroesophageal reflux and emesis, constipation, 
and lethargy and hypotonia or irritability and seizures) 
usually do not occur until the total calcium level exceeds 
12.5 to 13 mg/dL.2,58,84,85 These infants frequently have 
polyuria and may become dehydrated because of renal 
resistance to antidiuretic hormone if oral fluid intake is 
restricted. Due to the vasoconstrictive effect of calcium, 
the hypercalcemic infant may be hypertensive. Hypercal-
cemia also shortens the S-T segment and can lead to 
heart block and ultimately asystole. In older infants and 
young children with chronic hypercalcemia, poor growth 
and failure to thrive are often presenting manifestations. 
Hypercalcemia also leads to polyuria due to hypercalci-
uria, nephrocalcinosis, and nephrolithiasis.

Etiology

Neonatal/infantile hypercalcemia may be iatrogenic  
in origin, e.g., administration of excessive calcium or 
vitamin D (at times to the mother who secretes chole-
calciferol in her breast milk); use of thiazide diuretics  
that increase renal tubular absorption of calcium; or 
purposeful restriction of phosphate (Tables 18-4A and B). 
Hypercalcemia, hypophosphatemia, hyperphosphatas-
emia, and radiographic evidence of rickets may de-
velop in very premature infants receiving intravenous 
alimentation deficient in phosphate or in those fed 
only human breast milk, the phosphate content of 
which is low. In this situation, hypophosphatemia leads 
to increased synthesis of calcitriol by two mechanisms: 
(1) direct stimulation of renal tubular 25OHD-1a 
hydroxylase activity and (2) depressing secretion of fi-
broblast growth factor 23 (FGF23), a factor that inhib-
its activity of this enzyme—the two processes additively 
increase 25OHD-1a hydroxylase activity, calcitriol 
synthesis, and intestinal calcium absorption.85 The 
problem may be circumvented by increasing the amount 
of parenteral phosphate administered to the extent  
possible or by the use of breast milk fortified with 
phosphate. (Adequate extrauterine mineralization of 
the preterm skeleton requires intakes of both calcium 
and phosphate of approximately 200 mg/kg/day.)  
Extracorporeal membrane oxygenation may also be  
associated with hypercalcemia in neonates.86,87

Hypervitaminosis D may be due to prolonged feeding 
of an improperly prepared formula or commercial dairy 
milk containing excessive vitamin D, iatrogenic prescrip-
tion of vitamin D, calcidiol, or calcitriol, or increased 
endogenous production of calcitriol from inflammatory 
sites.84 In infants with severe birth trauma or perinatal 
asphyxia, subcutaneous fat necrosis may develop in tis-
sues that have sustained direct trauma and be manifested 
by indurated, extremely firm, violaceous nodules on the 
cheeks, trunk, buttocks and legs.58 Hypercalcemia may be 
present when the lesions first appear or develop as the 
nodules resolve several weeks later. Histologically, the 
skin lesions are composed of adipocytes, an inflammatory 
lymphohistiocytic infiltrate, and multinucleated giant 
cells in a bed of calcium crystals. The hypercalcemia  
of subcutaneous fat necrosis is attributable not only to 
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TABLE 18-4A Causes of Hypercalcemia

I Neonate/Infant

A Maternal Disorders
 1 Excessive vitamin D ingestion, hypoparathyroidism, 

pseudohypoparathyroidism

B Neonate/Infant
 1 Iatrogenic: excessive intake of calcium, vitamin D,  

vitamin A
 2 Phosphate depletion
 3 Subcutaneous fat necrosis
 4 Williams-Beuren syndrome (del7q11.23/BAZ1B)
 5 Neonatal severe hyperparathyroidism (CASR)
 6 Metaphyseal chondrodysplasia, Murk-Jansen type  

(PTH1R)
 7 Idiopathic infantile hypercalcemia (CYP24A1)
 8 Persistent parathyroid hormone related protein
 9 Lactase/disaccharidase deficiency (LCT)
 10 Infantile hypophosphatasia (TNSALP)
 11 Mucolipidosis type II (GNPTAB)
 12 Blue diaper syndrome
 13 Antenatal Bartter syndromes types 1 and 2 (SLC12A1, 

KCNJ1)
 14 Distal renal tubular acidosis
 15 IMAGe syndrome (CDKN1C)
 16 Post bone marrow transplantation for osteopetrosis
 17 Endocrinopathies: primary adrenal insufficiency, severe 

congenital hypothyroidism, hyperthyroidism

II Hyperparathyroidism

A Sporadic
 1 Parathyroid hyperplasia, adenoma, carcinoma

B Familial
 1 Neonatal severe hyperparathyroidism (CASR)
 2 Multiple endocrine neoplasia, type I (MEN1)
 3 Multiple endocrine neoplasia, type IIA (RET)
 4 Multiple endocrine neoplasia, type IIB (RET)
 5 Multiple endocrine neoplasia, type IV (CDKN1B)
 6 McCune-Albright syndrome (GNAS)
 7 Familial isolated hyperparathyroidism 1(CDC73)
 8 Familial isolated hyperparathyroidism 2 (jaw tumor  

syndrome) (CDC73)
 9 Familial isolated hyperparathyroidism 3
 10 Jansen’s metaphyseal dysplasia (PTH1R)

C Secondary/Tertiary
 1 Postrenal transplantation
 2 Chronic hyperphosphatemia

Adapted from Lietman, S. A., Germain-Lee, E. L., & Levine, M. A. (2010). Hypercalcemia in children and adolescents. Curr Opin Pediatr, 
22, 508–515; Benjamin, R. W., Moats-Staats, B. M., Calikoglu, A., et al. (2008). Hypercalcemia in children. Pediatr Endocrinol Rev, 5, 
778–784; Davies, J. H. (2009). A practical approach to the problems of hypercalcaemia. In J. Allgrove, & N. Shaw (Eds.), Calcium and 
bone disorders in children and adolescents. Endocr Dev. (Vol. 16, pp. 93–114). Basel: Karger.

reabsorption of precipitated calcium but also to extrare-
nal synthesis of calcitriol by local macrophages and  
resultant hyperabsorption of ingested calcium. The 
25OHD-1a-hydroxylase activity of these inflammatory 
macrophages is not under the control of PTH, calcium, 
or phosphate, but it is suppressible by glucocorticoids.58 
Excessive production of prostaglandin E and interleukins 
(IL)-1 and -6 further contributes to hypercalcemia in  
this disorder by increasing the rate of bone turnover. 
Hypercalcemia attributable to subcutaneous fat necrosis 

is managed by the ingestion of a low-calcium formula, 
avoidance of vitamin D, and administration of fluids, fu-
rosemide, calcitonin, glucocorticoids, or bisphosphonate 
(etidronate, pamidronate) as needed.2 Hypercalcemia 
due to subcutaneous fat necrosis has also been observed 
in older children with major trauma or disseminated 
varicella.84 Congenital lactase and other disaccharidase 
deficiencies have been associated with infantile hypercal-
cemia, likely due to increased intestinal absorption of 
calcium promoted by disaccharides.

D Hypercalcemia of Malignancy
 1 Ectopic production of PTHrP
 2 Metastatic dissolution of bone

III  Familial Hypocalciuric Hypercalcemia

A Familial Hypocalciuric Hypercalcemia I (CASR)
 1 Loss-of-function mutations in CASR
 a Monoallelic: familial benign hypercalcemia
 b Biallelic: neonatal severe hyperparathyroidism

B  Familial Hypocalciuric Hypercalcemia II (GNA11)
C  Familial Hypocalciuric Hypercalcemia III, Oklahoma Variant 

(AP2S1)
D CASR blocking autoantibodies

IV Excessive Calcium or Vitamin D

A Milk-Alkali Syndrome
B  Exogenous Ingestion of Calcium or Vitamin D or Topical 

Application of Vitamin D (calcitriol or analog)
C  Ectopic Production of Calcitriol Associated with Granuloma-

tous Diseases (sarcoidosis, cat scratch fever; tuberculosis, 
histoplasmosis, coccidioidomycosis, leprosy; human immu-
nodeficiency virus; cytomegalovirus; chronic inflammatory 
bowel disease)

D Neoplasia
 1 Primary bone tumors
 2 Metastatic tumors with osteolysis
 3 Lymphoma, dysgerminoma
 4 Tumors secreting PTHrP, growth factors, cytokines,  

prostaglandins, osteoclast activating factors

E Williams-Beuren Syndrome (del7q11.23)

V Immobilization
VI Other Causes

A  Drugs: Thiazides, Lithium, Vitamin A and Analogs,  
Calcium, Alkali, Antiestrogens, Aminophylline

B Total Parenteral Nutrition
C  Endocrinopathies: Hyperthyroidism, Hypoadrenocorticism, 

Pheochromocytoma
D Vasoactive Intestinal Polypeptide-Secreting Tumor
E  Acute or Chronic Renal Failure/Administration of  

Aluminum
F Hypophosphatasia
G Juvenile Rheumatoid Arthritis: Cytokine Mediated
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Disorder OMIM Gene(s) Chromosome OMIM Pathophysiology Inheritance

Hyperparathyroidism
Multiple endocrine neoplasia type 1 

(MEN1)
131100 MEN1 11q13.1 

613733
Menin: inhibitor of transcription; tumor  

suppressor
Germline and somatic inacti-

vating mutations sum to 
produce MEN1, AD

Multiple endocrine neoplasia  
type 2A 

171400 RET 10q11.21 
164761

Tyrosine kinase receptor mediating cell  
differentiation and growth

AD

Multiple endocrine neoplasia  
type 2B (3)

162300 RET 10q11.21 
164761

Tyrosine kinase receptor mediating cell  
differentiation and growth

AD

Multiple endocrine neoplasia type 
2C (isolated: medullary carci-
noma of thyroid)

155240 RET 10q11.21 
164761

Tyrosine kinase receptor mediating cell  
differentiation and growth

AD

Multiple endocrine neoplasia type 4 610755 CDKN1B 12p13.1 
600778

Inhibitor of cyclin dependent kinase-mediated 
cell division, tumor suppressor

AD

Familial isolated primary hyperpara-
thyroidism (FIHP) type 1

145000 CDC73 1q31.2 
607393

Cell division cycle protein AD

Hyperparathyroidism jaw tumor 
syndrome (FIHP type 2)

145001 CDC73 1q31.2 
607393

Cell division cycle protein AD

Familial isolated primary hyperpara-
thyroidism (FIHP) type 3

610071 2p14-p13.3 AD, AR

Familial isolated primary hyperpara-
thyroidism (FIHP)

MEN1 11q13.1 
613733

Menin: inhibitor of transcription; tumor  
suppressor

AD

Neonatal severe hyperparathyroidism 239200 CASR 3q13.3-q21 
601199

GPCR for Ca21 AD, AR

Familial hypocalciuric hypercalcemia, 
type I 

145980 CASR 3q21.1 
601199

GPCR for Ca21 AD

Metaphyseal chondrodysplasia, 
Murk-Jansen type

156400 PTH1R 3p21.1 
168468

GPCR for PTH and PTHrP AD

Williams-Beuren syndrome (WBS) 194050 Delq7q11.23 Contiguous gene deletion syndrome AD with variable manifesta-
tions

Williams-Beuren syndrome (WBS) 194050 BAZ1B 7q11.23 
605681

WBS transcription factor (WSTF) complex 
regulates transcriptional responses to VDR

Williams-Beuren syndrome (WBS) 194050 ELN 7q11.23 
130160

Elastin required for normal formation of  
supravalvular aorta

Williams-Beuren syndrome (WBS) 194050 GTF21 7q11.23 
601679

TF influences neurocognition and behavior

Williams-Beuren syndrome (WBS) 194050 GTF21RD1 7q11.23 
604138

TF influences neurocognition and behavior

Dup7q11.23 syndrome 609757 Duplication of chro-
mosome 7q11.23

Contiguous gene duplication syndrome AD with variable penetrance

Idiopathic infantile hypercalcemia 143880 CYP24A1 20q13.2 
126065

Renal enzyme that hydroxylates vitamin D 
metabolites at C-24

AR

Intrauterine growth retardation,  
metaphyseal dysplasia, adrenal 
hypoplasia, congenita, genital 
anomalies (IMAGE syndrome)

614732 CDKN1C 11p15.4 
600856

Inhibitor of G1 cyclin/cyclin dependent kinase 
(Cdk) complexes that interferes with cell 
cycle

AD through mother; im-
printed with expression of 
only the maternal allele

TABLE 18-4B Gene Mutations Associated with Hypercalcemia

TF, transcription factor.
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Neonatal severe hyperparathyroidism (NSHPT) is a 
potentially lethal form of familial (hereditary) hypocalciu-
ric hypercalcemia (HHC). It is most commonly due to 
homozygous or compound heterozygous inactivating  
mutations of CASR that greatly increase the serum con-
centration of Ca21 needed to suppress PTH synthesis and 
secretion. However, in several infants with NSHPT, there 
have been heterozygous inactivating mutations of CASR 
(e.g., Arg185Gln, Arg227Leu), suggesting that the prod-
ucts of these mutations exert a dominant-negative effect 
on normal CaSR, perhaps by interfering with the migra-
tion of wild-type receptor to the cell surface or inactiva-
tion of wild-type receptor by linking to the mutated CaSR 
once embedded in the cell membrane, or by sequestration 
of G-proteins.88 In addition, the fetus bearing a heterozy-
gous mutation in CASR that has been inherited from an 
affected father but residing in the womb of a normal 
mother may be relatively “hypocalcemic” in utero leading 
to hyperplasia of the fetal parathyroid glands that persists 
after birth giving rise to NSHPT. Occasionally, NSHPT 
may be transmitted as an autosomal recessive disorder by 
clinically and biochemically normal parents.89,90 Subjects 
with homozygous mutations near the amino terminal of 
CASR (e.g., Leu13Pro) may not become manifest until 
mid-childhood or even adulthood.91 The clinical spectrum 
of NSHPT ranges from mild (constipation, polyuria) with 
calcium concentrations ranging from 11 to 13 mg/dL to 
severe and life-threatening (dysrhythmia, respiratory dis-
tress due to hypotonia, demineralization and fractures of 
the ribs) when calcium levels exceed 15 mg/dL.85,92 
NSHPT may present within the first few days of life to 
several months of age depending on the degree of hyper-
calcemia. Search of the family history may identify mem-
bers with mild hypercalcemia due to autosomal dominant 
HHC1. Physical examination often reveals hypotonia,  
difficulties swallowing, and respiratory distress. The serum 
calcium concentration is frequently markedly elevated  
(average 14 mg/dL, range 11 to . 20 mg/dL) as is the PTH 
value (average 540 pg/mL, range 55 to . 1000 pg/mL).93 
There is hypophosphatemia, hypermagnesemia, hyper-
phosphatasemia, and elevated calcitriol values, low renal 
tubular reabsorption of phosphate, and relative hypocalci-
uria. Radiographically, there is evidence of hyperparathy-
roid bone disease: osteopenia, metaphyseal widening and 
irregularity, subperiosteal resorption, varus angulation of 
the hips, and fractures. Lowering of the elevated serum 
calcium concentration present in NSHPT may be effected 
by induction of sodium diuresis by infusion of fluids and by 
administration of furosemide to increase urinary calcium 
excretion, and calcitonin and a bisphosphonate (e.g., pami-
dronate) to suppress resorption of bone calcium. The al-
losteric calcimimetic cinacalcet hydrochloride that acts di-
rectly on the CaSR has also been effective for lowering 
serum calcium concentrations in infants with NSHPT.94 
(However, in 2013 the U.S. Food and Drug Administration 
suspended clinical trials of cinacalcet in children because of 
safety concerns.) Parathyroidectomy may be a requisite 
lifesaving measure at times. Children with NSHPT who 
remain hypercalcemic are anorectic, fail to thrive, and are 
at risk for developmental delay.58

Secondary hyperparathyroidism in the neonate  
may be the result of maternal hypocalcemia due to  

hypoparathyroidism, PHP, renal tubular acidosis, or  
vitamin D deficiency.58,85 Maternal hypocalcemia re-
duces placental transport and net delivery of calcium to 
the fetus, resulting in relative fetal hypocalcemia and 
leading to hyperplasia of the fetal parathyroid glands and 
secondary hyperparathyroidism proportional to the ma-
ternal calcium deficit. Although only 25% of infants of 
hypocalcemic mothers are hypercalcemic, most have 
skeletal changes that reflect PTH excess that vary from 
severe demineralization with fractures to osteopenia 
detectable only by bone mineral densitometry. Second-
ary hyperparathyroidism usually resolves within a few 
weeks after birth as the infant ingests adequate calcium 
and phosphate. Mucolipidosis type II (MIM 252500) is a 
second cause of neonatal secondary hyperparathyroidism; 
this Hurler-like disorder is characterized by facial ab-
normalities (asymmetry, flat nasal bridge), hepatospleno-
megaly, skeletal deformities (dysostosis multiplex), and 
developmental delay and is due to inactivating mutations 
in a gene (GNPTAB) encoding N-Acetyglucosamine-
1-phosphotransferase, a/b subunits, a lysosomal phos-
photransferase required for synthesis of mannose 
6-phosphate.95,96 In this disease, maternal calcium con-
centrations are normal, but placental histology is abnor-
mal, suggesting impaired placental transport of calcium 
and fetal hypocalcemia leading to compensatory increase 
in the in utero PTH generation. In turn, skeletal evidence 
of PTH excess (osteopenia, fractures) develops; second-
ary hyperparathyroidism and its adverse effects remit 
within the first several weeks to months after birth. 
Transient neonatal distal renal tubular acidosis has also 
been associated with hypercalcemia due to secondary 
hyperparathyroidism.

Murk-Jansen metaphyseal chondrodysplasia is an au-
tosomal dominant chondrodystrophy associated with 
marked hypercalcemia as a consequence of heterozygous 
mutations that lead to constitutive, ligand-independent 
activation of PTH1R expressed in the kidney, bone, and 
growth plate chondrocytes.84,85 Phenotypically, there is 
short-limbed dwarfism; deformities of the long bones, 
digits, spine, and pelvis; choanal atresia; highly arched 
palate; micrognathia; widely open cranial sutures (in  
infancy); sclerosis of the basal cranial bones; disorganiza-
tion of the metaphyses (delayed chondrocyte differentia-
tion, irregularly calcified cartilage protruding into the 
diaphysis); and excessive loss of cortical bone but normal 
trabecular bone. Interestingly, birth length and physical 
appearance are often normal in these neonates, although 
radiographic evidence of the chondrodysplasia is present. 
In affected neonates and infants, there are hypercalcemia, 
hypophosphatemia, increased serum concentrations of 
calcitriol, and elevated urinary excretion of nephroge-
nous cyclic adenosine monophosphate but low or unde-
tectable serum levels of PTH and PTHrP. (Adults with 
this disorder are very short [adult height 100 cm], skeletal 
maturation is delayed, metaphyses of the long bones are 
long and histologically disorganized, and cranial bones 
are sclerotic.) Constitutively activating mutations of 
PTH1R in these subjects include His223Arg at the 
junction of the first intracellular loop and second trans-
membrane domain and Thr410Pro in the sixth trans-
membrane domain—sites that are specifically important 
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in conferring ligand-independent activity upon PTH1R.84 
Excessive secretion of PTHrP and resultant hypercalce-
mia have been observed in infants with neonatal iron 
storage disease and embryonal renal tumors (Wilms,  
mesoblastic nephroma).

Williams-Beuren syndrome (WBS) is a hemizygous 
contiguous gene deletion syndrome (involving 26 to  
28 genes on chromosome 7q11.23) that is transmitted as 
an autosomal dominant disorder and whose prevalence 
is 1:7500 to 1:15,000 live births.97,98 WBS is character-
ized by intrauterine and postnatal growth retardation, 
hypercalcemia in infancy in 15% of patients that usually 
resolves by 2 years of age but may occasionally persist 
into adulthood; consistent hypercalciuria; supravalvular 
aortic stenosis in 30% of subjects; narrowing and steno-
ses of the pulmonary, renal, mesenteric, and celiac arteries; 
microcephaly; “elfin” face (epicanthal folds, stellate iris 
pattern, esotropia, short nose with full nasal tip, arched 
upper and prominent lower lips, long philtrum, full 
cheeks with flattened malar eminences, dental  
malocclusion); hoarse voice; hyperacusis in childhood 
leading to nerve deafness, radioulnar synostosis, renal 
hypoplasia or unilateral agenesis; hypertension, and de-
velopmental delay (poor visual-motor integration, atten-
tion deficit disorder, mean IQ 58, range 20 to 106).58 
Although most patients with WBS are developmentally 
challenged, they have unique and proficient verbal skills 
with a large vocabulary and enhanced auditory memory 
particularly for names, adept social language skills, and 
exceptional musical aptitude including the ability to 
memorize and sing many musical compositions and play 
many instruments.84 Children with WBS prefer to be in 
the company of adults rather than with their peers and 
are not shy or fearful of strangers.97

Hypercalcemia in WBS subjects may be pathogeneti-
cally related to a loss of function of the Williams syn-
drome transcription factor (WSTF) encoded by BAZ1B. 
WSTF is a nuclear protein that is part of a multimeric, 
ATP-dependent, chromatin remodeling complex termed 
WINAC (WSTF including nucleoside assembly com-
plex).99 Independently of ligand-binding, the VDR inter-
acts with WINAC. Under usual circumstances, binding 
of calcitriol to the VDR-WINAC complex (1) represses 
expression of renal tubular CYP27B1, the gene encoding 
25-hydroxyvitamin D-1a-hydroxylase, and (2) enhances 
transcription of CYP24A1, the gene encoding 25-
hydroxyvitamin D-24-hydroxylase. Hence, haploinsuffi-
ciency of WSTF leads to an increased and relatively  
unregulated synthesis of calcitriol while slowing its rate 
of degradation; in response to the increase in calcitriol 
generation, the intestinal absorption of calcium increases 
and hypercalcemia ensues. Other endocrinopathies asso-
ciated with WBS include glucose intolerance and hypo-
thyroidism.100

WBS is the consequence of the deletion of chromo-
some 7q11.23 due to unequal meiotic recombination 
(unequal crossover of genes between chromosome  
7 homologues during meiosis); this genetic error occurs 
with equal frequency in the gametes of both parents and 
results in the loss of 26 to 28 genes.97 Hemizygosity of 
ELN (MIM 130160) encoding elastin is the likely cause 
of the cardiovascular malformations and hypertension 

observed in WBS, as partial loss of ELN leads to a com-
pensatory increase in the number of rings of smooth 
muscle and elastic lamellae resulting in arterial thicken-
ing and increased risk of obstruction as well as softening 
of the skin and an aged appearance. Functional hemizy-
gosity for GTF2I (MIM 601679) and GTF2IRD1 (MIM 
604318) may underlie the neurocognitive deficits and 
strengths that characterize WBS and the distinctive per-
sonalities of these patients.97 Hemizygous loss of STX1A 
(MIM 186590) may be pathogenetically related to devel-
opment of glucose intolerance in WBS subjects.98 The 
WBS phenotype has also been associated with intersti-
tial deletion of chromosome 6q22.2-q23 as well as  
defects in chromosomes 4, 11, and 22, implying that the 
syndrome is genetically heterogeneous involving a num-
ber of genetic systems. Diagnosis of the WBS syndrome 
is suspected on the basis of the characteristic clinical 
phenotype (with/without hypercalcemia) and confirmed 
by demonstration of the microdeletion at chromosome 
7q11.23 by microarray or FISH, although a normal 
chromosome analysis does not entirely eliminate this 
diagnosis. Specific genotyping may also prove diagnosti-
cally useful on occasion. Hypercalcemia is managed by 
ingestion of a low-calcium, vitamin D–free formula;  
occasionally short-term glucocorticoid therapy may be 
necessary to restore eucalcemia.

Duplication of chromosome 7q11.23 results in a  
syndrome characterized by heart defects, diaphragmatic 
hernia, cryptorchidism, and neurocognitive and behavioral 
aberrations.101 Additional findings in patients with 
dup7q11.23 include short stature and minor dysmorphic 
facial features (prominent forehead, long nasal tip, short 
philtrum, thin lips, retrognathia, folded ear helices). Neu-
rocognitively, there is severe speech delay and often autistic 
behavior but intact visuocognitive skills—characteristics 
that are opposite to those present in WBS patients. Inter-
estingly, duplication of GTF2I, one of the genes lost in 
del7q11.23 (WBS), reportedly results in separation anxiety 
in mice and humans.102

Idiopathic infantile hypercalcemia is manifested clini-
cally by impaired growth, febrile episodes, polyuria and 
vomiting leading to dehydration, hypercalciuria, and 
nephrocalcinosis associated with hypercalcemia in the 
presence of decreased serum concentrations of PTH.103 
CYP24A1 encodes 24-hydroxylase, an enzyme to which 
heme is bound that converts 25-hydroxyvitamin D to 
24,25 dihydroxyvitamin D and 1,25-dihydroxyvitamin D 
to 1,24,25-trihydroxyvitamin D and increases their ex-
cretion in bile and urine. In some infants with idiopathic 
infantile hypercalcemia, biallelic loss-of-function muta-
tions in CYP24A1 have been demonstrated.103 Delaying 
the degradation of 1,25-dihydroxyvitamin D prolongs its 
effective biologic life. Inactivating mutations in CYP24A1 
have also been found in adults with hypercalcemia, hy-
percalciuria, and nephrolithiasis.104,105 CYP24A1 muta-
tions may either decrease the binding of the enzyme  
to its substrate or interfere with the interaction of heme 
and enzyme protein; either type of mutation decreases 
function of the enzyme protein.106 In most patients hy-
percalcemia resolves within the first several years of life, 
but it may persist to older ages. Avoidance of vitamin D, 
low dietary calcium intake, and glucocorticoids to reduce 
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intestinal absorption of calcium are therapeutic modali-
ties for this disorder.

Antenatal Bartter syndromes, type 1 (MIM 601678) 
and type 2 (MIM 241200) are clinically and biochemi-
cally identical and are due to biallelic loss-of-function 
mutations in genes controlling transepithelial transport 
of chloride (SLC12A1) and potassium (KCNJ1), respec-
tively, into the lumen of the renal tubular thick ascend-
ing limb of the loop of Henle (TALH). Affected fetuses 
develop polyhydramnios leading to premature delivery 
with postnatal salt wasting, hypokalemic metabolic aci-
dosis, hypercalciuria and occasionally hypercalcemia, 
nephrocalcinosis, osteopenia, failure to thrive, and often 
death. The type 1 disorder is due to inactivating muta-
tions of the gene encoding sodium/potassium/chloride 
cotransporter-2 (SLC12A1), the mediator of active re-
absorption of sodium chloride in the TALH, whereas 
the type 2 syndrome is due to an inactivating mutation 
in the gene encoding an inwardly rectifying apical po-
tassium channel (KCNJ1).107 Hypokalemia (occasionally 
transient hyperkalemia in the type 2 syndrome), re-
duced intravascular volume, and increased levels of  
angiotensin sum to increase renal and systemic production 
of prostaglandin E2 that further inhibits sodium and 
chloride reabsorption in the TALH and enhances juxta-
glomerular renin release. Hypochloremic, hypokalemic 
alkalosis, hyperprostaglandin E, hypercalciuria leading 
to nephrocalcinosis and osteopenia, and hypercalcemia 
suggest neonatal Bartter syndrome. Replacement of 
fluid and electrolytes and administration of potassium 
sparing diuretics and the cyclooxygenase inhibitors  
(indomethacin or a specific inhibitor of cyclooxygenase 
type 2) may be effective in ameliorating the biochemical 
and clinical manifestations of the disease.

The “blue diaper” syndrome (MIM 211000) is named 
for the color noted on the diaper of affected infants; it  
is due to a defect in intestinal absorption of tryptophan 
that is then metabolized to indoles by bacteria, absorbed, 
excreted in urine, and turned blue when oxidized. It is 
associated with hypercalcemia and nephrocalcinosis, but 
its pathogenesis has not as yet been elucidated.

Infantile hypophosphatasia (MIM 241500) is an often 
fatal, autosomal recessive disorder that is recognized 
clinically by 6 months of age and is characterized by rick-
ets, demineralization of the calvarium and peripheral 
skeleton, increased intracranial pressure (due to prema-
ture cranial synostosis), flail chest, vitamin B6-dependent 
seizures, hypercalcemia, and hypercalciuria.108,109 Radio-
graphically, spurs of cartilage and bone extend from the 
sides of the knee and elbow joints.110 The disease is due 
to defective osteoblast synthesis of tissue nonspecific  
alkaline phosphatase because of loss-of-function mis-
sense, nonsense, and donor splice site mutations of 
ALPL. The lethal homozygous or compound heterozy-
gous mutations of ALPL are located within or near the 
enzyme domain or the homodimer and tetramer inter-
faces.109 Decreased alkaline phosphatase activity results 
in a deficit in phosphate ions and impaired hydroxyapa-
tite formation resulting in rickets, whereas continued 
intestinal calcium absorption leads to hypercalcemia.  
Inappropriately low serum bone alkaline phosphatase 
activity differentiates this condition from other rachitic 

or osteopenic states (osteogenesis imperfecta congenita 
or achondrogenesis type 1A) in which alkaline phospha-
tase activity is usually normal or elevated. Increased urine 
phosphoethanolamine and serum inorganic pyrophos-
phate (an inhibitor of hydroxyapatite crystallization that 
also impairs skeletal mineralization) and pyridoxal- 
59-phosphate values are consistent with the diagnosis of 
hypophosphatasia, whereas analysis of ALPL identifies 
the gene mutation(s) itself. Hypophosphatasia can be  
diagnosed prenatally by ALPL genotyping.108 The hyper-
calcemia of infantile hypophosphatasia is managed by 
hydration, diuretics that act at the TALH (e.g., furose-
mide), and the administration of bisphosphonates 
(pamidronate), calcitonin, or glucocorticoids as neces-
sary. Dietary calcium intake should be restricted and 
vitamin D and its metabolites avoided. Bone marrow 
transplantation and “stem cell boosts” of transfused 
donor osteoblasts have also been used to treat affected 
patients. Administration of recombinant TNSALP has 
been employed successfully to treat life-threatening 
hypophosphatasia.111 A clinical trial (NCT00744042) of 
the efficacy and safety of biosynthetic human recombi-
nant tissue nonspecific alkaline phosphatase fusion pro-
tein in 1-year-old patients with infantile hypophospha-
tasia has been completed; 9 of 11 subjects demonstrated 
radiographic response after 24 weeks of treatment, but 
many adverse effects were recorded in this study.

Evaluation and Management

After historical review (the family history is explored 
for members with mineral disorders and maternal sta-
tus considered in depth, and the infant’s intake of 
calcium, phosphate, and vitamin D is estimated) and 
physical examination (nonspecific manifestations of 
hypercalcemia include hypertension, subnormal 
growth, hypotonia, weakness, lethargy, stupor, occa-
sionally seizures; specific findings associated with hy-
percalcemia include facial and cardiovascular signs of 
WBS, subcutaneous nodules consistent with fat ne-
crosis, deformities of metaphyseal chondrodysplasia 
or infantile hypophosphatasia) have been completed, 
evaluation of the hypercalcemic neonate and infant 
continues with total serum calcium and Ca21, phos-
phate, alkaline phosphatase, PTH, calcidiol, and  
calcitriol measurements and determination of urine 
calcium and creatinine levels (see Table 18-6, pre-
sented later in the chapter, and Figure 18-4). Hypo-
calciuria in the presence of hypercalcemia suggests 
the presence of NSHPT. Occasionally one may  
encounter a neonate in whom the total calcium  
concentration is elevated due to hyperproteinemia but 
the Ca21 value is normal, a state termed “pseudohy-
percalcemia” by some authors.85,112 In infants with 
suspected WBS, microarray or FISH analysis search-
ing for deletion of chromosome 7q11.23 should be 
undertaken. In those in whom NSHPT is suspected, 
determination of parental serum and urine calcium 
and creatinine values is often helpful unless the disor-
der has been transmitted as an autosomal recessive 
disease.89,90 Genotyping of CASR should be under-
taken when NSHPT is being considered.
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Treatment of hypercalcemia in neonates and infants 
focuses on preventing its progression, identifying its 
cause, and assessing its severity. Use of a formula low in 
calcium and avoidance of vitamin D (excessive intake or 
sunlight) are helpful in the majority of neonates with 
modest hypercalcemia.58 Infants with significantly ele-
vated serum calcium levels, particularly if long standing, 
are often dehydrated. Immediate treatment consists of 
infusion of 0.9% sodium chloride with 30 mEq/L of  
potassium chloride (10 to 20 mL/kg over 1 hour); after 
dehydration has been corrected and adequate urine flow 
established, and if substantial hypercalcemia persists, an 
intravenous bolus injection of furosemide (1 to 2 mg/kg) 
may be administered. Currently, bisphosphonates, analogs 
of pyrophosphate that adsorb to the surface of hydroxy-
apatite crystals and are incorporated into and then  
disable the osteoclast and thereby inhibit osteoclast dis-
solution of bone mineral and matrix, are the agents of 
choice for the treatment of substantial hypercalcemia in 
infants. Etidronate (5 mg/kg twice daily orally) and pami-
dronate (0.5 to 2 mg/kg in 30 mL normal saline intrave-
nously over 4 hours) have been successfully employed  
in infants with hypercalcemia due to vitamin D intoxica-
tion, subcutaneous fat necrosis, NSHPT, and other  
causes.85,113,114 The effects of bisphosphonate last for 
several weeks to months and when administered in excess 
can lead to hypocalcemia, hypophosphatemia, and  

hypomagnesemia.85 Other agents that may be considered 
in the treatment of a hypercalcemic infant include hydro-
cortisone (l mg/kg intravenously every 6 hours) to reduce 
intestinal calcium absorption and salmon calcitonin (2 to 
4 units/kg subcutaneously every 12 hours) to inhibit cal-
cium mobilization from bone. Inasmuch as the type II 
calcimimetic—cinacalcet—has been demonstrated ex-
perimentally to improve the function of many inactive 
mutant forms of the CASR and to be of clinical benefit in 
an older subject with familial hypocalciuric hypocalce-
mia, a therapeutic trial of this agent may be considered in 
a patient with NSHPT with appropriate safeguards and 
permissions.85,115 In the newborn with life-threatening 
NSHPT, total parathyroidectomy may be urgently re-
quired.114 Postoperatively, the patients may become 
hypocalcemic—as calcium is avidly deposited in bone 
(“hungry bone syndrome”)—and require large amounts 
of supplemental calcium until stabilized.

Infants with hypercalcemia due to WBS (and other 
forms of hypercalcemia as well) may be managed by in-
gestion of a low-calcium formula (Calcilo XD, , 10 mg 
of calcium per 100 calories; no vitamin D) and withhold-
ing of supplemental vitamin D. Hypercalcemia in WBS 
subjects usually remits by 2 years of age. Infants with 
“idiopathic” hypercalcemia of infancy due to inactivating 
mutations of CYP24A1 should receive the low-calcium 
formula and supplemental vitamin D should be withheld. 
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Mineral homeostasis must be monitored closely in in-
fants receiving a low-calcium formula and from whom 
vitamin D is being withheld in order to prevent deficien-
cies of both nutrients.

Hypercalcemia in the Child and 
Adolescent
Etiology

Causes of hypercalcemia in infants, children, and adoles-
cents are listed in Tables 18-4A and B. In the presence of 
a normal serum protein concentration, hypercalcemia 
occurs when the “set point” for serum Ca21 is increased 
due to a loss-of-function mutation in CASR or the set 
point is reversibly increased by lithium, or when the rate 
of entry of calcium into the extracellular and circulatory 
compartments from bone, the intestinal tract, or the  
kidney exceeds its rate of loss.112 The resorption rate of 
bone mineral may be increased by excessive secretion of 
PTH or PTHrP, constitutive activation of PTH1R, ex-
cessive vitamin D or metabolites, increased production of 
osteoclast-activating inflammatory cytokines or localized 
osteolytic processes such as metastatic neoplasms, and 
dissociation of the rates of bone formation and resorption 
(e.g., immobilization). The absorption rate of intestinal 
calcium may be increased by excessive intake of calcium, 
by hypervitaminosis D of exogenous or endogenous  
origin, or by increased secretion of PTH or PTHrP. 
Augmented renal tubular reabsorption of filtered calcium 
may occur with the administration of calcium-sparing 
diuretics such as thiazides, an effect that may “unmask” 
hypercalcemia in a previously eucalcemic patient with 
hyperparathyroidism.116 The total serum calcium con-
centration but not the Ca21 concentration increases in 
the presence of hyperalbuminemia (pseudohypercalce-
mia). Venous stasis (e.g., by tourniquet) results in spuri-
ously altered local pH and Ca21 values.

Familial hypocalciuric hypercalcemia type 1 (HHC1) 
is an autosomal dominant disorder with 100% pene-
trance at all ages characterized by PTH-dependent 
usually asymptomatic (total and ionized) hypercalcemia 
with hypocalciuria (and, therefore, an absence of neph-
rocalcinosis or calcium-containing renal calculi), hy-
permagnesemia, hypomagnesuria, and hypophosphate-
mia that is due to heterozygous loss-of-function 
mutations in CASR.117-119 Consequently, higher serum 
concentrations of Ca21 are required to inhibit synthesis 
and secretion of PTH and to suppress renal tubular 
reabsorption of calcium. Serum concentrations of PTH 
may be normal or slightly elevated but inappropriately 
high for the Ca21 level; calcidiol and calcitriol values 
are normal. In children, HHC1 is most commonly sus-
pected initially by the presence of unexpected hyper-
calcemia (11 to 13 mg/dL) in a chemistry profile or 
through family screening of a parent or other relative 
with hypercalcemia. Older subjects with HHC1 may 
complain of fatigue, weakness, or polyuria; there is a 
slightly increased incidence of relapsing pancreatitis, 
cholelithiasis, chondrocalcinosis, and premature vascu-
lar calcification in subjects with HHC1, but bone mass 
and fracture rate are normal. Because of decreased 

parathyroid chief cell membrane CaSR number or 
function, the set point for Ca21 suppression of PTH 
secretion is reset upward.115,117 The parathyroid glands 
are slightly hyperplastic. In renal tubular cells, de-
creased CaSR number and activity lead to increased 
renal tubular reabsorption of filtered calcium and rela-
tive hypocalciuria (ratio of calcium clearance/creatinine 
clearance , 0.01 in 80% of patients with HHC1); renal 
tubular reabsorption of magnesium is also increased; 
urinary concentrating ability and other measures of 
renal function are normal; in hypercalcemia of other 
pathogenesis, urinary calcium excretion is increased 
and renal concentrating ability depressed. Usually, 
HHC1 requires no therapy but must be differentiated 
from mild primary hyperparathyroidism in which hy-
pomagnesemia and hypercalciuria are present. Subtotal 
parathyroidectomy in HHC1 does not lower calcium 
levels as the residual parathyroid glands hypertrophy; 
total parathyroidectomy is unnecessary except in some 
infants with NSHPT. More than 100 nonsense, missense, 
insertion, and deletion mutations in CASR associated 
with HHC1 or NSHPT have been identified, mostly in 
the receptor’s extracellular Ca21 binding domain; these 
mutations either decrease receptor affinity for Ca21 
or alter intracellular processing of the CaSR (glycosyl-
ation, dimerization [e.g., Arg66His, Asn583Stop]) in 
the endoplasmic reticulum, preventing its translocation 
to the surface of the cell membrane115,119,120 (Figure 18-5). 
Many of the mutations are located in the extracellular 
domain of CaSR between codons 39 to 300, a region 
rich in aspartate and glutamate residues in which  
Ca21 may nestle.43 Glycosylation is necessary for both 
dimerization and trafficking of the CaSR. Missense 
mutations involving arginine at codon 66 (Arg66His, 
Arg66Cys) result in a product that is able to be only 
partially glycosylated; it can form homodimers in the 
endoplasmic reticulum but cannot enter the Golgi  
apparatus and be transported to the cell plasma mem-
brane.120 Experimentally, approximately 50% of the 
products of inactivating mutations of CASR can be 
“escorted” to the plasma membrane and functionally 
stabilized by the allosteric calcimimetic cinacalcet 
(NPS R-568), proffering a potentially therapeutic agent 
for the management of patients with symptomatic hy-
percalcemia due to loss-of-function CASR mutations, 
especially those with NSHPT, if it proves safe to do so 
(as noted earlier).115 Mutations in CASR tend to be 
unique to the affected family. In approximately one 
third of families with HHC1, no mutations in the cod-
ing region of CASR have been identified; they may have 
a mutation in a noncoding region of CASR or an abnor-
mality in genes associated with the HHC1 phenotype that 
have been identified on chromosomes 19p13.3 (HHC2, 
MIM 145981) and 19q13 (HHC3, MIM 600740).117 
Autoantibodies against the amino terminal extracellular 
domain of the CaSR that reversibly inhibit receptor  
activity have been identified in patients with acquired 
HHC1; this disorder may be responsive to glucocorticoid 
therapy.73,121 In some patients with primary or uremic 
secondary hyperparathyroidism, there is reduced expres-
sion of CASR and an increased set point for suppression 
of PTH secretion.
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Primary hyperparathyroidism is an unusual childhood 
disorder with an incidence of 2 to 5/100,000 as compared 
with that in adults of approximately 100/100,000.122,123 In 
adults with hyperparathyroidism, females outnumber 
males 3:1; in children the female-to-male ratio is closer 
to 1. In older children and adolescents, primary hyper-
parathyroidism is most often a sporadic disease and  
usually the result of a single parathyroid adenoma. It also 
occurs as an autosomal dominant disorder in familial 
isolated primary hyperparathyroidism (MIM 145000) 
due to germline mutations in the genes responsible  
for multiple endocrine neoplasia (MEN) type I (MEN1) 

or the hyperparathyroidism-jaw tumor syndrome 
(CDC73).84,85,114,122,124,125

The majority of children and adolescents with hyper-
calcemia due to hyperparathyroidism are symptomatic at 
the time of diagnosis (personality and behavioral changes, 
particularly depression, headache, malaise, proximal 
muscle weakness, anorexia, abdominal cramping, nausea 
and vomiting, constipation, polydipsia and polyuria) or 
present with symptoms reflecting the consequences of 
this disorder such as flank pain and hematuria due to 
renal calculi (hypercalciuria), abdominal pain (pancreati-
tis), or pathologic fractures (through areas of osteopenia 
or lesions of osteitis fibrosa cystica).93,114,123 Although 
the physical examination may reveal slight weakness of 
proximal musculature, it is unusual to palpate a cervical 
mass in these patients. Hypercalcemia, hypophosphate-
mia, and elevated serum concentrations of intact PTH 
are present in the majority of children with hyperpara-
thyroidism. Ultrasonography, magnetic resonance imag-
ing, computed tomography, three-dimensional imaging, 
and radionuclide scans (99mTechnetium-labeled sesta-
mibi-single photon emission CT scan) have been em-
ployed to localize the abnormal parathyroid gland(s) 
prior to surgical excision (as discussed earlier). (Sestamibi 
is methoxyisobutyl isonitrile, a lipophilic cation.) Occa-
sionally, the parathyroid tumor may be located ectopically 
in the thymus, thyroid gland, or mediastinum.

In subjects with primary hyperparathyroidism, hyper-
calcemia is the result of increased secretion of PTH due 
to loss of the normal relationship between the set point of 
serum Ca21 and PTH synthesis and release and to Ca21-
independent (constitutive) PTH secretion related to the 
mass of parathyroid tissue.122 Pathologically, hyperpara-
thyroidism in children is most often due to a chief cell 
adenoma involving one parathyroid gland, but adenomas 
in several parathyroid glands and diffuse hyperplasia (par-
ticularly in patients with multiple endocrine neoplasia 
type 1) and rarely carcinoma of the chief cells may  
also occur.

The majority of parathyroid adenomas are monoclo-
nal in origin—that is, a single mutant cell develops into a 
tumor. In adolescents, parathyroid tumors may rarely 
develop after external radiation of the neck for treatment 
of lymphoma. In some parathyroid tumors, increased 
expression of cyclin D1 (encoded by CCND1, MIM 
168461, chromosome 11q13.3) has been demonstrated; 
cyclins are intracellular proteins that regulate cyclin- 
dependent protein kinases that control the rate of cellular 
transition from G1 to S in the cycle of cell division.43 
Overexpression of CCND1 in parathyroid chief cells is 
at times the result of a somatic chromosome mutation—
inversion (rotation) of regions 11p15 and 11q13 in which 
the promoter region of PTH is repositioned to serve as a 
promoter for CCND1, thereby increasing the rate of 
chief cell division whenever the (hypocalcemic) stimulus 
for PTH generation is received and leading ultimately to 
(benign) tumor formation. However, in many parathy-
roid adenomas there is increased activity of cyclin D1 
without this chromosomal rearrangement.122 In patients 
with parathyroid adenomas and carcinomas, overexpres-
sion of the retinoblastoma and p53 tumor-suppressor 
genes, whose products normally inhibit the cell cycle at 
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the G1/S step, has also been demonstrated as have  
somatic mutations in CDC73.126 In approximately 35% 
of sporadic parathyroid adenomas, a somatic loss-of-
function mutation of the tumor suppressor factor menin—
the germline mutation in patients with MEN type  
1—can be identified together with loss of heterozygosity 
on chromosome 11.127 Germline loss-of-function muta-
tions in MEN1 and CASR have also been detected in 
patients with isolated primary hyperparathyroidism in  
association with multiglandular involvement; in this in-
stance, patients with CASR mutations did not have the 
typical biochemical findings of HHC1 (Table 18-4B).124,128 
Chronic renal insufficiency leads to secondary hyperpara-
thyroidism due to hyperplasia of the parathyroid glands 
and also to monoclonal parathyroid tumors (tertiary hy-
perparathyroidism) associated with somatic chromosomal 
deletions in some instances.

Isolated autosomal dominant familial primary hyper-
parathyroidism (HRPT1) or in association with multiple 
ossifying fibromas of the jaw (HRPT2) is due to loss-of-
function heterozygous germline mutations in the tumor 
suppressor gene encoding parafibromin (CDC73R).114,129 
Hyperparathyroidism occurs in 80% of subjects with a 
mutation in CDC73 at a mean age of 32 years, but it may 
also appear in children younger than 10 years of age.130 In 
these patients, the parathyroid lesion may be an atypical, 
potentially premalignant cystic adenoma (65%), hyper-
plasia (20%), or even carcinoma (15%); the parathyroid 
tumor may be an isolated finding or it may be associated 
with maxillary or mandibular bone tumors composed of 
ossified fibrous tissue; renal (Wilms tumor, papillary renal 
cell carcinoma, hamartoma, polycystic kidney), pancreatic 
(carcinoma), and uterine (tumor) lesions may also develop 
in these patients.43,124 Lesions within the parathyroid 
glands may develop asynchronously. CDC73 is a 17 exon 
gene that encodes parafibromin, a 531-amino-acid nuclear 
protein that is a component of a complex of accessory  
factors that modulates the activity of RNA polymerase II 
and of a histone methyltransferase (SUV39H1) and hence 
regulates gene expression and cell proliferation— 
functioning as both a transcriptional activator and  
repressor.131,132 Parafibromin is also a component of the 
WNT signaling system; experimentally, overexpression 
of CDC73 increases WNT signaling activity through 
b-catenin.133 For a parathyroid tumor to develop, a “second 
hit” must occur that results in a loss of heterozygosity—
that is, the germline inactivating mutation of CDC73 on 
one allele must be matched by a mutation in or deletion 
of CDC73 in the remaining normal allele.134 When a 
germline mutation in CDC73 has been detected, screening 
of family members for this mutation and longitudinal 
evaluation of affected subjects is recommended as  
asymptomatic individuals with atypical adenoma or car-
cinoma of the parathyroid glands may be so identified.135 
Somatic mutations in CDC73 have also been identified 
in atypical parathyroid adenomas and many parathyroid 
carcinomas (MIM 608266), but they are unusual in  
the typical sporadic parathyroid adenoma.136 Familial 
isolated hyperparathyroidism type 3 (HRPT3, MIM 
610071) has been linked to chromosome 2p14-p13.3, 
but a specific mutated gene in this region has not as yet 
been identified.

The syndromes of multiple endocrine neoplasia 
(MEN) are familial autosomal dominant diseases of high 
penetrance associated with the development of tumors  
in two or more endocrine glands within a single individ-
ual.124,125 There are four defined MEN syndromes: 1, 2A, 
2B, and 4 (Table 18-5). MEN1 is characterized by devel-
opment of tumors of the parathyroid glands (adenoma), 
pituitary (prolactinoma, somatotropinoma), and entero-
pancreatic unit (gastrinoma, insulinoma, pancreatic 
polypeptide-oma, carcinoid). In addition, neoplasms of 
the adrenal cortex, neuroendocrine tumors of the bron-
chopulmonary tree and thymus, lipomas, angiofibromas, 
collagenomas, and meningiomas develop in affected 
subjects.125 The postmortem incidence of MEN1 is 
0.25%; in hyperparathyroid subjects it is 1% to 18%; in 
patients with gastrinoma it is 16% to 38%.125 Hyper-
parathyroidism (due to a solitary parathyroid adenoma or 
tumors within several parathyroid glands or hyperplasia 
of all four parathyroid glands) is the most common 
manifestation of MEN1 occurring in more than 90% to 
95% of affected patients; it is the most frequent endocri-
nopathy in children with MEN1, at times developing 
before the child is 10 years of age. Unlike other forms  
of hyperparathyroidism, equal numbers of males and fe-
males are affected in MEN1. Pituitary tumors secreting 
prolactin or growth hormone often (30% to 40% of 
MEN1 subjects) develop as do gastrin- (Zollinger-Ellison 
syndrome), insulin-, and glucagon-secreting tumors of 
the pancreatic islets and gastrointestinal system (30% to 
70% of patients); these neoplasms also occur in children 
and adolescents with MEN1.43,124 Hypercortisolemia 
in patients with MEN1 may be due to excessive secretion 
of adrenocorticotropin by a pituitary adenoma or ectopi-
cally by a neoplasm or to a primary adrenal tumor. Thy-
roid neoplasms occur in 25% of patients with MEN1. 
Nonendocrine tumors such as lipomas (34%), intestinal 
and bronchial carcinoids, and other intestinal neoplasms 
are reasonably common in subjects with MEN1. Indeed, 
the dermatologic manifestations of MEN1 (angiofibromas, 
85%; collagenomas, 70%; more than three angiofibro-
mas and any collagenomas) are extremely sensitive and 
specific indicators of this disease.137 Patients with MEN1 
may also develop a schwannoma or a pheochromocy-
toma, the latter a tumor most often present in patients 
with MEN types 2A and 2B. Although most of the tu-
mors that develop in MEN1 are benign but functionally 
hyperactive, those of pancreatic, intestinal, and foregut 
origin may be malignant.

Germline mutations in MEN1, a 10 exon gene that 
encodes a 610-amino-acid cytoplasmic and nuclear pro-
tein termed menin, have been demonstrated in the ma-
jority of patients with familial and sporadic forms of 
MEN1. Menin regulates cell growth, division, and de-
mise in two sites and through multiple pathways. In the 
cytoplasm, menin binds AKT1 (protein kinase B—MIM 
164730, chromosome 14q32.33), preventing its translo-
cation to the cell membrane where it is ordinarily  
activated by phosphorylation enabling AKT1 to exert 
proliferative and antiapoptotic effects; by binding of 
menin to AKT1, both the cytosolic level of AKT1 and 
its kinase activity are depressed, thereby suppressing its 
effects on cell division and survival, a property lost when 
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MEN1 sustains an inactivating mutation.138 Menin en-
ters the nucleus with the guidance of two nuclear local-
ization signals in its carboxyl terminus (amino acids 479 
to 498, 589 to 608) where it is involved directly in the 
regulation of transcription, replication, and survival. By 
binding directly to JunD, menin blocks JunD-mediated 
inhibition of transcription of activating protein-1 (and 
consequently cell division); many of the mutations  
in MEN1 in patients with MEN1 cluster in exon 4 and 
interrupt the binding of these two proteins (between 
menin amino acids 139 to 142 and 323 to 428). By inter-
acting with SMAD3 (MIM 603109, chromosome 
15q22.3), menin inhibits signaling by transforming 
growth factor (TGF) b and impairs TGFb-mediated 

inhibitory control of cell replication.139 Interaction of 
menin with the SMAD 1/5 complex inhibits signaling by 
bone morphogenetic protein (BMP) 2; menin also inhib-
its the transcription regulating protein—nuclear factor 
kB (NFkB).43,140 Further, menin interacts directly with a 
histone methyltransferase complex and with genes that 
regulate DNA repair and cell replication and apoptosis 
such as tumor suppressor TP53 (p53), CDKN1A, CD-
KN1B, GADD45A, POLR2A, BBC3, TP5313, and FAS.141

In subjects with heterozygous germline loss-of- 
function mutations in MEN1, unregulated cell growth 
and tumor formation occur when a second insult leads to 
loss of MEN1 on the normal allele within susceptible tis-
sues. As with CDC73 (discussed previously), the “two hit” 

Site of Frequent

Subtype Gene Chromosome Tumors Mutations

MEN 1 MEN1 11q13.1 Parathyroid (90%) Intron 4 N:5168 G-.A (10%)
Enteropancreatic (30%-70%): 

gastrinoma, 
Codons 83-84 (4%)

Insulinoma, pancreatic poly-
peptide,

Codons 119 (3%)

nonfunctional Codons 209-211 (8%)
Anterior pituitary (30%-40%): 

prolactinoma
Codon 418 (4%)

GH, ACTH, nonfunctional Codon 516 (7%)
Adrenocortical (40%): diffuse 

and nodular hyperplasia, 
adenoma, carcinoma

Intestinal: gastric neuroendo-
crine (10%),

Thymic neuroendocrine (2%)
Other: facial angiofibroma 

(85%), collagenoma (70%),
lipoma (30%), meningioma 

(8%)
MEN 2 RET 10q11.21
MEN 2A MCT (90%) Codon 634 (Cys-.Arg, 85%)

Pheochromocytoma (50%)
Parathyroid hyperplasia 

(20%-30%)
Cutaneous lichen amyloidosis

MEN 2B (3) MCT (. 90%) Codon 918 (Met-.Thr, 
. 95%)

Pheochromocytoma (40%-
50%) Associated:

 Marfanoid habitus
 Mucosal neuromas (90%)
 Medullated corneal nerves
Megacolon
MEN 2C MCT (100%) Codon 618 (. 50%)
MEN 4 CDKN1B 12p13.1 Parathyroid

Pituitary
Testicular/cervical
Renal/adrenal

TABLE 18-5 Multiple Endocrine Neoplasia Syndromes

Adapted from Marx, S. J., & Simonds, W. F. (2005). Hereditary hormone excess: genes, molecular pathways, and syndromes. Endocr Rev, 
26, 615–661; Thakker, R. V., Newey, P. J., Walls, G. V., et al. (2012). Clinical practice guidelines for multiple endocrine neoplasia type 1 
(MEN1). J Clin Endocrinol Metab, 97, 2990–3011.

MCT, medullary carcinoma of thyroid.
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hypothesis of tumorigenesis in MEN1 denotes that the 
patient inherits germline susceptibility to neoplasia su-
perimposed on which is a second insult leading to loss of 
heterozygosity for chromosome segment 11q13 and bial-
lelic loss of MEN1; the “second hit” may be deletion of a 
segment of chromosome 11 that includes 11q13 or a 
mutation (missense, frameshift) within the wild-type 
MEN1 allele itself, an observation that also extends to 
MEN type 1 tumors with somatic mutations in MEN1.124 
Several hundred germline mutations in MEN1 have been 
identified in patients with MEN1; 25% have been non-
sense mutations, 15% missense mutations, 45% frame-
shift insertions or deletions, with more than 80% leading 
to the synthesis of an inactive product due to loss of the 
nuclear localization signal or the ability to bind to JunD 
or other downstream factor. Especially susceptible germ-
line mutational “hot spots” in MEN1 are nucleotide 5168 
G d A transitions, which result in a novel splice site in 
intron 4, codons 83 to 84, 118 to 119, 209 to 211, 418, 
and 516 where collectively mutations have been identi-
fied in 37% of patients with MEN1.142 On either side 
of many of these sites are segments of repeat DNA  
sequences of single nucleic acids or of dinucleotides to 
octanucleotides; this configuration may lead to increased 
susceptibility to “replication-slippage” because of mis-
alignment of the nucleotide repeat segments during 
DNA replication permitting deletion or insertion of  
nucleotides at inappropriate sites. Mutations within the 
exonic/intronic splice site coding region of MEN1 have 
been detected in approximately 70% of patients with  
familial MEN1; likely in the remaining 30% of subjects 
there is either deletion of one MEN1 allele or a mutation 
in one of its noncoding regions.143 New mutations of 
MEN1 occur sporadically in 10% of patients with MEN1. 
In only 7% of patients with a variant of MEN1 in which 
only tumors of the parathyroid gland and the adenohy-
pophysis are present has a mutation in MEN1 been iden-
tified.144 Familial autosomal dominant, isolated primary 
hyperparathyroidism has been variably associated with 
germline mutations (e.g., Val184Glu, Glu255Lys, Gln-
260Pro) in MEN1 as well. Somatic mutations in MEN1 
have also been identified in patients with sporadic, iso-
lated tumors of the parathyroid glands, pancreatic islet 
cells, anterior pituitary, and adrenal cortex.43 Clinically 
apparent disease due to mutations in MEN1 increases 
with advancing age: at 10 years of age, 7% of children 
with a mutation in MEN1 have a detectable endocri-
nopathy (primarily hyperparathyroidism); 52% of af-
fected 20-year-old subjects manifest one or more tumors; 
penetrance increases to 87% by 30 years, to 98% by  
40 years and to 100% by 60 years.125

There are three forms of multiple endocrine neoplasia 
type 2: types 2A, 2B (also termed type 3), and 2C. Medul-
lary carcinoma of the thyroid (MCT) is the most common 
neoplasm encountered in MEN 2A occurring in 90% of 
patients (MIM 171400) (see Table 18-5).125,143 It evolves 
from antecedent parafollicular C-cell hyperplasia within 
the thyroid gland. These subjects also develop adrenal 
medullary pheochromocytomas (50%), parathyroid hy-
perplasia or adenoma (20% to 30%), localized cutaneous 
lichen amyloidosis (suprascapular pruritic deposits of sub-
epidermal keratin), and partial or complete megacolon. 

Calcitonin, the secretory product of thyroid C cells, is 
also produced in large amounts by MCT; its measure-
ment aids in the diagnosis of MCT and in monitoring the 
response of this tumor to therapy. In addition to MCT 
and pheochromocytoma, patients with MEN 2B (MIM 
162300) have a marfanoid habitus, mucosal neuromas of 
the lips and tongue, gastrointestinal ganglioneuromas, 
medullated corneal nerve fibers, and megacolon, but they 
do not develop parathyroid disease.124,125,143 Familial 
isolated MCT is a variant of these disorders. Germline 
heterozygous gain-of-function mutations in the RET 
proto-oncogene underlie the pathogenesis of the type 2 
hereditary multiple endocrine neoplasias (Figure 18-6). 
RET is a 20-exon gene encoding an 860 amino acid glyco-
sylated cell membrane tyrosine kinase receptor with  
extracellular, transmembrane, and intracellular domains 
that is expressed in tissue of neural crest origin (sympa-
thetic ganglia, adrenal medulla, thyroid parafollicular 
cells). The natural ligand of this receptor is glial cell line–
derived neurotrophic factor (GDNF—MIM 600837, 
chromosome 5p13.2). Constitutively activating mutations 
of one of six cysteine residues in the extracellular domain 
of RET—codons 609, 611, 618, 620, 630, and particularly 
codon 634 (Cys -. Arg)—are present in patients with 
MEN 2A. Loss of but one cysteine residue facilitates re-
ceptor homodimerization without ligand binding, thereby 
activating the RET intracellular tyrosine kinase domain 
resulting in autophosphorylation of critical tyrosine resi-
dues (particularly at codons 1015 and 1062) and subse-
quent signal transduction.124 An activating mutation has 
been identified at codon 918 (Met -. Thr) in more than 

FIGURE 18-6 n  Schematic depiction of the domains of the RET 
protooncogene with sites of activating mutations in RET associ-
ated with multiple endocrine neoplasia types 2A and 2B and 
familial medullary carcinoma of the thyroid. (From Marx, S. J., & 
Simonds, W. F. (2005). Hereditary hormone excess: genes, molecu-
lar pathways, and syndromes. Endocr Rev, 26, 615–661.) This image 
can be viewed in full color online at ExpertConsult.
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95% of patients with MEN 2B; this site lies within the 
tyrosine kinase domain and this mutation permits signal 
transduction and neural cell transformation and differen-
tiation in the absence of both ligand binding and receptor 
homodimerization. The Met918Thr MEN 2B-associated 
RET mutation often arises de novo from sporadic muta-
tions that occur in the germline of an older father, because 
this mutation confers a “selective advantage” upon the 
mutated spermatocyte.145 Other missense mutations of 
RET associated with MEN 2B have been identified at 
codons Val804, Ala883, and Ser904. Missense mutations 
at RET codons 609, 611, 618, 620, and 634 within the 
extracellular domain and at codons 768, 790, 804, and 891 
within the intracellular tyrosine kinase domain have been 
found in patients with familial MCT. Two coreceptors, 
GFRA1 and GFRA2, interact with RET protein, but no 
role of the coreceptors in the pathogenesis of MEN 2  
has yet been identified. In addition to the disorders desig-
nated “multiple endocrine neoplasia,” other familial syn-
dromes associated with the development of tumors of  
the endocrine and other systems include Von-Hippel-
Lindau (adrenal medulla, pancreas, neuroendocrine), 
Beckwith Wiedemann (adrenal cortex, rhabdomyosar-
coma, Wilms, hepatoblastoma), Carney complex (adrenal 
cortex, testes, pituitary, thyroid), Cowden (thyroid, endo-
metrial, breast), McCune-Albright (pituitary, adrenal  
cortex), neurofibromatosis type I (adrenal medulla, thy-
roid, pancreatic, carcinoid), tuberous sclerosis (pituitary, 
parathyroid, pancreatic, adrenal medulla, carcinoid), 
Peutz-Jeghers (thyroid, ovarian, Sertoli cell, pancreas), 
Li-Fraumeni (adrenal cortex, bone, breast, brain), and 
familial polyposis coli (thyroid, pancreatic, adrenal cortex, 
hepatoblastoma, sarcoma, medulloblastoma).124,146 In 
children, hyperparathyroidism is an unusual manifestation 
of the McCune-Albright syndrome due to a postzygotic 
activating mutation of GNAS.147

Ingestion of excessive amounts of vitamin D or calcitriol 
for therapeutic reasons (treatment of rickets, hypoparathy-
roidism, or other causes of hypocalcemia), megavitamin 
intake, manufacturing errors in the preparation of vitamin 
supplements, or inappropriate fortification of milk are  
major causes of hypervitaminosis D.148,149 Topical applica-
tion of creams containing vitamin D or an analog (e.g., 
22-oxacalcitriol) for treatment of psoriasis might also lead 
to hypercalcemia, particularly if the urinary excretion of 
calcium is compromised.150 Patients with granulomatous 
diseases (noninfectious: sarcoidosis, berylliosis, eosinophilic 
granuloma, subcutaneous fat necrosis, inflammatory bowel 
disease; infections: tuberculosis, histoplasmosis, coccidioi-
domycosis, candidiasis, cat-scratch disease) and neoplastic 
disorders (B-cell lymphoma, Hodgkin disease, dysgermi-
noma) develop hypercalcemia due to the associated mono-
cytic (macrophage and other cells) expression of 25OHD3-
1a-hydroxylase activity and the production of calcitriol.151 
Unlike renal tubular cells in which this enzyme is within 
mitochondria and the transcription of CYP27B1 is closely 
regulated by PTH, calcitriol, calcium, and phosphate, in 
monocytes 25OHD3-1a-hydroxylase is microsomal in 
location and its gene is constitutively expressed and cal-
citriol synthesis quantitatively determined by the amount 
of substrate. The monocytic expression of CYP27B1 is 
sensitive to stimulation by interferon-g and its postreceptor 

signal transducer nitric oxide, as well as by leukotriene C4; 
it is easily suppressed by glucocorticoids, ketoconazole, and 
chloroquine. Subjects with acquired immunodeficiency 
disease may become hypercalcemic by infection with gran-
uloma-forming organisms or by osteoclast-activating  
cytokines elaborated during the course of this disorder. 
Elevated serum calcium concentrations have also been  
recorded in children with congenital hypothyroidism, pri-
mary oxalosis, congenital lactase deficiency, trisomy 21,  
and juvenile idiopathic (rheumatoid) arthritis.152 In some 
hypercalcemic children, excessive prostaglandin produc-
tion may be of pathogenetic significance. Hypercalcemia 
develops frequently in small subjects with the infantile 
form of hypophosphatasia, likely a consequence of the dis-
sociation of the rates of low bone formation and normal 
bone resorption. Hypercalcemia may follow successful 
bone marrow transplantation in infants with osteopetrosis 
as functional osteoclasts rapidly reabsorb excess bone  
mineral.

Oncogenic or malignancy-associated hypercalcemia 
may be the consequence of synthesis and secretion of 
osteoclast activating agents such as PTHrP (rarely 
PTH), calcitriol, or cytokines (interleukins, TNF, 
TGFb), or it may be due to direct invasion and destruc-
tion of bone by the neoplasm.85,114,153 Although hyper-
calcemia occurs in less than 1% of children with cancer, 
it may develop even in very young patients with acute 
lymphatic and monocytic leukemias, Hodgkin and non-
Hodgkin lymphoma, rhabdomyosarcoma, hepatoblastoma, 
neuroblastoma, and Ewing sarcoma.154 Acute immobili-
zation of the rapidly growing child with a femoral frac-
ture or a spinal cord injury results in decreased bone 
mineral accretion and uncoupling of the interaction of 
osteoblasts and osteoclasts with increased rate of bone 
resorption leading to hypercalciuria and “acute disuse 
osteoporosis.”155 When the rate of bone resorption ex-
ceeds the renal tubular capacity for excretion of calcium, 
hypercalcemia ensues. Acute disuse osteoporosis and 
hypercalcemia can even occur in the immobilized hypo-
parathyroid or vitamin D depleted individual. Increased 
intake of calcium and absorbable alkali (milk or calcium 
containing antacids such as calcium carbonate) for  
peptic ulcer disease or as dietary supplements lead to 
absorptive hypercalcemia, hypercalciuria, and nephro-
calcinosis. Parenteral nutrition with excessive calcium or 
aluminum or too little phosphate can also result in hy-
percalcemia. Hypophosphatemia of various etiologies 
leads to hypercalcemia as the body attempts to maintain 
the calcium x phosphate product over 30. Drugs causing 
hypercalcemia include: thiazide diuretics increase renal 
tubular resorption of calcium and decrease plasma  
volume; vitamin D and analogs increase intestinal  
absorption of calcium; vitamin A and its retinoic acid 
analogues stimulate bone resorption; lithium increases 
the set point for PTH secretion, thereby increasing  
serum calcium concentrations while lowering urinary 
calcium excretion and thus mimicking HHC1. In the 
thyrotoxic subject, hypercalcemia is the result of thyroid 
hormone-mediated stimulation of osteoclast function 
and the subsequent increase in the rate of bone resorp-
tion.114 Pheochromocytomas and some islet cell tumors 
may be associated with hypercalcemia, in some instances 
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idiopathic (rheumatoid) arthritis, hyperalimentation, 
metabolic acidosis, excessive protein ingestion, and diabe-
tes mellitus; hypercalciuria with/without hypercalcemia 
may be observed in patients with familial forms of hypo-
magnesemia, several types of Bartter syndrome, distal  
renal tubular acidosis, and other disorders.158

Evaluation

When hypercalcemia is mild (total calcium concentra-
tion , 12 mg/dL), there may be few, if any, symptoms; 
affected children and adolescents are often identified by 
a multichannel screening study obtained for some other 
purpose. Hypercalcemia may also be detected during 
studies for renal calculi, abnormal bone mass, pathologic 
fractures, or during screening of families for associated 
problems. It should also be recognized that an elevated 
serum (total or ionized) calcium concentration in a sin-
gle specimen may reflect assay variability and must be 
verified by repeated determinations in a reliable labora-
tory. Pseudohypercalcemia is the presence of persis-
tently elevated total calcium concentrations in the  
presence of normal Ca21 values and is found in hyperal-
buminemia and other dysproteinemic states.152 Symp-
toms attributable to hypercalcemia are independent of 
its cause, are related to the degree of hypercalcemia, and 
include intestinal symptoms such as anorexia, nausea, 
vomiting, abdominal pain (peptic ulceration, acute pan-
creatitis), and constipation; urinary symptoms such as 
polydipsia, nocturia, and polyuria (calcium acts as an 
osmotic diuretic while hypercalcemia impairs the con-
centrating function of the distal renal tubule); skeletal 
conditions such as bone pain; and neural symptoms such 
as headache, muscular weakness, impaired ability to con-
centrate, increased requirement for sleep, and altered 
consciousness (ranging from lethargy and confusion to 
irritability, delirium, stupor, and coma); on occasion, 
depression may be the major presenting concern in an 
adolescent with hypercalcemia.112,114,116 In the toddler 
and young child, hypercalcemia is manifested by an-
orexia, constipation, poor weight gain, and impaired 
linear growth (“failure to thrive”). In a series of 52 chil-
dren and adolescents with hypercalcemia due to primary 
hyperparathyroidism, 80% were symptomatic; the most 
common symptoms were fatigue/lethargy (35%), head-
ache (35%), nausea (29%), vomiting (23%), and poly-
dipsia (21%).123 Bone involvement (low bone mass, 
fractures) was present in 30%, and 14% of these subjects 
were depressed. All of the children (N 5 17) with neph-
rolithiasis in this series were symptomatic. In another 
series of 44 children and adolescents (26 girls) with pri-
mary hyperparathyroidism, mean age at diagnosis was  
13 years (ranging from 6 to 18 years), overall 37 were 
symptomatic (anorexia, weight loss, malaise, depression), 
and there were 18 patients with nephrolithiasis.93 At sur-
gery, 29 patients had a parathyroid adenoma and 11 had 
hyperplastic parathyroid glands, two of whom had MEN.

Evaluation of the hypercalcemic child begins with the 
historical review during which the family/patient is que-
ried not only about symptoms related to hypercalcemia 
and its consequences (renal calculi) but also about possi-
bly excessive intake of vitamin D, vitamin A and related 

because of cosecretion of PTHrP. Hypercalcemia in the 
hypoadrenal patient is of uncertain pathogenesis but is 
not related to increased serum concentrations of PTH, 
calcidiol, or calcitriol, or with augmented bone resorption.

During recovery from acute renal failure, serum cal-
cium levels may increase due to mobilization of calcium 
from ectopic sites such as muscle in which it had been 
deposited during the hyperphosphatemic phase of the 
illness from which it is released by rhabdomyolysis.114 
Hypercalcemia can develop in patients with chronic renal 
failure due to a combination of factors including immo-
bilization, aluminum toxicity, excessive ingestion of  
calcium antiacids or vitamin D or its analogs, and sec-
ondary hyperparathyroidism. After renal transplantation 
hypercalcemia is often the result of secondary hyperpara-
thyroidism due to hypertrophy and hyperplasia of para-
thyroid chief cells that occurred in response to the PTH 
stimulatory effects of hyperphosphatemia, hypocalcemia, 
and decreased synthesis of and response to calcitriol dur-
ing the period of chronic renal insufficiency. In patients 
with compromised renal function, mild hypocalcemia 
and calcitriol deficiency develop when the glomerular 
filtration rate falls below 80 to 60 mL/min/1.73 m2, 
whereas phosphate retention occurs after the glomerular 
filtration rate has fallen to 60 to 30 mL/min/1.73 m2.156,157 
The secretion of PTH rises in these patients in an effort 
to increase the synthesis of calcitriol, raise calcium levels, 
and lower phosphate values. Prolonged, uncontrolled 
secondary hyperparathyroidism can lead to relatively 
autonomous parathyroid hyperfunction (“tertiary hyper-
parathyroidism”) and hypercalcemia, primarily in pa-
tients with chronic renal failure. Hyperplasia of chief 
cells is followed by defects in function of the CaSR  
and loss of effective down-regulation of PTH secretion 
refractory to increased serum concentrations of Ca21. 
There is an expanded number of monoclonal chief cells 
in which the expression of CASR and the number of 
vitamin D nuclear receptors have declined. Secondary 
and tertiary hyperparathyroidism have occurred in pa-
tients with prolonged nutritional vitamin D deficiency 
rickets and in subjects with X-linked hypophosphatemic 
rickets receiving large amounts of phosphate.156 Secondary 
hyperparathyroidism (in which by definition serum cal-
cium concentrations are normal) also develops in patients 
with inadequate dietary calcium, impaired intestinal ab-
sorption of calcium (lactose intolerance, ingestion of 
phytates, malabsorption syndromes due to pancreatic 
insufficiency or celiac disease), or excessive calcium loss 
in the urine or soft tissues.156 Enhanced but transient 
secretion of PTH may accompany the administration of 
GH to adolescents with chronic renal failure, likely the 
result of superimposing upon a high basal rate of PTH 
secretion further increase in the rate of bone remodeling 
related to GH and sex hormones. In acutely ill adults, 
GH administration has been associated with hypercalcemia 
as well.155

Isolated hypercalciuria in the eucalcemic child may be 
idiopathic or due to renal medullary or tubular dysfunc-
tion or increased intestinal absorption of calcium including 
mutations in genes encoding the vitamin D and calcium 
sensing receptors and soluble adenylyl cyclase (MIM 
605205), demineralizing disorders such as juvenile  
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compounds (such as Retin A for treatment of acne), cal-
cium (perhaps to “prevent” osteoporosis), and alkali, or 
drugs that affect calcium metabolism (thiazide diuretics 
may “unmask” hyperparathyroidism by increasing renal 
tubular resorption of calcium and thereby raising border-
line calcium concentrations into the hypercalcemic 
range) (see Figure 18-4). The family history is explored 
for members with known disorders of calcium metabo-
lism (HHC1, hyperparathyroidism, renal calculi) or fa-
milial neoplasms (galactorrhea as a sign of a prolacti-
noma, severe peptic ulcer disease as an indicator of a 
gastrinoma and the Zollinger-Ellison syndrome). Except 
in extreme instances when hypertension (if normally  
hydrated) or bradycardia, dehydration, decreased muscu-
lar strength, or altered consciousness may be present or 
in the “marfanoid” subject with MEN 2B, physical ex-
amination of the hypercalcemic child and adolescent is 
usually normal. Rarely is a paratracheal (parathyroid) 
mass palpable in the hyperparathyroid patient. (Subjects 
with hypercalcemia due to subcutaneous fat necrosis have 
firm to hard, irregular, movable masses scattered about 
the trunk and extremities. Those with WBS have a typical 
face, whereas those with Jansen metaphyseal chondro-
dysplasia have characteristic skeletal deformities.)

After confirming the presence of total and ionized 
hypercalcemia, the urinary excretion of calcium is mea-
sured (Table 18-6). If the PTH concentration is normal 
or elevated and the calcium excretion is low, it is most 
probable that the patient has HHC1; this diagnosis can 
be substantiated by the finding of asymptomatic hypo-
calciuric hypercalcemia in one of the parents and further 
defined by identification of the inactivating mutation in 
CASR. If the patient is hypercalciuric, other causes of 
hypercalcemia should be sought. With highly sensitive 
and specific immunoradiometric and immunochemilu-
minometric assays for “intact” PTH1-84 in comparison to 
serum calcium values, separation of patients with hyper-
parathyroidism from those with other causes of hyper-
calcemia in whom PTH values are low or normal is 
usually possible. In the absence of secondary hyperpara-
thyroidism (chronic renal insufficiency, malabsorption 

syndromes, ingestion of thiazide diuretics or lithium), 
consistently elevated PTH concentrations in the hyper-
calcemic, hypophosphatemic, hypercalciuric child or 
adolescent are consistent with primary hyperparathy-
roidism. Although the diagnosis of primary hyperpara-
thyroidism is usually apparent in children and adolescents, 
there is an occasional patient in whom serum calcium or 
PTH values may not be elevated in a single specimen 
and in whom repeated measurements of serum and urine 
calcium and PTH values are necessary before this diag-
nosis can be established. In a series of 52 children/ 
adolescents with hyperparathyroidism, serum calcium 
values were normal in 10% and PTH levels in 15%; 
however, in all subjects the PTH concentration was  
inappropriately increased relative to the calcium level.123 
Hypercalcemia, hypophosphatemia, and elevated PTH 
concentrations were recorded in all 44 children and ado-
lescents (6 to 18 years of age at diagnosis) with primary 
hyperparathyroidism in another series.93 Osteitis fibrosa 
cystica, brown tumors (localized non-neoplastic areas of 
bone resorption composed of osteoclast-like multinu-
clear giant cells, fibroblast-like spindle shaped cells, and 
hemorrhagic infiltrates), and subperiosteal and endosteal 
bone resorption can be detected radiographically in 
most children with hyperparathyroidism, whereas corti-
cal (distal radial) bone mineral density is likely to be 
decreased in these subjects. Nonspecific findings in the 
hypercalcemic subject of diverse etiology include short-
ening of the QT interval by electrocardiography because 
the rate of cardiac repolarization is accelerated by in-
creased calcium levels, bradycardia, and first-degree 
atrioventricular block, and nephrocalcinosis and renal 
calculi detected by abdominal ultrasonography. Serum 
concentrations of PTHrP should be measured when 
clinical and laboratory findings are consistent with pri-
mary hyperparathyroidism, but PTH values are low and 
humoral hypercalcemia of malignancy is suspected. 
When PTH concentrations are low in the hypercalcemic 
patient, metabolites of vitamin D (calcidiol, calcitriol) 
should be measured and other causes of hypercalcemia 
sought (discussed later).

Disorder Calcium Phosphate Urine Calcium PTH PTHrP 25OHD 1,25(OH)2 D

NSHPT ccc e e cc e N c
FHH/HHC c, cc e e c e N, e c
Primary hyperparathyroidism c, cc e c c,cc e N c
Vitamin D intoxication c c cc e e cc c
WBS c c c e e N c
Immobilization c, cc c cc e e N e
Malignancy cc e c e cc N N, c, e
Granulomatous disease c c cc e e N cc
Subcutaneous fat necrosis c c c e e N cc

TABLE 18-6 Laboratory Findings in Hypercalcemic Patients

Adapted from Lietman, S. A., Germain-Lee, E. L., & Levine, M. A. (2010). Hypercalcemia in children and adolescents. Curr Opin Pediatr, 
22, 508–515; Benjamin, R. W., Moats-Staats, B. M., Calikoglu, A., et al. (2008). Hypercalcemia in children. Pediatr Endocrinol Rev, 5, 
778–784.

N, normal; c increased; cc greatly increased; e decreased; NSHPT, neonatal severe hyperparathyroidism; FHH, familial hypocalciuric hypercalce-
mia; PTH, parathyroid hormone; PTHrP, PTH-related peptide.
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Preoperatively, a parathyroid adenoma may be local-
ized by high-resolution ultrasonography, computed to-
mography, magnetic resonance imaging, or radionuclide 
scanning with 99mTc-sestamibi. The latter radionuclide is 
taken up by both the thyroid and parathyroid glands but 
quickly “washed out” from the thyroid gland; thus, two 
scans obtained 2 hours apart permit differentiation of 
parathyroid from thyroid tissue (Figure 18-7).122 Alterna-
tively, a simultaneously administered second radionuclide 
selectively accumulated by the thyroid (123iodine) may be 
employed to visualize parathyroid tissue. Scans may be 
obtained by conventional two-dimensional or computed 
tomographic techniques, the latter offering a three- 
dimensional image. Rarely is it necessary to undertake 
selective venous catheterization with sampling of local 
PTH levels or arteriography to identify the site of a para-
thyroid adenoma. Evaluation for associated endocrine 
tumors is necessary if the family history suggests the pos-
sibility of MEN 1 or MEN 2A or if there are clinical 
findings (galactorrhea, excessive growth, hypertension) 
to suggest the presence of a prolactinoma, somatotropi-
noma, or pheochromocytoma. Patients at risk for MEN 
may be screened by determining basal and stimulated 
serum concentrations of prolactin, GH, IGF-I, gastrin, 
glucagon, pancreatic polypeptide, calcitonin, catechol-
amines, and other substances as warranted. Indeed, it is 
reasonable to consider screening children with hyper-
parathyroidism preoperatively for an associated pheo-
chromocytoma or tumors of the maxilla and mandible 
and for mutations in RET, MEN1, and CDC73.124

In the patient with hypercalcemia due to ingestion of 
excessive amounts of vitamin D, serum concentrations of 
calcidiol are markedly elevated; in those receiving exoge-
nous calcitriol or in hypercalcemic patients with granulo-
matous, chronic inflammatory, and lymphomatous dis-
eases, serum levels of calcitriol are increased. Other 
disorders associated with hypercalcemia (see Tables 18-4A 
and B) should be eliminated by appropriate historical 
findings and laboratory and genetic studies.

Management

Appropriate management of the patient with hypercalce-
mia depends on the severity and the cause of the high 
calcium levels. It is important to distinguish the patient 
with pseudohypercalcemia (due to hyperproteinemia) 
from one with a pathologic cause of hypercalcemia so 
that effective medical and surgical therapy may be initi-
ated promptly. It is equally important to recognize the 
child/adolescent with HHC1 so that aggressive therapy 
is avoided. When the calcium concentration is , 12 mg/dL 
in the asymptomatic subject, treatment may be delayed 
until the cause of the hypercalcemia is understood; in the 
interim, it is reasonable to recommend that the patient 
increase fluid intake, avoid calcium and vitamin D sup-
plements, and discontinue drugs associated with hyper-
calcemia if relevant. The child with HHC1 often has 
serum total calcium concentrations between 11 to 13 mg/
dL but no clinical symptoms and requires no therapy 
under usual circumstances. In the absence of HHC1, if 
the total serum calcium concentration exceeds 12 mg/dL 
or if the child is symptomatic (anorexia, nausea, altered 
sensorium, polydipsia, polyuria, dehydration, muscular 
weakness), efforts to lower its level are usually necessary 
because of the adverse effects of hypercalcemia on car-
diac, central nervous, renal, and gastrointestinal function. 
In these children and adolescents, diagnostic studies as 
outlined here and treatment to lower the serum calcium 
concentration should begin simultaneously. The tools of 
therapy of severe hypercalcemia are usually employed 
sequentially as follows: (1) hydration—with 0.9% saline 
(twice maintenance volume over 24 to 48 hours)— 
restores intravascular volume, dilutes and decreases se-
rum Ca21 levels, increases glomerular filtration of Ca21, 
decreases reabsorption of Ca21 in the proximal and distal 
renal tubules, and promotes calciuresis; hydration alone 
usually lowers the total serum calcium concentration 1 to 
3 mg/dL; (2) calciuresis—intravenous infusion of the 
loop diuretic furosemide (1 mg/kg slowly) initiated only 

FIGURE 18-7 n Visualization of a parathyroid adenoma with technetium-99m sestamibi scanning. (From Steenkamp, D., & Lee, S. L. 
(2011). Hypercalcemic crisis in a young woman. Endocrine Today, October. Reprinted with permission from SLACK Incorporated.) This image 
can be viewed in full color online at ExpertConsult.
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after restoration of extracellular fluid volume with saline—
further lowers calcium levels by inhibiting resorption of 
calcium (and sodium) by the TALH (thiazide diuretics 
are to be avoided as they increase renal tubular reabsorp-
tion of calcium and increase serum calcium concentra-
tions and are clearly contraindicated in the management 
of hypercalcemia); (3) inhibition of bone resorption—if 
hypercalcemia does not respond to the preceeding mea-
sures, specific inhibitors of osteoclast function may be 
employed. Bisphosphonates (pamidronate, zoledronic 
acid) are the agents of choice in the acute management  
of hypercalcemia in children and adolescents. Bisphos-
phonates are nonhydrolyzable, phosphatase-resistant 
analogues of pyrophosphate; in vivo by binding to and 
coating the hydroxyapatite crystal beneath the osteoclast, 
they interfere with osteoclast attachment, and by incor-
poration into the osteoclast, they interfere with its cel-
lular metabolism thereby inhibiting its functional ability 
to dissolve bone and hastening its death. Pamidronate 
(0.5 to 1 mg/kg/dose by intravenous infusion over 4 to  
6 hours) effectively lowers serum calcium concentrations 
in hypercalcemic infants and children.85,113 The hypocal-
cemic effect of bisphosphonates is variable in duration 
(days to weeks); transient systemic side effects (fever, 
myalgia) may accompany the administration of pamidro-
nate and other bisphosphonates. Salmon calcitonin also 
acts rapidly but transiently to lower serum calcium con-
centrations by inhibiting osteoclast activity and increasing 
urinary calcium excretion; it must be administered by 
multiple daily subcutaneous injections (2 to 4 U/kg/ 
injection every 6 to 12 hours). However, calcitonin tachy-
phylaxis develops several days after its administration, 
thus limiting its usefulness.159 Calcitonin may be paired 
with a bisphosphonate at the beginning of treatment of 
hypercalcemia in order to lower serum calcium levels 
more rapidly.116 Glucocorticoids do not lower calcium 
levels in patients with hyperparathyroidism or solid tu-
mor malignancies but are quite effective in the manage-
ment of hypercalcemia due to excess vitamin D ingestion 
or calcitriol production by activated monocytes or hema-
tologic malignancies. In adults with hypercalcemia of 
malignancy, gallium nitrate has also been employed to 
lower serum calcium values, but it must be administered 
over 5 days; gallium inhibits osteoclastic bone resorption 
directly.159 Rarely, it may be necessary to dialyze (perito-
neal or hemodialysis with low- or zero-calcium dialysate) 
the severely hypercalcemic patient resistant to conven-
tional therapy. During acute treatment of hypercalcemia, 
Ca21 concentrations may be assessed indirectly by 
monitoring the (shortened) Q-T interval by electrocar-
diography, but serial measurements of total and Ca21 
are necessary to monitor the efficacy of therapy and to 
prevent hypocalcemia.

Although in older adults (. 50 years) with asymptom-
atic primary hyperparathyroidism (without bone disease 
or renal stones), no immediate intervention may be ad-
vised at times, in younger adults, children, and adoles-
cents with hyperparathyroidism, surgical intervention  
is recommended when the diagnosis is established.  
Although hyperparathyroidism in youth is most often  
(. 60%) due to an adenoma, hyperplasia of the parathy-
roid glands is also common (,30%).93,123 As discussed, 

prior to surgical intervention in the pediatric population 
with hyperparathyroidism it is important to localize a 
parathyroid adenoma employing one of several imaging 
techniques such as echography with Doppler analysis, mag-
netic resonance, computed tomography, or 99mTechnetium-
sestamibi combined with computed tomography. It is 
also possible to construct a three-dimensional virtual 
model of the neck by pairing iodine contrast with thin-
slice computed tomographic imaging with color contrast 
enabling clear definition of the cervical vasculature and 
its normal and abnormal structures.160 The operating 
surgeon must be experienced and expert in parathyroid 
surgery. In adults and older adolescents, minimally invasive 
focused procedures to remove an anatomically identified 
parathyroid adenoma(s) may be employed utilizing 
99mTechnetium-sestamibi administered 2 hours before 
surgery with dissection directed by insertion of a hand-held 
gamma probe until the adenoma is located and removed. 
Video assistance is an alternative method for localization 
of a parathyroid adenoma. A complementary technique 
for assessing the completeness of the removal of the ad-
enoma intraoperatively is to measure peripheral levels of 
PTH by rapid immunoassay before and 10 minutes after 
removal of the adenoma; a 50% decline in PTH levels 
indicates complete excision; if the PTH concentration 
does not decline following removal of suspected abnor-
mal parathyroid tissue, further exploration is undertaken 
and additional tissue removed as guided by the serum 
PTH level. These procedures are reported to be cost  
effective as they decrease operative time and patient mor-
bidity; many patients return home within hours after 
leaving the operating suite. These techniques have been 
applied to the surgical management of the child and  
infant with a parathyroid adenoma or hyperplasia of  
multiple parathyroid glands. If there is parathyroid  
hyperplasia, total parathyroidectomy is performed and 
autotransplantation of small fragments of one gland to a 
forearm pocket undertaken. Following removal of a para-
thyroid adenoma, many patients develop transient hypo-
calcemia that may be managed by the administration of 
supplemental oral calcium. When there is severe osteitis 
fibrosa cystica and marked demineralization, substantial 
hypocalcemia may occur as a result of the “hungry bone” 
syndrome. Other complications of surgery include (tran-
sient or permanent) vocal cord dysfunction and the need 
for further operations because of the development of  
a second adenoma. If permanent hypoparathyroidism 
develops postoperatively, it is treated by the administra-
tion of calcitriol and supplemental calcium as needed.

Calcimimetic agents (phenylalkylamines; e.g., cinacal-
cet) bind to and activate the membrane CaSR on the 
parathyroid chief cell and thereby increase cytosolic lev-
els of Ca21

I and depress secretion of PTH in adults with 
mild primary hyperparathyroidism.122 The use of these 
agents in children and adolescents with this disorder of-
fers a potential treatment pathway for subjects with dif-
fuse parathyroid hyperplasia. Indeed, this agent has been 
useful in the management of infants with milder forms of 
NSHPT. (However, in early 2013 the Food and Drug 
Administration suspended the use of cinacalcet in children 
and adolescents pending further evaluation of its safety in 
this population.) The secondary hyperparathyroidism of 
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chronic renal disease is best managed by lowering serum 
phosphate concentrations to the extent possible by limit-
ing intake, administering oral phosphate binding agents, 
and maintaining serum Ca21 levels within the low-normal 
range by the administration of calcitriol or analog;  
calcimimetic agents (e.g., cinacalcet) may also be useful 
in this situation with the caveat noted previously.161 
Parathyroidectomy may be necessary for effective  
management of refractory secondary and tertiary hyper-
parathyroidism as manifested by severe renal osteodys-
trophy, hypercalcemia, and systemic symptoms such as 
pruritus and bone pain.156

Hypercalcemia due to hypervitaminosis D or excessive 
production of calcitriol by granulomatous and chronic 
inflammatory tissues may be treated with glucocorticoids 
to suppress activity of 25OHD3-1a-hydroxylase. Keto-
conazole (3 to 9 mg/kg/day in three divided doses) is an 
antifungal agent that also inhibits renal 25OHD3-
1a-hydroxylase activity and promptly lowers calcitriol 
and calcium values in children and adults with similar 
disorders. Side effects of therapy with ketoconazole in-
clude nausea, vomiting, abdominal pain, depressed secre-
tion of gonadal steroids, and adrenal production of corti-
sol. Therefore, careful monitoring of patients receiving 
ketoconazole is essential. Glucocorticoids ameliorate  
the hypercalcemia related to excessive interleukin-1b 
production in adolescents with juvenile rheumatoid  
arthritis. An attempt should be made to prevent hyper-
calcemia in the immobilized child or adolescent by inges-
tion of a low-calcium diet, avoidance of vitamin D, copi-
ous fluid intake, and early mobilization. Serum and urine 
calcium levels should be monitored frequently and fluids 
increased still further if hypercalciuria occurs. Once pres-
ent, hypercalcemia is best treated by mobilization; saline 
diuresis or bisphosphonate administration may be neces-
sary until eucalcemia is restored. Restriction of dietary 
calcium and limitation of exposure to sunlight may be 
appropriate in the long-term management of some pa-
tients with hypercalcemia not amenable to more specific 

treatment. Antiprostaglandin agents may be useful in the 
child with hypercalcemia associated with excessive produc-
tion of these compounds. Specific treatment of diseases 
accompanied by hypercalcemia (thyrotoxicosis, hypoadre-
nocorticism) restores the eucalcemic state.

DISORDERS OF MAGNESIUM METABOLISM

In serum, magnesium is presented complexed to proteins 
and ionized or free. Approximately 50% of body magne-
sium stores are deposited within bone adsorbed to the 
surface of hydroxyapatite. The CaSR recognizes and re-
sponds to magnesium (Mg21) as well as calcium. In the 
kidney, 10% to 20% of filtered Mg21 is reabsorbed in the 
proximal renal tubule and 65% to 70% of filtered Mg21 
is reabsorbed in the thick ascending limb of the loop of 
Henle by a passive paracellular process; 10% to 20% of 
filtered Mg21 is reabsorbed in the distal convoluted tu-
bule by an active transcellular system.162 In the distal 
convoluted tubule, Mg21 reabsorption occurs through a 
cation channel encoded by TRPM6 and supporting com-
ponents (discussed later). Mg21 regulates the secretion 
but not the synthesis of PTH and the generation of  
calcitriol.3

Hypomagnesemia
Hypomagnesemia (serum total magnesium concentra-
tion , 1.5 mg/dL) leads to hypocalcemia by inhibiting 
the release of PTH and by interfering with its peripheral 
action. Hypomagnesemia may be congenital or acquired 
(Tables 18-7A and B). It occurs in infants born to mothers 
deficient in magnesium, those with preeclampsia or ges-
tational or type 1 diabetes mellitus, and neonates with 
low birth weight due to prematurity or intrauterine 
growth restriction.163 Prolonged nasogastric suctioning, 
malabsorptive disorders due to extensive intestinal resec-
tion (“short gut” syndrome), intestinal fistulas, or other 

TABLE 18-7A Disorders of Magnesium Homeostasis

II  Hypermagnesemia

A Acquired
 1 Renal insufficiency
 2 Excessive intake of magnesium salts or laxatives/ 

antacids that contain magnesium
 3 Diabetic ketoacidosis, adrenocortical insufficiency,  

hyperparathyroidism, lithium intoxication

I  Hypomagnesemia

A Congenital
 1 Neonates of mothers with diabetes mellitus, eclampsia, 

magnesium deficiency
 2 Intrauterine growth restriction, prematurity
 3 Gene mutations (see Table 18-7B)

B Acquired
 1 Drugs: loop and thiazide diuretics, antibiotics (ampho-

tericin, gentamycin), sympathomimetic agents, proton 
pump inhibitors (omeprazole), digitalis, antineoplastic 
agents (cisplatin), cyclosporin

 2 Nasogastric suction
 3 Intestinal malabsorption (celiac disease, intestinal  

resection)
 4 Secretory diarrhea (inflammatory bowel disease)
 5 Acute pancreatitis
 6 Hypermagnesuria due to diabetes mellitus or alcoholism 

or following renal tubular necrosis or renal transplantation
 7 In association with hypokalemia
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Type MIM Clinical Gene Chromosome OMIM Gene Inheritance

1
602014

Intestinal and renal malab-
sorption hypocalcemia 

TRPM6 9q21.13 607009 AR

2
154020

Hypocalciuria FXYD2 11q23.3 601814 AD

3
248250

Nephrocalcinosis CLDN16 3q28 603959 AR

4
611718

Normocalciuria EGF 4q25 131530 AR

5 
248190

Hypercalciuria and  
nephrocalcinosis

CLDN19 1p34.2 610036 AR

6
613882

Normomagnesuria CNNM2 10q24.32 607803 AD

Hypomagnesemia with 
myokymia 

176260

Ataxia, myokymia KCNA1 12p13.32 176260 AD

Hypomagnesemia with 
MODY5* 

137920

MODY5 and renal cysts HNF1B 17q12 189907 AD

SeSAME syndrome 
612780

Seizures, sensorineural 
deafness, ataxia, mental 
retardation

KCJN10 1q23.2 602208 AR

Antenatal Bartter  
syndrome type 2 

241200

Polyhydramnios, prematu-
rity, failure to thrive

KCNJ1 11q24.3 600359 AR

Gitelman syndrome 
263800

Muscle weakness,  
dermatitis

SLC12A3 16q13 600968 AR

TABLE 18-7B Gene Mutations Associated with Hypomagnesemia

*MODY, maturity onset diabetes of youth.
AR, autosomal recessive; AD, autosomal dominant.

diseases associated with chronic diarrhea and steatorrhea 
also lead to infantile hypomagnesemia. In renal tubular 
disorders such as Gitelman and Bartter syndromes  
(discussed later) as well as in subjects exposed to diuretics 
and nephrotoxic (cisplatin, cyclosporin, mercury, genta-
mycin) agents, hypermagnesuria leads to hypomagnesemia. 
In infants, children, and adolescents, hypomagnesemia 
may be clinically silent or it may be manifested by height-
ened neuromuscular irritability (carpal pedal spasm,  
tetany, seizures) and when prolonged and profound by 
muscle wasting, weakness, apathy, and tachycardia with 
prolonged PR and QT intervals by electrocardiography. 
In these age groups, hypomagnesemia may be primary 
and due to a specific defect in the intestinal absorption of 
Mg21 or in the renal tubular resorption of filtered Mg21 
(discussed later) or secondary and due to gastrointestinal 
losses (chronic vomiting or diarrhea or malabsorptive 
states due to inflammatory bowel disease, bowel resection 
or fistulas, or pancreatitis), associated renal tubulopathies 
(Gitelman and Bartter syndromes), exposure to alcohol, 
diuretics, and chemotherapeutic agents, and specific  
endocrinopathies (diabetes mellitus, primary hyperpara-
thyroidism, hyperaldosteronism).2,164

Gene mutations that lead to hypomagnesemia are 
listed in Table 18-7B.162,165 Type 1 hypomagnesemia 
with hypocalcemia is an autosomal recessive disorder 
pathophysiologically due to a selective small intestinal 
defect in transcellular absorption of Mg21. The disease 

presents with hypocalcemic tetany or seizures in the 
neonatal period and can lead to myocardial, renal, and 
arterial calcinosis. Renal excretion of Mg21 is normal in 
subjects with this disease. Hypocalcemia is attributable 
to decreased secretion of and peripheral insensitivity to 
PTH. This disorder is due to biallelic loss-of-function 
mutations in TRPM6 (transient receptor potential cation 
channel, subfamily M, member 6), encoding a 2,022 
amino acid protein with two functional domains: a Ca21- 
and Mg21-permeable ion channel domain and a protein 
tyrosine kinase domain that is expressed in the intestinal 
tract and kidney.166 For full functional activity, TRPM6 
must team with its homologue TRPM7 (MIM 605692) 
and form a functional TRPM6/TRPM7 complex at the 
surface of the cell.167 Although most mutations of 
TRPM6 associated with this disease (nonsense, deletion) 
have resulted in extensive loss of product, the naturally 
occurring missense mutation Ser141Leu specifically  
disrupts formation of the complex and hence the trans-
cellular absorption of Mg21. Oral ingestion of large 
quantities of magnesium is effective therapy for this  
illness. Monoallelic inactivating mutations in FXYD2 
result in autosomal dominant hypomagnesemia type 2. 
FXYD2 encodes a gamma subunit of a Na1/K1-ATPase 
expressed in the renal distal convoluted tubule. Loss- 
of-function mutations of FXYD2 result in misrouting of 
its protein product to the basolateral membrane of the 
nephron’s epithelial cells and leads to increased urinary 
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loss of Mg21 but paradoxically to increased renal tubular 
reabsorption of Ca21 in the loop of Henle. Type 3 
primary hypomagnesemia is an autosomal recessive  
disorder due to decreased renal tubular paracellular  
reabsorption of filtered Mg21 linked to biallelic loss-
of-function mutations in CLDN16. This disease often 
presents in infancy and is associated with tetany, hyper-
magnesuria, hypercalciuria, mild hypocalcemia, nephro-
calcinosis, impaired renal function, and secondary  
hyperparathyroidism. Claudin 16 (also termed paracellin 1) 
is a 305-amino-acid protein with four transmembrane 
domains and intracellular amino and carboxyl terminals 
that is expressed within the intercellular tight junctions 
of renal epithelial cells in the TALH and distal convoluted 
tubule where it facilitates paracellular transport and  
reabsorption of Mg21 and Ca21 from the renal tubule. 
The first extracellular loop of claudin 16 bridges the 
intercellular space and is the site of paracellular conduc-
tance of ions; a number of missense mutations in 
CLDN16 have been identified, particularly at leucine 
151 (Leu151Phe, Leu151Trp, Leu151Pro).168 Most of 
the mutations in CLDN16 impair its normal movement 
to the renal epithelial cell’s lateral surface; in other mu-
tations (Ala62Val, His71Asp), products localize to the 
tight junctions but are functionally defective.169 Oral 
administration of 20 times the normal daily requirement 
of magnesium has been successful therapy in these sub-
jects. Biallelic inactivating mutations in EGF result 
in type 4 hypomagnesemia, a disorder associated with 
seizures and developmental delay but in which serum 
and urine levels of calcium are normal.170 EGF is neces-
sary for normal distal renal tubular Mg21 resorption by 
TRPM6. The complex of hypomagnesemia, hypercalci-
uria, and visual impairment (macular colobomata, myo-
pia, nystagmus) is designated type 5 hypomagnesemia  
and is due to biallelic loss-of-function mutations in 
CLDN19, a second renal epithelial tight junction protein 
that is localized to the distal renal tubule and eye and  
is necessary for paracellular transport of calcium and 
magnesium.171 In addition to ocular anomalies (colobo-
mata, nystagmus, severe myopia), mutations in CLDN19 
result in hypomagnesemia, hypercalciuria, nephrocalci-
nosis, and renal failure. Hypomagnesemia type 6 is an 
autosomal dominant disorder that presents in childhood 
or adolescence and is due to heterozygous loss-of-function 
mutations in CNNM2.172 Despite hypomagnesemia, 
urine excretion of Mg21 is inappropriately normal; 
serum and urine calcium values are normal in these  
subjects. CNNM2 encodes a protein localized to the 
basolateral membrane of the renal thick ascending loop 
of Henle and the distal convoluted tubule where its  
expression is up regulated by Mg21 deficiency. One 
function of CNMM2 may be to “sense” ambient Mg21 
concentrations.

Hypomagnesemia associated with myokymia (quivering 
of muscles) has been related to a heterozygous loss-of-
function mutation (Asn255Asp) in KCNA1 encoding a 
renal potassium channel that colocalizes with TRPM6 in 
the renal distal convoluted tubule.173 Mutated KCNA1 
may impair the ability of TRPM6 to reabsorb Mg21 from 
the distal convoluted tubule leading to hypermagnesuria 
and hypomagnesemia. Hypomagnesemia has also been 

associated with mutations in HNF1B encoding hepatocyte 
nuclear factor 1 homeobox B, a transcription factor  
necessary for normal embryogenesis of the kidney and 
pancreas.174 Inactivating mutations in HNF1B lead to 
malformations of the kidney (cysts, renal malformations) 
and early onset of diabetes mellitus. Hypomagnesemia is 
encountered in patients with hypokalemic metabolic  
acidosis in association with the SESAME syndrome  
(seizures, sensorineural deafness, ataxia, mental retardation, 
and electrolyte imbalance due to inactivation mutations 
in a gene—KCNJ10—encoding a potassium channel), 
antenatal Bartter syndrome type 2 (polyhydramnios,  
prematurity, poor postnatal growth, salt wasting, and 
hypercalciuria due to inactivating mutations in a gene 
encoding a second potassium channel—KCNJ1), and 
Gitelman syndrome, a variant of Bartter syndrome that 
presents in later childhood or adolescence or young 
adulthood (muscle weakness, potassium wasting, and 
hypocalciuria due to loss-of-function mutations in a gene 
encoding a thiazide-sensitive Na1 Cl2 cotransporter—
SLC12A3) (Table 18-7B).

The presence of hypomagnesemia is identified by mea-
surement of serum Mg21 concentrations, whereas its 
pathophysiologic etiology is determined by concurrent  
assay of calcium, phosphate, sodium, potassium, chloride, 
bicarbonate, creatinine, PTH, and vitamin D levels and 
assessment of its urinary loss and intestinal absorption.163 
Hypomagnesemic, hypocalcemic seizures are only tran-
siently responsive and sometimes resistant to parenteral 
administration of elemental calcium alone. Intravenous or 
intramuscular administration of a 50% solution of magne-
sium sulfate (MgSO4.7H20, 0.05 to 0.1 mL/kg or 2.5 to 
5 mg/kg elemental magnesium with cardiac monitoring) is 
often necessary to control convulsions in the hypomagne-
semic neonate.2,163 Oral magnesium supplements may also 
be helpful (50% MgSO4.7H20, 0.2 mL/kg/day). Chronic 
hypomagnesemic states are treated with oral magnesium 
supplements as tolerated, as excessively large doses may 
lead to diarrhea.

Hypermagnesemia
Hypermagnesemia (total magnesium . 2.5 mg/dL) is 
frequently recorded in the neonatal period after magne-
sium sulfate has been administered to the pregnant 
women with hypertension, preeclampsia, or toxemia of 
pregnancy. Most neonates with hypermagnesemia are 
asymptomatic; however, when serum Mg21 concentra-
tions are exceptionally high, hypotonia and depression 
of the central nervous system may be present and when 
extensive, metabolic bone disease may develop.163 Thus, 
prolonged (9 to 10 weeks) administration of intravenous 
magnesium sulfate to women with multiple fetuses who 
have entered labor prematurely has been associated  
not only with hypermagnesemia but also with marked 
hypocalcemia in the offspring as well as significant  
osteopenia.175 Hypermagnesemia may also result from 
its parenteral administration or oral ingestion of  
magnesium-containing antacids or enemas. In large 
amounts, magnesium sulfate suppresses secretion  
of PTH and decreases renal tubular reabsorption  
of calcium, factors contributing to hypocalcemia. The 
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hypermagnesemic neonate is most appropriately man-
aged by adequate hydration to permit urinary excretion 
of the high magnesium load; if the newborn is also hy-
pocalcemic and osteopenic administration of calcium 
and calcitriol is indicated. Hypermagnesemia may also 
develop in patients with renal insufficiency receiving 
magnesium-containing antacids. Mg21 concentrations 
are modestly increased in patients with familial hypo-
calciuric hypercalcemia due to loss-of-function muta-
tions in CASR.

DISORDERS OF SKELETAL MINERALIZATION
Disorders of Bone Mineralization in the 
Neonate and Infant
Low Bone Mass/Rickets

Rickets is a disorder of bone mineralization in the grow-
ing infant, child, and adolescent due to lack of vitamin D 
or its functional efficiency, calcium or phosphate, or de-
creased activity of alkaline phosphatase (Table 18-8). 

TABLE 18-8 Disorders of Bone Mineralization: Rickets

I  Vitamin D Deficiency

A  Decreased Intake, Endogenous Synthesis, Retention, or 
Sequestration
 1 Maternal vitamin D deficiency: breastfeeding
 2 Reduced skin synthesis: sunlight deprivation, sunscreen 

use, increased skin pigmentation
 3 Malabsorption: celiac disease, hepatobiliary dysfunction, 

short gut syndrome, cystic fibrosis, inflammatory bowel 
disease, gastric bypass surgery

 4 Drugs: anticonvulsants, glucocorticoids, cholestyramine, 
antiretroviral agents

 5 Nephrotic syndrome
 6 Obesity

B Metabolic Errors
 1 Deficiency of 25-hydroxylase
 a Loss-of-function mutation of CYP2R1
 b Hepatic dysfunction

 2 Deficiency of 25OH-vitamin D3-1-hydroxylase
 a Loss-of-function mutation of CYP27B1
 b Decreased renal mass: hypoplasia, chronic renal  

insufficiency
 3 Impaired response to vitamin D
 a Loss-of-function mutation of VDR
 b Excessive heterogeneous nuclear ribonucleoprotein 

C1/C2 (HNRNPC)
II  Calcium Deficiency, Primary

A Nutritional Deprivation
B Hypercalciuria: Hyperprostaglandin E2 Syndromes

III  Phosphate Deficiency/Hypophosphatemia

A Transcellular Shifts
 1 Glucose or insulin infusion
 2 Refeeding
 3 Respiratory alkalosis; hyperventilation
 4 Salicylate poisoning
 5 Catecholamines

B Decreased Intestinal Absorption
 1 Nutritional deprivation
 a Low-birth-weight infant

 2 Decreased intestinal absorption
 a Vitamin D deficiency: nutritional, synthetic error,  

insensitivity
 b Aluminum, magnesium, or calcium-containing  

antacids
 c Malabsorption due to chronic diarrhea, steatorrhea

C Hyperphosphaturia
 1 X-linked dominant familial hypophosphatemic rickets 

(PHEX)*
 2 X-linked recessive hypophosphatemic rickets (CLCN5)
 3 Autosomal dominant hypophosphatemic rickets (FGF23)*
 4 Autosomal dominant hypophosphatemia with  

urolithiasis 1 (SLC34A1)†

 5 Autosomal dominant hypophosphatemia with 
urolithiasis 2 (SLC9A3R1)

 6 Autosomal recessive hypophosphatemic rickets 1 (DMP1)*
 7 Autosomal recessive hypophosphatemic rickets 2 

(ENPP1)*
 8 Autosomal recessive hypophosphatemic rickets with 

hypercalciuria (SLC34A3)
 9 Hypophosphatemic rickets with hyperparathyroidism (KL)
 10 Hypophosphatemic rickets with Fanconi renotubular 

syndrome (SLC34A1)‡

 11 Oncogenic hypophosphatemic rickets/osteomalacia 
(FGF23, sFRP4, MEPE, FGF7)

 12 FGF23 excess of uncertain pathogenesis—McCune- 
Albright syndrome (GNAS),* Jansen-type metaphyseal 
chondrodysplasia (PTH1R),* osteoglophonic dysplasia 
(FGFR1),* linear nevus sebaceous syndrome,* iron 
polymaltose*

 13 Renal tubular acidosis/Fanconi syndrome
 a Heritable: cystinosis, tyrosinemia, hereditary fructose 

intolerance, galactosemia, idiopathic
 b Acquired: nephrotic syndrome, vitamin D deficiency, 

renal vein thrombosis, renal tubular insult due to 
cadmium, lead, bismuth, outdated tetracycline, 
6-mercaptopurine, valproic acid, ifosfamide

D Other Causes
 1 Hyperparathyroidism
 2 Medications: diuretics (thiazides, acetazolamide, loop  

diuretics); antiretroviral agents (tenofovir, adefovir);  
antineoplastic drugs (ifosfamide, cisplatin); aminoglyco-
sides, imatinib

IV  Hypophosphatasia (ALPL)

A  Perinatal, infantile, childhood, adult forms
B  Odontohypophosphatasia
C  Pseudohypophosphatasia

V  Inhibitors of Mineralization

A  Aluminum, Parenteral
B  Bisphosphonates
C  Fluoride

*Associated with increased expression of FGF23.
†Monoallelic.
‡Biallelic.
Adapted from Gattineni, J., & Baum, M. (2012). Genetic disorders of phosphate regulation. Pediatr Nephrol, 27, 1477-1487; Hori, M., Shimizu, 

Y., & Fukumoto, S. (2011). Minireview: fibroblast growth factor 23 in phosphate homeostasis and bone metabolism. Endocrinology, 152, 
4–10; Imel, E. A., & Econs, M. J. (2012). Approach to the hypophosphatemic patient. J Clin Endocrinol Metab, 97, 696–706.
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Impaired deposition of hydroxyapatite onto collagen 
type I fibers in bone matrix leads to skeletal deformations 
(craniotabes, genu valgum, genu varum, metaphyseal 
flaring) and fractures. In the adult, deficiencies of  
vitamin D, calcium, or phosphate result in osteomalacia 
and increased fracture risk. Osteopenia may be defined as 
too little bone tissue with decreased thickness of bone 
cortex or diminished thickness or number of bone trabecu-
lae that may be due either to suboptimal mineralization  
or to decreased quantity of bone matrix collagen type I. 
Osteoporosis is primarily a disorder of bone matrix for-
mation with bone mass that is so low that fractures may 
occur after minor trauma.176 Osteoporosis is the conse-
quence of decreased synthesis or excessively rapid degra-
dation of bone matrix proteins, particularly collagen type I 
that results in osteopenia because of a decreased collagen  
scaffold upon which to deposit hydroxyapatite.

Approximately 80% of total bone calcium in the full-
term neonate is accrued in the last trimester of pregnancy 
as the in utero rate of calcium deposition increases more 
than twofold between 28 and 36 weeks, gestation. Infants 
with a low birth weight (LBW , 1500 g) or very low 
birth weight (VLBW , 1000 g) are particularly vulner-
able to the development of osteopenia of prematurity 
(defined as postnatal bone mineral content that is less 
than the bone mineral content of the intrauterine fetus at 
the same postconceptual age), because they are unable to 
maintain the in utero rate of synthesis of organic bone 
matrix (osteoid) and the rate of calcium (third trimester, 
100 to 130 mg/kg/day) and phosphate deposition into 
osteoid from the minerals provided via the gastrointesti-
nal tract or by parenteral nutrition.176-179 In this neonatal 
population, decreased calcification of bone matrix results 
in low bone mineral content, whereas depressed calcifica-
tion of the cartilage growth plate can lead to rickets and 
its characteristics deformities. Postpartum, hypocalcemia 
and decrease in spontaneous movement against the force 
exerted by the muscular wall of the uterus also depress 
the rate of bone mineral acquisition, whereas an in-
creased rate of bone resorption further decreases skeletal 
mass in premature infants.179,180 Approximately 30% of 
preterm infants with birth weights of less than 1500 grams 
develop osteopenia.181 Birth weight and rate of postnatal 
weight gain as well as umbilical cord concentrations  
of IGF-I are important determinants of bone mass  
in premature infants.182 Necrotizing enterocolitis, a dis-
order that affects approximately 10% of LBW infants, 
increases the rate of bone resorption as assessed by mea-
surement of serum (carboxyl telopeptide of collagen  
type I 5 ICTP) and urinary (deoxypyridinoline [Dpd]) 
markers of this process.183 Malrotation of the intestinal 
tract or catastrophic necrotizing enterocolitis leading  
to intestinal infarction requiring extensive small bowel 
resection substantially increases the risk of malabsorption 
and subsequent low bone mass. Parenteral alimentation 
of LBW or VLBW neonates restricts administration  
of fluid, calcium, and phosphate (in part, because of the 
incompatibility of the coinfusion of these ions in high 
concentrations); excessive aluminum in parenteral fluids 
also adversely affects bone formation. Increased maternal 
parity, male gender, severe systemic disease (bronchopul-
monary dysplasia), immobility, and pharmacologic agents 

(glucocorticoids, methylxanthines such as theophylline, 
diuretics such as furosemide) also adversely impact bone 
formation in these neonates.180,184 Theophylline and 
furosemide increase urinary excretion of calcium.185 Pre-
natal factors that contribute to low bone mass in VLBW 
and LBW neonates are intrauterine growth restriction 
(possibly by reducing placental transport of calcium  
and decreasing the rate of bone formation) and prenatal 
exposure to large amounts of magnesium sulfate, which 
when administered repeatedly to the mother in preterm 
labor leads to hypocalcemia and osteopenia by suppress-
ing PTH secretion through its interaction with the CaSR 
and by competing with calcium for deposition at bone 
surfaces, respectively.175

In preterm neonates, serum levels of total and bone 
specific alkaline phosphatase, carboxyl terminal propep-
tide of collagen type I (PICP), and osteocalcin (markers 
of osteoblast activity and bone formation) are elevated 
relative to full-term neonates and older infants and con-
tinue to rise over the first 10 weeks of life.186 Urinary 
hydroxyproline and Pyr/Dpd values (markers of osteo-
clast activity and bone resorption) are also increased,  
although serum concentration of ICTP, another marker 
of bone resorption, decline during the first 10 weeks after 
premature delivery. Overall, the data indicate that intra-
uterine and postnatal rates of bone turnover in preterm 
newborns are rapid and persistently elevated through  
40 weeks postconceptual age, a conclusion confirmed by 
bone histomorphometry.184 By photon absorptiometry 
and quantitative ultrasonography, bone mass of preterm 
infants appears to decline during the first several weeks 
after birth.187 Serum levels of alkaline phosphatase and 
osteocalcin and urinary excretion of Pyr and calcium may 
remain elevated in LBW infants with osteopenia of pre-
maturity relative to values in LBW infants without bone 
disease for the first year of life even though radiographic 
improvement in skeletal mineralization is usually evident 
by 6 months of age.181

Because standard roentgenograms may not detect low 
bone mineralization before deficits of 20% to 30% or 
greater have occurred in the second month of life, esti-
mation of bone mineral content (BMC) by dual energy 
x-ray absorptiometry (DEXA) has become the preferred 
method to assess bone mineralization in infants because 
of its accuracy, reproducibility, rapidity of performance, 
and low radiation exposure (2 to 3 mrem).179 Mean whole 
body BMC in the first 2 days of life ranges from 21.7 g in 
newborns with birth weights of 1001 to 1500 g to 78.8 g 
in neonates with birth weights of 3501 to 4000 g, whereas 
whole body bone mineral density (BMD) varies from 
0.146 mg/cm2 (1001 to 1500 g) to 0.234 g/cm2 (3501 to 
4000 g). In full-term healthy neonates, the mean whole 
body BMC measured by fan beam DEXA is 89.3 g (SD 
6 14.1).188 BMC and BMD increase through the first 
year of life and beyond as measured by DEXA. No racial, 
gender, or seasonal factors affect bone mineralization at 
this age; body weight is best correlated with bone mass. 
Quantitative ultrasonography (QUS) may also be em-
ployed to assess bone integrity and strength in preterm 
and other LBW infants; QUS may be performed at the 
crib side, there is no exposure to radiation, and it may be 
repeated as frequently as necessary.189 QUS measures the 
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speed of sound (SOS) through a bone (humerus, tibia, 
radius, patella, os calcis, metacarpal, phalanx), a measure-
ment that is correlated with the strength of the bone; 
mineral content is but one of several skeletal components 
(elasticity, cortical thickness, microstructure) that collec-
tively contribute to bone strength. QUS also permits 
calculation of bone transmission time, a measurement 
that determines the difference in the velocity of sound as 
it travels through bone and surrounding soft tissue. 
There is considerable overlap of SOS values at various 
ages and somatic sizes; however, bone transmission times 
may discriminate to a greater extent between these  
parameters. Humeral and tibial QUS measurements are 
lower in preterm than term infants and correlate posi-
tively with gestational age, birth weight, postnatal length, 
and weight.190 In neonates with intrauterine growth 
restriction, tibial SOS levels may be appropriate for  
gestational age or lower or even elevated.189 The rela-
tionships between bone mineral density determined by 
DEXA and bone strength estimated by QUS in preterm 
and term newborns are weak but significant.178

With prolonged deprivation of calcium, phosphate, 
and vitamin D, not only does the LBW infant lag in  
accumulation of bone mass, but clinical and radiographic 
evidence of rickets also develops—usually between the 
sixth and twelfth postnatal weeks—and fractures may  
occur in as many as 24% of VLBW infants.187 The LBW 
neonate at risk for low bone mass or rickets is best managed 
preventively by maintaining serum calcium concentrations 
between 8 and 11 mg/dL and serum phosphate values 
between 5.8 and 9 mg/dL and by providing by daily  
enteral administration of as much of the needed amounts 
of calcium (140 to 160 mg/100 kcal), phosphate (95 to 
108 mg/100 kcal of formula), and vitamin D (400 U)  
as well as protein (for collagen synthesis) and energy 
(carbohydrates, lipids) as possible. When parenteral ad-
ministration of nutrients is necessary in the LBW or 
VLBW neonate, an attempt should be made to administer 
the maximum amounts of calcium and phosphate safely 
attainable. The solubility of calcium and phosphate de-
pends not only on their quantities but also on the forms 
selected for infusion (i.e., calcium chloride, gluconate, 
glycerophosphate, monobasic phosphate, or dibasic 
phosphate). Utilizing monobasic phosphate and glycero-
phosphate, it is possible to infuse as much as 86 mg of 
calcium/kg/dL and 46 mg/kg/dL of phosphate. However, 
these preparations increase the risk of metabolic acidosis 
and hypercalciuria.179 Infusion of parenteral nutrition 
solutions containing 60 to 80 mg/kg/day of calcium and 
40 to 50 mg/kg/day of phosphate provides only 60% to 
70% of the estimated in utero bone mineral accretion 
rates.179 Therefore, enteral feeding should begin as soon 
as possible in the VLBW infant by fortification of human 
breast milk with calcium 150 to 220 mg/kg/day and phos-
phate 75 to 140 mg/kg/day).177,179 Prepared formulas for 
feeding of LBW neonates providing 200 mg/kg/day of 
calcium and 100 mg/kg/day of phosphate can result in up 
to 90 mg/kg/day of retained calcium and 40 mg/kg/day 
of retained phosphate.177 The type of prepared formula 
(sources of protein, fat and carbohydrates) and its lipid 
and mineral additives determine the rate of intestinal 
calcium absorption and retention; therefore, the choice 

of formula must be carefully considered before it is  
selected. Nevertheless, parenteral nutrition, fortified  
human milk, and available preterm formulas are unable 
to provide the amounts of calcium and particularly phos-
phate that would normally accrue to the fetus in utero. 
Vitamin D 400 IU/day should also be provided to the 
preterm infant either enterally or parenterally. Monitor-
ing of serum levels of calcium, phosphate, creatinine, and 
alkaline phosphatase and urinary excretion of calcium, 
phosphate, and creatinine is essential in order to prevent 
hypercalcemia and hypercalciuria and nephrocalcinosis. 
It is also important to avoid hypocalcemia because of the 
avidity of bone matrix for calcium once remineralization 
has commenced (“hungry bone syndrome”). Passive 
physical activity (daily range of motion with extension/
flexion of all joints of each extremity in the supine infant 
for 4 weeks beginning after the neonate has been stabi-
lized between 2 and 6 weeks of postnatal age) with or 
without gentle massage of the prone infant from head to 
toe increases serum levels of markers of bone formation 
as well as bone mineralization by DEXA and QUS changes 
consistent with augmented bone strength.184,187,190 The 
efficacy and safety of bisphosphonates or of PTH1-34 
(discussed later) in the management of osteopenia of 
prematurity remain to be examined. Although in the 
prematurely born infant bone mass may remain low 
through infancy and early childhood, bone mineraliza-
tion eventually catches up to the norms.191,192

Osteogenesis imperfecta congenita (OIC), or type II 
(MIM 166210), is a perinatal lethal disorder most com-
monly associated with heterozygous spontaneous loss-of-
function mutations in the genes encoding collagen-a1(I) 
(COL1A) or collagen-a2(I) (COL1A2) (discussed later). 
The mutations may be partial gene deletions resulting in 
decreased synthesis of the triple helix of type I collagen 
or missense mutations that lead to amino acid substitu-
tions (e.g., arginine, aspartic acid, cysteine) for the glycine 
residues that are essential for the normal three-dimensional 
conformation of collagen-a1(I)/collagen-a2(I) and syn-
thesis of the triple helix and structural integrity of type I 
collagen in extracellular matrix of bone on which  
hydroxyapatite is deposited. Osteogenesis imperfecta 
type II may rarely be transmitted as an autosomal domi-
nant trait by a parent who is mosaic for a heterozygous 
mutation in either collagen-a1(I) or -a2(I).193 Clinical 
manifestations of OIC are variable and include fractures 
present at birth (which may also occur in newborns with 
osteogenesis imperfecta types I and III), deformities of 
the long bones, osteopenia of the skull with large fonta-
nelles, intrauterine growth restriction, premature delivery, 
and death usually in infancy due to respiratory insuffi-
ciency. Radiologically, OIC has been categorized into 
three subgroups: A, characterized by short, broad, and 
“crumpled” long bones, angulation of the tibia, and con-
tinuous beading of the ribs; B, characterized by similar 
femoral and tibial configurations but incomplete beading 
of the ribs; and C, characterized by thin long bones with 
many fractures and thin beaded ribs. The diagnosis of 
OIC is most often made clinically and by its differentia-
tion from achondrogenesis type I, thanatophoric dyspla-
sia, and perinatal hypophosphatasia, and it is confirmed 
by quantitation of subnormal amounts of collagen  
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synthesized by fibroblasts in vitro and identification of 
the mutation in COL1A1 or COL1A2 by direct genotyp-
ing. The lethal mutations in collagen a1(I) are clustered 
at sites at which the collagen monomer binds integrins, 
matrix metalloproteinases, fibronectin, and cartilage 
oligomeric matrix protein; other mutations impair post-
translational processing of collagen a1(I) and thereby 
interfere with association of collagen chains or propagation 
of the triple helix configuration.194 Mutations in COL1A2 
encoding collagen a2(I) coincide with binding sites for 
proteoglycans. Indeed, the lethal mutations in COL1A1 
leading to OIC are more functionally incapacitating to 
the protein than is complete absence of one COL1A1 
allele that leads to the less clinically severe osteogenesis 
imperfecta type I.195 Although administration of the 
bisphosphonate pamidronate has been helpful in infants 
with severe manifestations of osteogenesis imperfecta 
types III and IV, it has been ineffective in the lethal form 
of osteogenesis imperfecta type II (discussed later).196,197 
Lethal forms of osteogenesis imperfecta transmitted as 
autosomal recessive disorders are also attributable to in-
activating mutations in CRTAP (MIM 605497), PPIB 
(MIM259440), or LEPRE1 (MIM 610339) (discussed 
later)—three factors necessary for hydroxylation of pro-
line-986 in COL1A1 and proline-707 in COL1A2,  
essential modifications of these proteins.198,199

Lysinuric protein intolerance (MIM 222700) is an auto-
somal recessive disorder of hepatic and renal tubular trans-
port of dibasic amino acids (lysine, arginine, ornithine) that 
manifests itself in infancy and childhood by vomiting, diar-
rhea, failure to thrive, developmental delay, hepatomegaly, 
and cirrhosis. Affected infants and children have impaired 
urea synthesis due to decreased hepatic uptake of ornithine 
but are episodically hyperammonemic with increased uri-
nary excretion of the dibasic amino acids; there is extremely 
low bone mass due to marked protein deprivation and per-
haps due to increase in cytokine induced bone resorption. 
Administration of citrulline has been reported to increase 
growth and bone mass in some of these patients. Lysine 
protein intolerance is due to loss-of-function variants in 
SLC7A7 encoding an amino acid transporter including de-
letion of multiple exons, duplications, missense, nonsense, 
and splice-site mutations dispersed throughout the gene; 
patients with the largest deletions had the most severe 
phenotypes.200,201Osteopenia may also be observed in in-
fants with infantile hypophosphatasia (MIM 241500) and in 
those with muscular disorders restricting movement such as 
the Prader-Willi syndrome (MIM 176270), glycogen stor-
age disease type II (Pompe disease, MIM 232300), and 
forms of arthrogryposis.

Increased Bone Mass

Increased bone mass may be generalized or localized; 
osteosclerosis refers to thickening of trabecular bone and 
hyperostosis to increase in cortical bone mass.8 The in-
fantile “malignant” form of osteopetrosis (MIM 259700) 
is one of several autosomal recessive disorders due to 
abnormal osteoclast differentiation or function resulting 
in defective reabsorption of the mineral phase of bone 
(discussed later). Infantile osteopetrosis is clinically man-
ifested in affected infants by failure to thrive; delayed 

development; nasal obstruction; loss of sight, hearing, 
and other cranial nerve functions; and intense bone  
overgrowth leading to pancytopenia and increased sus-
ceptibility to infection, hepatosplenomegaly as sites of 
extramedullary hematopoiesis, increased susceptibility to 
fracture because of decreased bone strength despite high 
bone mass, mandibular osteomyelitis, and death often 
within the first several years of life due to sepsis, anemia, 
or hemorrhage. Physical examination reveals impaired 
linear growth, enlarged head circumference, frontal boss-
ing, nystagmus, delayed eruption of primary teeth, ec-
chymoses, and hepatosplenomegaly. The radiographic 
hallmark of infantile osteopetrosis is relatively uniform 
increase in bone density of the skull, vertebrae, and axial 
skeleton with thickened cortical and trabecular bone; 
“Erlenmeyer flask” deformities at the distal ends of the 
long bones in older children; and alternating bands of 
sclerotic and lucent bone in the iliac wings and metaphy-
ses.8 Biomarkers for osteopetrosis are increased serum 
levels of acid phosphatase and the brain isoform of  
creatine kinase. Usually lethal infantile osteopetrosis may 
be due to homozygous or compound heterozygous loss-
of-function mutations in one of three genes: TCIRG1 
encodes a subunit of the vacuolar proton pump within 
the osteoclast ruffled border through which hydrogen 
ions are transported from the cytosol into the subosteo-
clast resorption lacuna; CLCN7 encodes a chloride chan-
nel required for movement of this cation into and acidi-
fication of the resorption lacuna; OSTM1 encodes a 
subunit of CLCN7 necessary for its normal posttransla-
tional processing (discussed later). In selected subjects 
bone marrow transplantation providing osteoclast pre-
cursor cells has been effective in arresting progression of 
this disorder, albeit often with substantial residual defi-
cits. Transient but substantial hypercalcemia may occur 
after this procedure. Osteopetrosis due to deficiency of 
CA2 encoding carbonic anhydrase II (osteopetrosis, au-
tosomal recessive type 3, MIM 259730) may present in 
infancy with failure to thrive or fracture with insignifi-
cant trauma (discussed later). Disproportionate short 
stature is the cardinal manifestation of pycnodysostosis 
(MIM 265800) and is manifest during infancy or early 
childhood.8 There is a relatively large head circumference 
with open fontanelles and cranial sutures, dysmorphic 
facial features (fronto-occipital prominence, proptosis, 
bluish sclerae, hypoplastic maxilla, micrognathia, highly 
arched palate, malocclusion, beaked nose), stubby and 
clubbed fingers with hypoplastic nails, narrow thorax, 
pectus excavatum, lumbar lordosis, kyphoscoliosis, and 
increased fracture risk. Radiographically, there is marked 
osteosclerosis that increases with age, open fontanelles 
and cranial sutures, thin clavicles with hypoplastic lateral 
ends, erosion and hypoplasia of the distal phalanges and 
ribs, and dense vertebrae yet normal transverse processes. 
Histologically, there is decreased osteoblastic and osteo-
clastic activity. Pycnodysostosis is due to homozygous or 
compound heterozygous loss-of-function mutations 
(stop, missense, nonsense) in CTSK, the gene encoding 
cathepsin K, a lysosomal cysteine protease expressed in 
osteoclasts; loss of cathepsin K activity impairs degrada-
tion of collagen and the resorption of organic matrix but 
not that of the mineral component of bone.
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Disorders of Bone Mineralization and 
Formation in the Child and Adolescent
Bone formation may be impaired because of lack of min-
erals (calcium or phosphate) or because of deficient 
production of bone matrix. Bone mineralization may be 
excessive because of an increase in the rate of mineral 
deposition or a decrease in the rate of resorption of the 
mineral phase of bone. Ectopic calcification of extraskel-
etal tissues may occur when local calcium and phosphate 
levels are high, whereas extraskeletal ossification may 
ensue when the regulation of skeletal bone formation is 
deranged.

Rickets

Rickets and osteomalacia are disorders that result from 
decreased mineralization of the growth plate and bone 
matrix, respectively, and are due to deficiencies of cal-
cium or phosphate202,203 (Tables 18-8 and 18-9). During 
endochondral bone formation in children, cartilage ma-
trix is elaborated and subsequently mineralized. When 
endochondral matrix is not fully mineralized, cartilage 
accumulates and there is thickening of the growth plate 
and disorganization of the chondrocytes; the ends of the 
long bones (particularly those that are weight bearing) 
distort, and rachitic deformities ensues.203 During the 

Gene Chromosome MIM Pathophysiology Mutation: Clinical Manifestations

Disorders of Vitamin D Metabolism
CYP2R1: cytochrome P450, subfamily 

IIR, polypeptide 1 
11p15.2 
608713

Hepatic 25-hydroxylase: enzyme that 
converts vitamin D3 to 25OHD3  
(calcidiol)

Biallelic loss-of-function mutation leads 
to vitamin D hydroxylation-deficient 
rickets type 1B (also termed vitamin 
D–dependent rickets type 1B), AR

CYP27B1: cytochrome P450, subfamily 
XXVII, polypeptide 1 

12q14.1 
609506

25OHD3-1a hydroxylase: enzyme that 
converts 25OHD3 to 1,25(OH)2D3 
(calcitriol)

Biallelic inactivating mutations result in 
vitamin D–dependent rickets type 
1A, AR

VDR: vitamin D receptor
12q13.11
601769

Vitamin D receptor: transcription  
factor that transduces the effects  
of calcitriol on gene activation or  
repression

Biallelic loss-of-function mutations lead 
to resistance to calcitriol and vitamin 
D–dependent rickets type 2A, AR

HNRNPC: heterogeneous nuclear 
ribonucleoprotein C 

14q11.2 
164020

Encodes a ribonucleoprotein that  
regulates gene transcription by  
reciprocally and transiently occupy-
ing the VDRE in the upstream  
promoter region of vitamin D– 
responsive target genes

Overexpression in vitamin D–respon-
sive tissues leads to prolonged occu-
pancy of the VDRE that interferes 
with interaction of the VDR/RXR with 
the VDRE resulting in vitamin D– 
dependent rickets type 2B

Disorders of Phosphate Metabolism
SLC34A1: solute carrier family 34 

(sodium phosphate cotransporter), 
member 1 

5q35.3
182309

Encodes NPT2a: sodium/phosphate  
cotransporter expressed on the api-
cal membranes of epithelial cells of 
the proximal renal tubule; under the 
inhibitory control of PTH

Loss-of-function mutation results in  
hypophosphatemic rickets with 
nephrolithiasis, type 1, AD; Fanconi 
syndrome type 2, AR

SLC34A2: solute carrier family 34 
(sodium phosphate cotransporter), 
member 2 

4p15.2
604217

Encodes NPT2b: sodium/phosphate  
cotransporter expressed in the small 
intestine, lung, and testes 

Loss-of-function mutations associated 
with pulmonary alveolar microlithia-
sis and testicular microlithiasis, AR

SLC34A3: solute carrier family 34 
(sodium phosphate cotransporter), 
member 3 

9q34 
609826

Encodes NPT2c: sodium/phosphate  
cotransporter expressed on the  
apical membranes of epithelial cells 
of the proximal renal tubule

Loss-of-function mutation results in  
hereditary hypophosphatemic rickets 
with hypercalciuria, AR

SLC9A3R1: solute carrier family 9, 
member 3, regulator 1 

17q25.1 
604990

Encodes NHERF1: a renal tubular so-
dium/hydrogen exchange regulatory 
factor that binds NPT2a anchoring it 
to the luminal membrane of the 
proximal renal tubule; phosphoryla-
tion by PTH leads to its dissociation 
from and endocytosis of NPT2a

Loss-of-function mutations result in  
hypophosphatemic rickets with 
nephrolithiasis, type 2, AD

CLCN5: chloride channel 5 
Xp11.23-p11.22 
300008

Encodes a proximal renal tubular  
exchanger of chloride and hydrogen 
ions

Loss-of-function mutations result in  
X-linked recessive hypophospha-
temic rickets, hypercalciuria,  
nephrocalcinosis, XLR

TABLE 18-9 Disorders of Mineralization: Rickets and Osteomalacia

Continued
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processes of modeling and remodeling of trabecular bone 
and the periosteal and endosteal surfaces of cortical bone, 
osteoid is formed by osteoblasts; failure to mineralize 
bone matrix in these regions results in osteomalacia. 
During intervals of calcium or phosphate deprivation the 
actively growing, weight-bearing child with open carti-
lage growth plates develops rickets and osteomalacia, 
whereas adults develop only osteomalacia during remod-
eling as unmineralized bone matrix accumulates. Thus, 
rickets is the expression of defective endochondral  
mineralization at the growth plate and osteomalacia is 
the failure of mineralization of bone cortex and trabeculae. 

Clinically, rickets is manifested by skeletal deformities 
such as delayed closure of the fontanelles, craniotabes 
(reversible compression of the skull’s outer table), frontal 
bossing (expansion of cranial bones), and occasional cra-
niosynostosis in infants; bowing of the forearms in the 
preambulatory infant and genu varum or valgum in the 
weight-bearing infant and child; delayed tooth eruption 
with poor enamel formation and propensity to caries; 
pectus carinatum, prominence of the costochondral junc-
tions, flaring of the lower rib cage, scoliosis, and kypho-
sis; flaring of the metaphyses of the long bones; and tibial 
or femoral torsion (Figure 18-8).204 Radiographically, 

TABLE 18-9 Disorders of Mineralization: Rickets and Osteomalacia—cont’d

Gene Chromosome MIM Pathophysiology Mutation: Clinical Manifestations

PHEX: phosphate-regulating endopepti-
dase homologue, X-linked

Xp22.1
300550

Ectoenzyme expressed on the cell 
membrane of osteoblasts; its physio-
logic substrate may be MEPE and 
pASARM, MEPE's phosphorylated 
product that coats hydroxyapatite 
and hinders mineral deposition

Loss-of-function mutation leads to  
X-linked hypophosphatemic rickets; 
associated with increased expres-
sion of FGF23; X-linked dominant

DMP1: dentin matrix acidic phospho-
protein 1 

4q22.1 
600980

Noncollagenous, serine-rich, bone ma-
trix protein; a small integrin-binding 
ligand, N-linked glycoprotein (SIB-
LING) expressed in osteocytes 

Loss-of-function mutations lead to  
increased osteocyte synthesis of 
FGF23, hyperphosphaturia, and  
autosomal recessive hypophospha-
temic rickets, AR

ENPP1: ectonucleotide pyrophosphatase/
phosphodiesterase 1 

6q23.2 
173335

Ectoenzyme expressed by chondro-
cytes, bone, and plasma cells that 
hydrolyzes ATP to pyrophosphate, 
an inhibitor of bone mineralization

Loss-of-function mutations result in  
autosomal recessive hypophospha-
temic rickets with increased expres-
sion of FGF23, AR

ANKH: ANK, mouse, homologue of 
5p15.2 
605145

Transmembrane-spanning cell surface 
protein that regulates pyrophosphate 
secretion

Inactivating mutations result in mild hy-
pophosphatemia and joint ankylosis, 
developmental delay, deafness, and 
dentinogenesis imperfecta; AR

FGF23: fibroblast growth factor 23 
12p13.3 
605380

Product of osteoblast and osteocyte 
that depresses renal tubular reab-
sorption of phosphate and inhibits 
synthesis of calcitriol 

Gain-of-function mutation that de-
creases the rate of degradation of 
FGF23 results in autosomal dominant 
hypophosphatemic rickets, AD;  
excessive ectopic synthesis by  
neoplasms leads to hypophospha-
temic rickets; loss-of-function muta-
tion leading to decreased FGF23 syn-
thesis results in autosomal recessive 
hyperphosphatemic familial tumoral 
calcinosis, AR

GALNT3: UDP-N-Acetyl-alpha-D-
Galactosamine: polypeptide N- 
acetylglactosaminyl transferase 3 

2q24.3 
601756

Encodes an enzyme that is essential for 
O-glycosylation of Thr178 of FGF23 
during posttranslational processing; 
failure of this step leads to degrada-
tion of FGF23 prior to its secretion

Loss-of-function mutation leads to  
autosomal recessive hyperphospha-
temic familial tumoral calcinosis, AR

KL: a-Klotho 
13q13.1 
604824

Coreceptor with FGFR1(IIIc) for FGF23 
that converts FGFR1(IIIc) into the 
specific FGF23 receptor enabling  
signal transduction

Loss-of-function mutation leads to  
autosomal recessive hyperphospha-
temic familial tumoral calcinosis,  
AR; translocation t(9;13(q21.13;q13.1) 
results in excessive klotho formation 
leading to hypophosphatemic rickets 
and hyperparathyroidism

Hypophosphatasia
ALPL: alkaline phosphatase, liver 
1p36.12 
171760

Tissue nonspecific alkaline phospha-
tase: ectoenzyme expressed on the 
cell membrane of osteoblasts, re-
moves organically bound phosphate; 
major substrates are pyrophosphate, 
phosphoethanolamine, pyridoxal-59-
phosphate

Loss-of-function mutations lead to  
hypophosphatasia and rickets of 
variable severity and onset: perina-
tal, infancy, transitional, childhood, 
adult, odontohypophosphatasia, 
pseudohypophosphatasia; AR, AD

Adapted from Farrow, E. G., & White, K. E. (2010). Recent advances in renal phosphate handling. Nat Rev Nephrol, 6, 207–217.
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FIGURE 18-8 n Clinical and radiographic manifestations of vitamin D–deficient rickets. Note flaring of the distal metaphyses of the long 
bones and radiographic response to treatment with vitamin D. (From Girgis, C. M., Clifton-Bligh, R. J., Hamrick, M. W., et al. (2013). The 
roles of vitamin D in skeletal muscle: form, function, and metabolism. Endocr Rev, 34, 33–83. Images are courtesy of Associate Professor 
Craig Munns, Children’s Hospital Westmead, Sydney, Australia.)

rickets is characterized initially by epiphyseal widening 
and loss of the defined zone of provisional calcification 
followed by cupping, splaying, and fraying of the me-
taphyses of long bones (particularly the distal ulna, distal 
femur, and proximal tibia), demineralization, deforma-
tion of the long bones, and fractures.203,204 Looser zones 
are radiolucent lines with dense borders that are pseudo-
fractures located at the femoral neck and shaft. Histologi-
cally, as a consequence of impaired calcification within the 
cartilage growth plate, the pattern of chondrocyte differ-
entiation and maturation is disrupted and disorganized, 
whereas osteoid seams widen at other sites of bone 
formation.205 In subjects deprived of phosphate, it is the 
trabeculae that are primarily undermineralized.

Impaired mineralization of osteoid may be due to  
dietary deficiencies or depressed intestinal absorption of 
calcium, phosphate, or vitamin D; inadequate amounts  
of these nutrients in fluids utilized in total parenteral 
nutrition; inborn errors in the metabolism or action of 
vitamin D; defects in renal tubular conservation of phos-
phate or calcium; or abnormalities of alkaline phosphatase 

generation and function (see Table 18-8). Broadly, rickets 
may be considered to be calciopenic (usually related to 
nutritional deprivation of vitamin D or, rarely, to a 
defect in its metabolism to the active metabolite— 
calcitriol—or in its cellular action or to a decreased intake 
of calcium or its excessive loss in urine) or phosphopenic 
(related to renal phosphate wasting due to primary renal 
tubular defects in phosphate reabsorption or to the  
generation of excessive amounts of phosphatonins, com-
pounds that inhibit renal tubular reabsorption of phos-
phate). Thus, nutritional rickets may be due to decreased 
intake of vitamin D (or inadequate exposure to sunlight) 
or calcium or to marginal intakes of both nutrients.206 
Dietary deficiency of phosphate is unusual given its wide 
availability, but this nutrient may be deficient in paren-
teral fluids. Bone mineralization may also be directly 
impaired by abnormalities of alkaline phosphatase gen-
eration or by agents such as aluminum or fluoride.205

Calciopenic Rickets.   Calciopenic rickets is most often 
due to deficiency of vitamin D that depresses intestinal 
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absorption of dietary calcium and renal reabsorption of 
filtered calcium. As determined by the measurement of 
serum concentrations of calcidiol (25OHD), vitamin D 
deficiency is present when values are below 12 to  
15 ng/mL.207,208 Calcidiol concentrations between 15 and 
19.5 ng/mL indicate vitamin D “insufficiency,” whereas 
those  20 ng/mL are adequate or “sufficient.”208 How-
ever, these guidelines, based on the recommendations of 
the Institute of Medicine report, are not accepted by all 
authorities and remain the subject of ongoing investi-
gation.209 Alternate guidelines state that a normal 25OHD 
concentration be defined as greater than 30 ng/mL (. 75 
nmol/L) with values of 20 to 30 ng/mL (50 to  
75 nmol/L) used to define “insufficiency” and values of 
less than 20 ng/ml (50 nmol/L) considered to identify 
vitamin D “deficiency.” Neonates born to severely vitamin 
D–deficient mothers may display signs of rickets at birth, 
including fractures and hypocalcemic seizures. Clinical 
manifestations of rickets in preambulatory infants  
include bowing of the forearms, craniotabes, frontal 
bossing, and delayed closure of the cranial fontanelles. In 
older infants and children, genu varum or valgum (bowed 
legs or “knock knees”) or a “windswept” deformity  
involving both legs, flaring (widening) of the metaphyses 
of the long bones with markedly enlarged wrists, promi-
nence of the costochondral junctions (rachitic rosary), 
and indentation of the lower anterior thoracic wall  
(Harrison’s groove) are noted. Tooth eruption may be 
delayed and the enamel hypoplastic predisposing to dental 
caries. Short stature and suboptimal weight are also pres-
ent frequently. Because vitamin D has many extraskeletal 
sites of action, a number of nonosseous, systemic symp-
toms are observed in children with vitamin D–deficiency 
rickets; these include muscular weakness manifested by 
hypotonia and delay in walking, anorexia, and increased 
susceptibility to infection particularly pneumonia (due 
both to the lack of the stimulatory effect of vitamin D on 
the immune system and weakness of the thoracic wall).203 
Hypocalcemia, tetany, and seizures may occur in a severely 
vitamin D–deficient infant without gross clinical or ra-
diographic signs of rickets. Rarely, vitamin D deficiency 
in an adolescent may be associated with hypocalcemic 
seizures and fractures.210 Deficiency of vitamin D is 
frequently observed in darkly skinned children and ado-
lescents with limited exposure to sunlight, particularly 
during and at the end of the winter months, or in those 
ingesting vegetarian diets or who are being treated with 
anticonvulsant or antiretroviral drugs.208 Radiographi-
cally, osteopenia with cortical thinning and thin stress 
fracture lines as well as cupping, widening, and irregular-
ity (fraying) of the distal metaphyses of the long bones 
are observed in the rachitic subject.9,10,202 Areas of osteitis 
fibrosa cystica associated with secondary hyperparathy-
roidism may sometimes develop.

After the introduction of cod liver oil as a dietary 
supplement in 1918 (and the later fortification of infant 
formulas and milk and other foods with irradiated ergos-
terol) and the discovery in 1919 that exposure to sunlight 
prevented development of rickets, nutritional deficiency 
of vitamin D became relatively unusual in North America 
only to reemerge several decades later. Because the fetus 
is supplied with vitamin D by the transplacental transfer 

of maternal calcidiol, deficiency of vitamin D occurs  
predominantly in neonates who are born to mothers with 
low stores of vitamin D (women of color or those who are 
vegetarian, poorly nourished, or have limited exposure to 
sunlight).211 Rickets develops in infants and young 
children who ingest a diet low in vitamin D (little or no 
milk, meat, eggs, or fish) without supplemental vitamin D 
who have limited exposure to sunlight because they are 
confined indoors due to illness, the climate, or parental 
choice or because they wear clothing that protects the 
entire body from sunlight. Vitamin D deficiency is more 
common in breastfed black infants than in white infants 
due in large part to increased maternal skin pigmentation 
resulting in decreased endogenous synthesis of cholecal-
ciferol that coupled with socioeconomic circumstances 
leads to lower levels of calcidiol in maternal serum and of 
vitamin D in breast milk.205 Because normal human 
breast milk contains only 25 IU/L of vitamin D, it is 
recommended that all breastfed infants receive supple-
mental vitamin D 400 IU/day.212 Inasmuch as most 
commercial infant formulas contain 400 IU/liter of  
vitamin D, it is also recommended that formula-fed in-
fants who consume less than 1 liter of formula daily also 
receive a supplement of 400 IU/day of vitamin D. Infants 
older than 2 year of age, children, and adolescents should 
receive supplemental vitamin D 600 IU daily.

Although definitions of hypovitaminosis D vary  
between individual studies, subtle forms of vitamin D 
deficiency or “insufficiency” are likely prevalent through-
out the North American population, particularly in the 
winter months when there is little sunlight exposure and 
the ultraviolet light requisite for endogenous synthesis of 
vitamin D is limited.9,10,208,213 In a group of 307 healthy 
urban male and female adolescents 11 to 18 years of age 
in the northeastern United States, 42% had serum con-
centrations of 25OHD less than 20 ng/mL.214 The 
prevalence of very low 25OHD values (, 15 ng/mL) was 
most common in black (36%) and Hispanic subjects 
(22%), whereas 6% of white students had such levels. 
There was an inverse relationship between serum levels 
of 25OHD and PTH with secondary hyperparathyroidism 
present in many subjects with low 25OHD concentra-
tions, implying the possibility of incipient metabolic 
bone disease. Although clinically apparent vitamin D 
deficiency is unusual in U.S. youth, vitamin D insuffi-
ciency may be relatively frequent.213,215 In addition to 
skin pigmentation and northern latitude, low serum  
calcidiol values have been attributed to meager consump-
tion of milk and multivitamins, large intake of phosphate-
containing soft drinks, and increase in fat mass into 
which vitamin D is deposited and thus not bioavailable. 
Similar findings have been recorded in apparently healthy 
children and adolescents in the United Kingdom and  
attributed to lower socioeconomic status, nonwhite  
ethnicity, decreased outdoor activities, older age, ad-
vanced pubertal development, and female gender.216,217 
Indeed, serum concentrations of calcidiol below 13 ng/mL 
have been recorded in up to 40% to 50% of both south-
ern and northern European children and adolescents.218 
Assuming a reliable assay such as those employing liquid 
chromatography-tandem mass spectrometry that measure 
both 25OHD2 and 25OHD3, calcidiol concentrations 
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below 12 to 15 ng/mL in children clearly indicate  
vitamin D deficiency, whereas values between 12 to  
20 ng/mL are consistent with vitamin D insufficiency.207,208 
Serum levels of 25OHD that exceed 60 to 100 ng/mL  
are indicative of vitamin D excess. Dietary deficiency of 
calcium may accentuate the adverse effects of borderline 
vitamin D stores.206,219

Vitamin D deficiency may also be the consequence of 
intestinal malabsorptive disorders such as celiac or in-
flammatory bowel diseases, biliary obstruction, gastric 
and intestinal resection, or pancreatic exocrine insuffi-
ciency (e.g., cystic fibrosis), or ingestion of calcium bind-
ing agents such as cholestyramine, or by increased hy-
droxylation of vitamin D to water soluble forms that 
increase its urinary loss by anticonvulsant drugs such as 
phenytoin.10 Use of a therapeutic glucocorticoid is also 
associated with lowered serum levels of calcidiol.220 In 
the majority of infants and children with rickets due to 
vitamin D deficiency, serum concentrations of total cal-
cium are borderline-normal or low, phosphate levels low, 
and alkaline phosphatase activity and PTH concentra-
tions increased (Table 18-10). Secondary hyperparathy-
roidism develops as the intestinal absorption of calcium 
is reduced and its serum levels reduced; PTH increases 
urinary phosphate loss and lowers serum phosphate con-
centrations while enhancing the rates of bone resorption 
and turnover. PTH also increases synthesis of calcitriol, 
which may increase the rate of calcidiol catabolism and 
further deplete the body’s store of vitamin D.205 Typi-
cally, in vitamin D deficiency serum concentrations of 
calcidiol are low, whereas calcitriol values may be normal, 
high, or low depending on whether vitamin D deficiency 
is modest, moderate, or severe. Serum concentrations of 
osteocalcin are low; serum levels of PICP (a marker of 
bone formation) and ICTP and urinary excretion of NTx 
(markers of bone resorption) are substantially increased 
in infants with vitamin D–deficiency rickets, indicating 
increased collagen turnover in this disorder.221 With 
treatment these values increase transiently and then fall 

to age-appropriate norms before radiographic healing of 
the rachitic lesions is complete.

Prevention of vitamin D deficiency is its most effective 
management. Because the amount of vitamin D in human 
breast milk is approximately 20 to 25 IU/L and vitamin D 
supplementation of the breastfeeding mother may be 
inadequate to ensure normal calcidiol levels in her infant 
(unless she is receiving approximately 2000 IU/day),  
it is important that all breastfed infants receive a supple-
ment of vitamin D daily (400 IU/day); by extension this 
recommendation is also appropriate for infants who are 
not receiving adequate amounts of vitamin D in their 
prepared formulas or diet or have suboptimal exposure to 
sunlight. In the active, lightly dressed white child with 
skin that normally tans with exposure to sunlight and 
who plays outdoors 30 minutes thrice weekly or 10 to  
15 minutes daily between 1000 to 1500 hours during 
spring, summer, and fall, endogenous vitamin D synthe-
sis is usually sufficient to achieve satisfactory serum levels 
of calcidiol.205,208 A yellow- or brown-skinned child re-
quires 30 to 45 minutes of outdoor play, whereas a black-
skinned child requires 60 to 150 minutes of sunlight  
exposure to achieve serum calcidiol concentrations com-
parable to those of the white-skinned child. The latitude 
in which the child lives, season of the year, time of day, 
local environmental pollutants, amount of clothing, and 
use of sunscreen affect the time required for sunlight 
exposure to evoke adequate vitamin D synthesis in the 
individual child. Between November and February, little 
or no vitamin D can be synthesized in areas that are 
above 35 degrees latitude (such as Atlanta, Georgia), but 
vitamin D insufficiency is also prevalent in lower lati-
tudes.10,222 (It is somewhat ironic that an increase in the 
incidence of vitamin D deficiency in infants and children 
coincides with well-intentioned recommendations that 
exposure to sunlight be limited by sunscreen and protec-
tive clothing.) Obesity is another risk factor for hypovita-
minosis D and decreased bone mineralization.223,224 
In obese adolescents, serum concentrations of calcidiol 

Alkaline

Type Calcium Phosphate Phosphatase Calcidiol Calcitriol PTH

Calcium deficiency ce e cc N c c
Phosphate deficiency N,c e e cc N c N,e
Vitamin D deficiency
Mild N,e N,e c e N N
Moderate N,e e cc e e,N,c c
Severe e e cc e e e cc
Loss-of-function CYP2R1 (25-hydroxylase) e e c e e c
Loss-of-function CYP27B1 (25OHD-1a-

hydroxylase)
e e e e ccc N eee ccc

Loss-of-function VDR (resistance to calcitriol) e e e e ccc N ccc ccc
Loss-of-function PHEX (X-linked hypophos-

phatemic rickets)
N e e c N N,e N

Hypophosphatasia N,c N,c e N N N,e

TABLE 18-10 Laboratory Data in Rickets of Varying Pathogenesis

N, normal; e low; c high.
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are inversely and PTH values are directly related to fat 
mass.223 After diet and exercise-induced weight loss, 
abnormalities in serum levels of calcidiol and PTH are 
reversed, indicating that the aberrations seen in obese 
children are the consequence and not the cause of  
obesity.224 In a study of 236 adolescent candidates for 
bariatric surgery, more than 50% were vitamin D deficient 
as defined by low serum concentrations of calcidiol.225 
Although 43% of these subjects were Caucasian and 15% 
African American, 82% of the vitamin D–deficient pa-
tients were African American compared to 37% of the 
Caucasian adolescents.

Vitamin D deficiency in the infant may be managed 
by administration of vitamin D 1000 to 5000 IU/day for 
infants . 1 to 12 months of age.177 For the child who is 
1 year of age or older or an adolescent, vitamin-deficient 
rickets may be treated with 5000 to 10000 IU/day of 
vitamin D. At the beginning of treatment, elemental 
calcium (30 to 75 mg/kg/day in three divided doses per 
day) must also be administered to the vitamin D–deficient 
child receiving vitamin D in order to avoid the hypocal-
cemia that accompanies rapid remineralization of bone 
matrix (the “hungry bone syndrome”).177 When there is 
radiographic evidence of healing, the vitamin D dose is 
lowered to 400 to 600 IU/day. Alternative therapeutic 
regimens for treatment of rickets include 50,000 IU 
orally weekly for 8 weeks or the administration of a 
single oral (or intramuscular) dose of 150,000 to 600,000 
units of vitamin D3, depending on patient age and other 
individual circumstances.10,205 Serial measurement of 
total or bone-specific alkaline phosphatase values is an 
effective tool for monitoring the efficacy of treatment as 
levels decline progressively in tandem with the roent-
genographic healing of the rachitic lesions. To avoid 
hypocalcemia or hypercalcemia, hypercalciuria, and 
nephrocalcinosis, serial determinations of serum values 
of calcium, phosphate, alkaline phosphatase, and creati-
nine and urinary excretion of calcium and creatinine 
should be determined. Sequential radiographs document 
reversal of rachitic changes (see Figure 18-8).

Rickets due primarily to a low dietary intake of  
calcium has been observed in infants who ingest low-
calcium containing formulas and in children from devel-
oping countries whose diets contain 200 mg (or less) of 
elemental calcium per day despite a normal intake of 
phosphate and adequate endogenous stores of vitamin D 
as determined by serum calcidiol levels.205 Calcium 
intake in these infants and children is well below that 
recommended (400 to 600 mg/day in infants; 700 mg/day 
in children below 4 years of age; 1000 to 1300 mg/day  
in older children and adolescents). Histologically, bone 
biopsies from children with calcium-deficiency rickets 
reveal widened seams of unmineralized osteoid and low 
bone turnover rates, findings compatible with rickets.  
In Nigerian infants, rickets due to vitamin D deficiency 
is most prevalent between 4 to 12 months of age. In 123 
older Nigerian children (34 to 63 months of age) with 
rickets, low serum concentrations of calcium, normal 
phosphate levels, normal to low calcidiol and elevated 
calcitriol concentrations, administration of calcium alone 
(1000 mg daily in divided doses orally over 24 weeks) 
resulted in more rapid decline in serum levels of alkaline 

phosphatase and in radiographic healing of rickets than 
did administration of vitamin D (600,000 IU intramuscu-
larly at inception of the study and again 12 weeks later), 
data supportive of the concept that calcium deficiency 
alone was the cause of the rickets in this population.226 
Interestingly, calcidiol values rose and calcitriol levels 
declined with calcium supplementation alone, suggesting 
that a low-calcium diet and attendant calcium deficiency 
led to increased secretion of PTH and accelerated con-
version of calcidiol to calcitriol. Calcium-deficiency  
rickets also occurs in the United States when infants and 
children are weaned to low-calcium–containing foods 
after completion of breastfeeding.219 Calcium deficiency 
rickets may also develop as a consequence of impaired 
intestinal absorption of dietary calcium that has been 
bound by ingestion of high-fiber and phytate-containing 
cereals. In a study of 67 Indian children with nutritional 
rickets, the ingestion of a diet high in phytate was larger 
and the intake of calcium was 50% of that of an age- and 
gender-matched, clinically well control population.206 
There was an inverse correlation between dietary calcium 
intake and radiologic severity of rickets. However, in 
both populations serum concentrations of calcidiol were 
below 20 ng/mL and not significantly different from one 
another. These data led to the conclusion that clinical 
and radiologic manifestations of rickets in this population 
of Indian children were dependent on the co-occurrence 
of both calcium and vitamin D deficiencies. Calcium  
deficiency is best addressed by its prevention, ensuring 
adequate intake of this element according to established 
guidelines for growing children and adolescents. When 
present, calcium-deficiency rickets may be effectively 
treated by ensuring an intake of 1000 to 1500 mg  
of elemental calcium daily for 6 months with provision of 
normal amounts of vitamin D by sunlight exposure or 
supplementation.227

Dietary phosphate deficiency is unusual because phos-
phate is present in large amounts in most foods. Phos-
phate deficiency occurs in patients with depressed renal 
tubular reabsorption of phosphate (Tables 18-9 and 
18-11A), in subjects with decreased intestinal phosphate 
absorption, in those receiving parenteral nutrition with 
fluids low in phosphate, in subjects ingesting large 
amounts of aluminum-containing antacids as aluminum 
and phosphate coprecipitate in the intestinal tract, and in 
premature infants drinking human breast milk without 
supplemental phosphate.227,228 In very premature infants 
receiving long-term parenteral nutrition, development of 
metabolic bone disease is frequent and related not only to 
deficiencies of calcium, phosphate, and vitamin D but 
also to excess aluminum in the infusates. Infants receiv-
ing large amounts of aluminum containing antacids over 
prolonged periods for treatment of gastroesophageal re-
flux may also have substantially low bone mass. Alumi-
num lowers the rate of bone formation by several mecha-
nisms: administered orally aluminum binds intestinal 
phosphate, thereby impeding its absorption leading to 
phosphate depletion; administered intravenously during 
total parenteral nutrition or during hemodialysis, alumi-
num inhibits osteoblastic function and prevents mineral-
ization of osteoid; it also impairs the secretion of  
PTH and decreases 25OHD-1a hydroxylase activity.227 
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TABLE 18-11A Disorders of Phosphate Homeostasis in Children

Modified from Ward, L. M. (2005). Renal phosphate-wasting disorders in childhood. Pediatr Endocrinol Rev, 2, 342–350; Imel, E. A., & 
Econs, M. J. (2012). Approach to the hypophosphatemic patient. J Clin Endocrinol Metab, 97, 696-706.

I Hypophosphatemia

A Decreased Intestinal Absorption
 1 Decreased intake/absorption: parenteral hyperalimen-

tation, antacid abuse, starvation (anorexia nervosa), 
alcoholism

 2 Malabsorption: vitamin D deficiency, metabolism,  
function

B Increased Urinary Excretion
 1 Hypophosphatemic rickets: X-linked (PHEX), autosomal 

dominant (FGF23), autosomal recessive (DMP1, ENPP1), 
hereditary autosomal recessive with hypercalciuria 
(SLC34A3), X-linked recessive (CLCN5), tumor-induced 
osteomalacia, linear sebaceous nevus syndrome, fibrous 
dysplasia (GNAS)

 2 Renal tubular defects: Dent and Fanconi syndromes, 
postrenal transplantation, hypomagnesemia, fructose  
intolerance, macrophage activation syndrome

 3 Hyperparathyroidism, acidosis, respiratory alkalosis
 4 Drugs: diuretics (thiazides, acetazolamide, loop diuretics), 

iron polymaltose infusions, bicarbonate, glucocorticoids, 
calcitonin, antineoplastic agents (ifosfamide, cisplatin), 
antiretroviral agents (tenofovir, adefovir), mannitol, 
bisphosphonates

 5 Expansion of extracellular fluid volume

C  Transcellular Shifts from Extracellular to Intracellular Space
 1 Recovery from diabetic ketoacidosis/insulin administra-

tion, sepsis, salicylate intoxication
 2 Administration of glucose, catecholamines; nutritional 

repletion, “hungry” bone syndrome
 3 Respiratory alkalosis

II Hyperphosphatemia

A Increased Intake
 1 Intravenous, oral, rectal

B Decreased Urinary Excretion
 1 Renal insufficiency
 2 Hypoparathyroidism, acromegaly
 3 Pseudohypoparathyroidism (GNAS)
 4 Familial tumoral calcinosis (FGF23, GALNT3)
 a Hyperostosis hyperphosphatemia syndrome (FGF23, 

GALNT3)
 5 Drugs: growth hormone, bisphosphonates

C Excess Bone Resorption
 1 Severe illness: acidosis (metabolic or respiratory), hemo-

lytic anemia, diabetic ketoacidosis, hepatitis, catabolic 
states, rhabdomyolysis, hyperthermia

 2 Drugs: cytotoxic therapy

Patients requiring total parenteral nutrition should  
receive as much calcium and phosphate as can be adminis-
tered safely as well as supplemental vitamin D 400 IU/day. 
Periodic measurements of serum levels of calcium, phos-
phate, alkaline phosphatase, PTH, and calcidiol, and  
serial skeletal radiographs and estimations of skeletal 
mineralization are recommended in patients receiving 
total parenteral nutrition; if metabolic bone disease de-
velops in spite of these efforts, serum aluminum levels 
should be measured and if elevated (. 100 mg/L) a search 
for the source of the aluminum should be initiated and 
that product eliminated from the infusate if possible. 
Cadmium, fluoride, and saccharated ferric oxide are also 
able to impede normal bone mineralization.227

Metabolic and functional defects of vitamin D lead to 
rare forms of rickets.208,229 Rickets due to a deficit in 
25-hydroxylation (vitamin D hydroxylation-deficient 
rickets, type 1B [VDDR1B], MIM 600081) has been 
described in two brothers of Nigerian origin in whom a 
homozygous loss-of-function mutation (Leu99Pro) in 
CYP2R1 eliminated hydroxylase activity of this 501 
amino acid protein.230 Hypocalcemia, hypophosphate-
mia, skeletal abnormalities of rickets, low plasma levels 
of calcidiol, and normal values of calcitriol were present 
in these siblings. 25-Hydroxylase deficiency transmitted 
as a dominant disorder not due to a mutation in the 
coding exons or intronic regions of CYP2R1 has also 
been described.231 Vitamin D hydroxylation-deficient 
rickets, type 1A (VDDR1A) (MIM 264700), or pseudo-
vitamin D deficiency rickets (PDDR) type 1 is due to 
loss-of-function mutations in CYP27B1, the enzyme in 
the renal proximal tubule that catalyzes 1a-hydroxylation 

of 25OHD (calcidiol) to 1,25(OH)2D (calcitriol), the 
biologically active metabolite of vitamin D.232 
VDDR1A is an autosomal recessive disease whose clini-
cal manifestations—including bone deformities (bowing 
of the forearms), growth retardation, muscle weakness, 
delayed motor milestones (walking), or hypocalcemic 
seizures—appear between 6 and 30 months of age;  
hypoplasia of dental enamel may also occur; biochemi-
cally, hypocalcemia, hypophosphatemia, hyperphospha-
tasemia, and markedly elevated serum levels of PTH are 
typical; radiographs reveal rachitic deformities of the 
long bones.233 The diagnosis of VDDR1A is established 
by finding normal serum concentrations of calcidiol 
while calcitriol values are extremely low and do not in-
crease after administration of vitamin D or calcidiol, 
and the diagnosis is confirmed by identification of the 
mutation in CYP27B1 (see Table 18-10).

The clinical, biochemical, and radiographic manifes-
tations of VDDR1A resolve completely and reasonably 
rapidly following treatment with physiologic amounts 
of calcitriol (10 to 20 ng/kg/day). Treatment goals are 
restoration of eucalcemia without hypercalciuria, re-
sulting in increased muscular strength and healing of 
the rachitic lesions permitting normal growth.233 Life-
long therapy is necessary, but effective and compliant 
treatment leads to normalization of all biochemical pa-
rameters, normal linear growth and adult height, and 
normal bone mineralization. The dose of calcitriol of-
ten needs to be increased during pregnancy; however, 
gestation is uncomplicated and the offspring of affected 
mothers are normal.233 VDDR1A is found with high 
frequency in a Quebec French-Canadian population but 
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occurs in all races and in diverse geographic regions. 
CYP27B1 encodes a 508-amino-acid mitochondrial cy-
tochrome P450 hydroxylase with conserved sites that 
bind ferredoxin and heme and utilizes electrons from 
reduced nicotinamide adenine dinucleotide phosphate 
and oxygen to convert 25OHD to 1,25(OH)2D.229 Many 
loss-of-function missense, nonsense, splicing, and du-
plication or deletion/frameshift mutations in CYP27B1 
lead to inactive or truncated protein products that are 
unable to bind either substrate (calcidiol) or heme, the 
latter defect preventing electron transfer and inhibiting 
catalysis.229 The most common mutation in CYP27B1 in 
the Quebec French-Canadian population at-risk for 
VDDR1A is deletion of guanine at nucleotide 958  
(codon 88, exon 2) (958delG) that changes the reading 
frame resulting in premature termination of translation 
and an inactive product (the Charlevoix mutation). A sec-
ond common mutation in this population is duplication of 

a 7-base pair sequence in exon 8; however, this mutation 
is also found in patients of other ethnicities (Asian,  
Hispanic).

Homozygous or compound heterozygous inactivating 
mutations of VDR, the gene encoding the vitamin D re-
ceptor, lead to resistance to the biologic effects of cal-
citriol (autosomal recessive vitamin D–dependent rickets, 
type 2A [VDDR2A] or hereditary vitamin D–resistant 
rickets [MIM 277440]).229,232 Clinical and biochemical 
manifestations of resistance to calcitriol include severe 
infantile-onset bony deformities characteristic of rickets, 
growth retardation, varying degrees of alopecia, hypocal-
cemia, hypophosphatemia, hyperalkaline phosphatasia, 
and extraordinarily high serum concentrations of cal-
citriol (300 to 1000 pg/mL) and PTH; serum levels of 
25-hydroxyvitamin D are normal, whereas those of 
24,25-dihydroxyvitamin D are often low (see Table 18-10). 
Radiographic examination of the skeleton reveals rachitic 

Gene MIM/Chromosome Product Disorder MIM Inherit

HypopHospHatemia

DMP1 600980/4q22.1 Dentin matrix acidic  
phosphoprotein 1

Autosomal recessive 
HR1

241520 AR

ENPP1 173335/6q23.2 Ectonucleotide pyrophospha-
tase/Phosphodiesterase 1

Autosomal recessive 
HR2

613312 AR

SLC34A3 609826/9q34.3 Na1/PO4 cotransporter IIC: 
NaPi2c (NPT2c)

Hereditary (H) HR c 5 
with hypercalciuria

241530 AR

SLC34A1 182309/5q35.3 Na1/PO4 cotransporter: 
NaPi2a (NPT2a)

HR c nephrolithiasis 1 612286 AD

Fanconi syndrome 2 613388 AR
SLC9A3R1 604990/17q25.1 Na1/H1 exchange regulatory 

factor 1 (NHERF1)
HR c 5 with 

nephrolithiasis 2
612287 AD

FGF23 605380/12p13.32 FGF23 Autosomal dominant 
HR

193100 AD

PHEX 300550/Xp22.11 Phosphate regulating endopep-
tidase on the X chromosome

X-linked dominant HR 307800 X-link

CLCN5 300008/Xp11.23 Chloride channel 5 X-linked recessive HR 300554 “

OCRL 300535/Xq25-26 Phosphatidylinositol 
4,5-bisphosphate- 
5-phosphatase

Dent disease 1
Dent disease 2

300009
300555

“
“

KL 604824/13q13.1 Klotho (overexpression) HR c 5 with hyper-
parathyroidism

612089 AD

GNAS 139320/20q13.32 Guanine nucleotide binding 
protein, alpha

Fibrous dysplasia 174800

FGFR1 136350/8p11.23 FGF receptor 1 Osteoglophonic  
dysplasia

166250 AD

PTH1R 168468/3p21.31 PTH receptor 1 Jansen metaphyseal 
chondrodysplasia

156400 AD

Hyperphosphatemia
FGF23 605380/12p13.32 FGF23 Tumoral calcinosis 211900 AR
KL 604/824/13q13.1 Klotho “ “ “
GALNT3 601756/2q24.3 UDP-N-acetyl-alpha-D-galactos-

amine: polypeptide N-acetyl-
galactosaminyltransferase 3

“ “ “

TABLE 18-11B Disorders of Phosphate Homeostasis

Adapted from Gattineni, J., & Baum, M. (2012). Genetic disorders of phosphate regulation. Pediatr Nephrol, 27, 1477–1487; Hori, M., 
Shimizu, Y., & Fukumoto, S. (2011). Minireview: fibroblast growth factor 23 in phosphate homeostasis and bone metabolism.  
Endocrinology, 152, 4–10.

HR, hypophosphatemic rickets.
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changes. The high calcitriol values reflect the combined 
stimulatory effects of hypocalcemia, hypophosphatemia, 
and secondary hyperparathyroidism on the activity of 
25OHD3 1a-hydroxylase together with a decrease in its 
rate of catabolism due to depressed activity of calcitriol-
dependent 1,25a-dihydroxyvitamin D3 24-hydroxylase. 
Alopecia is the result of impaired vitamin D function in 
epithelial nuclei and those of the outer root-sheath cells 
of the hair follicle. Loss-of-function mutations (particularly 
in the DNA-binding region) of VDR result in a pheno-
copy of the generalized alopecia associated with loss of 
HR function (hairless; MIM 602302, chromosome 
8p21.2); interestingly, the role of the VDR in the main-
tenance of normal hair growth is not dependent on its 
binding to ligand.232,234

Although VDDR2A is primarily manifested during in-
fancy and early childhood, clinical manifestations of this 
disorder may vary and patients with milder defects in VDR 
may not be identified until adolescence or adulthood. Spon-
taneous remission of the rachitic process may occur, most 
often between ages 7 and 15 or when the patient enters  
puberty.235 Indeed, after puberty in many patients with 
VDDR2A, serum levels of calcium, phosphate, and alka-
line phosphatase normalize and calcium supplementation 
is no longer needed.235,236 Apparently, the skeletal re-
quirement for calcium declines after completion of  
bone growth, and vitamin D–independent mechanisms 
of intestinal calcium absorption develop. In a study of  
17 patients with VDDR2A between 1.5 and 37 years of 
age, biochemical parameters improved, the need for 
supplemental calcium declined, and BMD by DEXA 
normalized in the latter half of the second decade of life, 
whereas serum calcitriol values remained elevated.236 
Examination of intestinal calcium absorption revealed 
that the fractional absorption of calcium for patients who 
ingested a low-calcium diet was substantially lower than 
that for control subjects in young patients; in patients  
18 to 26 years of age, the fractional absorption of calcium 
was significantly higher than control values; in adult  
patients, the fractional absorption of calcium was similar 
to control data. Nevertheless, the growth impairing  
effects of severe childhood rickets persisted into adult-
hood in the majority of patients.236

The diagnosis of VDDR2A is established by the pres-
ence of elevated serum concentrations of calcitriol in the 
rachitic patient (in the absence of administration of exog-
enous calcitriol) and confirmed by identification of the 
loss-of-function mutation in VDR. The VDR is composed 
of DNA-, ligand-, and retinoic X receptor-binding domains 
and a transactivation domain to which many comodulators 
of VDR function are recruited. The VDR and RXR bind 
as a heterodimeric transcription-activating complex. Loss-
of-function mutations have been found in each VDR  
domain: thus, the mutated VDR may be unable to bind 
calcitriol because of decreased receptor number or affinity 
for ligand, incapable of forming heterodimers with the 
retinoic X receptor or of translocating to the targeted gene 
in the nucleus, or unable to bind to the vitamin D response 
element (VDRE) or to initiate gene transcription once 
bound to the VDRE (Figure 18-9). More than 30 distinct 
heterozygous mutations in VDR have been identified scat-
tered throughout the VDR protein but with a large number 

of variants in the ligand binding domain.229 In general, 
patients with vitamin D–resistant rickets without alopecia 
may be more responsive to treatment. Administration of 
high doses of calcitriol (1 to 6 mg/kg/day) and supplemental 
calcium (1 to 3 g of elemental calcium daily) has been  
effective in increasing serum calcium concentrations and 
healing rickets in patients with nonsense and missense 
mutations in VDR that lead to decreased affinity for ligand 
or alter nuclear targeting; it is appropriate to provide a trial 
of high-dose calcitriol/calcium therapy to each patient 
with vitamin D–resistant rickets regardless of the VDR 
mutation.232 During treatment, serum values of calcium, 
phosphate, alkaline phosphatase, creatinine, and PTH, 
urinary calcium and creatinine excretion, skeletal radio-
graphs, and renal ultrasounds for development of nephro-
calcinosis are monitored serially. In patients refractory to 
oral therapy, continuous intravenous or intracaval admin-
istration of large amounts of calcium (0.4 to 1.4 grams of 
elemental calcium/m2/day) normalizes calcium, phos-
phate, alkaline phosphatase, and PTH values; heals rickets; 
and increases the growth rate in selected children. If this 
mode of therapy is employed, careful monitoring for cath-
eter sepsis and cardiac arrhythmia as well as hypercalce-
mia, hypercalciuria, and nephrocalcinosis is mandatory. 
After healing of the rickets by parenteral calcium, mainte-
nance therapy with large doses of oral calcium (3.5 to  
9 grams of elemental calcium/m2/day) is appropriate. In 
younger infants with vitamin D–resistant rickets prior to 
the development of florid rickets, high doses of oral cal-
cium may ameliorate the rachitic process. These clinical 
observations indicate that the major defect in patients with 
vitamin D–resistant rickets is lack of calcium. With treat-
ment, growth may normalize in patients with vitamin D 
resistance, but alopecia, if present, is unlikely to resolve.235 
As already noted, spontaneous improvement may occur in 
some patients with VDDR2A during and after puberty.236

Vitamin D–dependent rickets, type 2B (VDDR2B, 
MIM 600785) is a second form of resistance to vitamin D 
with a phenotype similar to that of VDDR2A (except that 
alopecia is unusual) but with an intact vitamin D nuclear 
receptor; VDDR2B is due to inhibition of binding of the 
liganded VDR-retinoic X receptor heterodimer to the 
VDRE by members of a family of heterogeneous nuclear 
ribonucleoproteins.237,238 HNRNPC encodes heteroge-
neous nuclear ribonucleoprotein C, an RNA binding 
protein; it is one of several ribonucleoproteins that are able 
to bind the VDRE and thereby to inhibit its transactivation 
by the VDR-retinoic X receptor heterodimer.238 The 
mechanism by which overexpression of these otherwise 
normal ribonucleoproteins occurs and the relationship of 
this observation to VDDR2B are unknown at present.

Phosphopenic Rickets.   Hypophosphatemia in childhood 
may be due to hereditary or acquired disorders (Tables 18-8, 
18-9, 18-11A, and 18-11B). Acute hypophosphatemia is 
accompanied by irritability, paresthesias, confusion, muscle 
weakness, and ileus.239 Chronic hypophosphatemia in chil-
dren is often manifested by rickets. Hypophosphatemia 
may be the consequence of the movement of extracellular 
phosphate into cells (during treatment of diabetic ketoaci-
dosis with insulin as the intracellular phosphorylation of 
carbohydrates increases, acute respiratory alkalosis due to 
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hyperventilation, sepsis), impaired intestinal absorption of 
phosphate (vitamin D deficiency, chronic ingestion of  
magnesium or aluminum containing antacids, chronic  
diarrhea or steatorrhea), or increased renal phosphate wast-
ing (secondary to increased secretion of PTH or primary 
due to intrinsic abnormalities in the mechanisms that  
control renal tubular reabsorption of this anion). Hypo-
phosphatemia is observed in nutritionally deprived subjects 
such as the LBW neonate or older patient who is dependent 
on parenteral alimentation, those with severe anorexia, or 
those who are addicted to alcohol. Hypophosphatemia  
occurs in many critically ill patients, especially those  
with sepsis. Rapid remineralization of osteopenic bone is 
accompanied by hypophosphatemia and hypocalcemia (the 
“hungry bone syndrome”). Most frequently, chronic hypo-
phosphatemia is the result of hyperphosphaturia, due to 
either a primary or a secondary defect in the regulation of 
renal tubular phosphate reabsorption in the proximal 
(where 60% to 70% of the filtered load is reabsorbed) or 
distal (where 10% to 15% of filtered phosphate is reab-
sorbed) renal tubule.228,239 Thus, increased secretion of 
PTH due to primary hyperparathyroidism or secondary to 
vitamin D deficiency or some other cause can lead to  

hyperphosphaturia and hypophosphatemia. The Fanconi 
syndromes are characterized by multiple functional renal 
tubular defects including phosphate reabsorption. Renal 
tubular defects that specifically impede the processes 
through which phosphate is reabsorbed by the renal tu-
bules include abnormalities of transcellular transport of 
phosphate and excessive production of phosphaturic sub-
stances other than PTH such as fibroblast growth factor 23 
(FGF23) and other phosphatonins (minhibins) and their 
cofactors.

In developed countries where severe vitamin D– 
deficiency rickets is not a common problem, X-linked 
dominant hypophosphatemic rickets (XLHR) is the  
most frequent form of rickets encountered (1:20,000 
births). XLHR is due to loss-of-function mutations in 
PHEX (PHosphate-regulating Endopeptidase homo-
logue, X-linked) encoding a zinc metallopeptidase  
expressed by bone cells (discussed later).240 XLHR is mani-
fested in both affected hemizygous males and heterozygous 
females, albeit with substantial inter- and intrafamilial  
variability in its clinical expression. Physical findings in 
children with XLHR include short stature; genu varum  
or valgum that develops when the infant begins to walk; 
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flaring of the metaphyses; rachitic rosary; frontal bossing; 
increased frequency of dental decay or periradicular ab-
scesses in teeth free of caries; and bone, muscle, and joint 
aching and stiffness. Craniotabes, tetany, and muscular 
weakness are not found in patients with XLHR as they are 
in those with vitamin D deficiency. Because they are no 
longer growing, adults with XLHR have osteomalacia, 
bone pain, an increased fracture rate, and frequent dental 
abscesses; they may also develop stenosis of the spinal canal 
and progressive ankylosis of the vertebrae and large joints. 
Enthesopathy—the calcification of tendons, ligaments, and 
joint capsules—is common in adults with XLHR and may 
also occur in children with XLHR. Although completely 
penetrant, the clinical expression of XLHR may vary 
widely among affected families and among affected children 
in the same family.241 Although serum levels of total 
calcium and Ca21 are normal, hypophosphatemia is marked 
due to its urinary wastage because of substantially de-
creased renal tubular reabsorption of filtered phosphate 
and limited intestinal absorption of this anion. Serum  
concentrations of PTH and calcidiol are normal, but  
calcitriol values are inappropriately low for the degree of 
hypophosphatemia; serum alkaline phosphatase activity is 
increased.242 Many of these biochemical abnormalities are 
present in the affected patient within the first several 
months after birth. Because the serum Ca21 concentration 
is normal, secondary hyperparathyroidism does not occur 
unless the patient with XLHR receives excessive amounts 
of supplemental phosphate (discussed later). Normally, 
phosphate induces differentiation and death of hypertrophic 
chondrocytes in the cartilage growth plate by activating  
the mitochondrial apoptotic pathway that is caspase  
9 dependent.232,243 Thus, hypophosphatemia leads to a 
delayed loss and increased numbers of hypertrophic chon-
drocytes and expansion of the growth plate characteristic  
of rickets. Histomorphometrically in XLHR, unmineral-
ized osteoid accumulates along the trabeculae within  
cancellous bone.

Classical XLHR is caused by loss-of-function muta-
tions in PHEX, a 22 exon gene that encodes a 749-amino-
acid integral membrane protein with very long extracel-
lular (702 amino acids), transmembrane (27 amino acids), 
and short intracellular (20 amino acids) domains that 
structurally resembles several neutral endopeptidases 
(e.g., endothelin-converting enzyme-1, Kell antigen). 
The extracellular domain has 10 conserved cysteine resi-
dues and a pentapeptide motif (His-Glu-Phe-Thr-His) 
characteristic of zinc metallopeptidases that may either 
convert propeptides to active forms or degrade and inac-
tivate their substrates. PHEX is expressed on the surface 
of osteoblasts and osteocytes as well as by teeth, muscle, 
lung, liver, testis, and ovary; PHEX transcription by 
osteoblasts is down-regulated by calcitriol.241,244 In most 
patients with XLHR, inactivating mutations of PHEX 
have been found primarily in the extracellular domain 
and include frameshift deletions (16%), duplications, in-
sertions (8%), deletional-insertional, splice site (15%), 
nonsense (27%), and missense (34%) mutations, many in 
exons 15 and 17; a mutation has also been identified in 
the 59-untranslated region (A d G transversion 429 bp 
upstream of the ATG initiation site) (Figures 18-10A, 
10B).240,245 Because PHEX is a glycosylated protein, 

failure of glycosylation leads to its sequestration within 
the endoplasmic reticulum, thus impeding its movement 
(trafficking) to the cell membrane; other mutations inter-
fere with the catalytic function of the protein or its three-
dimensional conformation. Mutations in PHEX arise 
spontaneously in more than 20% of patients with XLHR. 
There is no correlation between the location or type  
of mutation in PHEX and the clinical manifestations or 
severity of the disease.241,245,246

Fibroblast growth factor (FGF)-23 is a substance syn-
thesized by osteoblasts and osteocytes that inhibits phos-
phate reabsorption by the renal tubule and when secreted 
in excess leads to hyperphosphaturia and consequent 
hypophosphatemia.247 Serum concentrations of FGF23 
are high in patients with XLHR and are inversely corre-
lated with serum phosphate values. FGF23 is synthesized 
as a 251-amino-acid protein; after removal of the 
24-amino-acid signal sequence, mature FGF23 circulates 
as both 227- and 154-amino-acid glycosylated peptides, 
the latter isoform lacking the 73-amino-acid carboxyl 
terminal sequence.247 Acting through its receptor (FGFR1) 
and coreceptor (a-klotho), FGF23 inhibits sodium-
dependent phosphate uptake by renal proximal tubular 
cells and depresses 25OHD-1a hydroxylase activity and 
thus synthesis of calcitriol. These two bioactivities define 
a “phosphatonin,” a family of phosphaturic agents that 
includes, in addition to FGF23, matrix extracellular 
phosphoglycoprotein (MEPE) and serum frizzled related 
protein-4 (sFRP4).239,248 FGF23 inhibits phosphate reab-
sorption by down-regulating expression of SLC34A1 
and SLC34A3, respectively, encoding type II (a and c) 
sodium-phosphate cotransporters (NPT2a, NPT2c) in 
the apical membranes of the proximal renal tubule by 
facilitating their internalization and removal from the renal 
tubule brush border and thereby depressing reabsorption 
of filtered phosphate.239 FGF23 also down-regulates ex-
pression of CYP27B1 encoding 25-hydroxyvitamin D-1a 
hydroxylase, thus decreasing the synthesis of calcitriol. 
FGF23 is expressed and secreted primarily by osteoblasts 
and osteocytes; FGF23 is coexpressed with PHEX in 
these cells. Although FGF23 is inactivated by cleavage 
between amino acids Arg179 and Ser180, it is not a bio-
logic substrate for PHEX.249 Rather, FGF23 is cleaved 
by subtilisin-like proprotein and furin-like convertases. 
Disruption of the regulatory mechanism(s) that result in 
increased FGF23 synthesis in patients with XLHR is 
unknown but may involve products of PHEX, DMP1, 
and ENPP1.247,250

Although FGF23 is not a physiologic substrate of 
PHEX, a phosphorylated peptide derived from another 
phosphatonin (MEPE) may well be the primary PHEX 
substrate.250-253 MEPE, a 525-amino-acid noncollage-
nous protein secreted by osteoblasts, is found in extra-
cellular bone matrix, teeth, and brain. Because MEPE 
inhibits renal tubular uptake of phosphate and depresses 
synthesis of calcitriol, it is a phosphatonin. MEPE is also 
one of the SIBLING (short integrin-binding ligand- 
interacting glycoprotein) group of noncollagenous matrix 
proteins whose members include, in addition to MEPE, 
osteopontin, bone sialoprotein, dentin matrix protein 1, 
and dentin sialophosphoprotein 1. MEPE contains an 
acidic serine aspartate-rich MEPE-associated motif 
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c.16.delGG
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c.610–663.del
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c.1400–1404
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c.2137–2141.del/ins
c.2164–2197.del/ins
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c.1991.ins
c.1993.delA

c.1404.delG
c.327.delT

PHEX Frameshift Mutations

FIGURE 18-10 n Missense (A) and frameshift (B) mutations in PHEX resulting in X-linked recessive hypophosphatemic rickets. (From 
PHEXdb, McGill University, Montreal, Quebec, www.phexdb.mcgill.ca/Missense.html and www.phexdb.mcgill.ca/Frameshift.html.)

A

amino acids

NH2–

Cytoplasmic
Region

Cysteine residues

–COOH

Extracellular
Domain

Zinc-binding
Motif

Transmembrane
Domain

1 39 63 117 146 221 244 283 311 360 391 434 468 494 529 548 567 590 633  655 690 716 749

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22exons

F80S D237G

C746W

L555P A720TN680KQ621R

L160R W530C C693Y
G572D
A573D

W749S
W749R

S141P
C142F

C77S
C85R
C85Y
C85F

L138P F252S
M253I

Y317F L378P

PHEX Missense Mutations

R510P C733S
C733R

R567P F731Y

S711RR651PG579R
G579V

P534LR166C

http://www.phexdb.mcgill.ca/Missense.html
http://www.phexdb.mcgill.ca/Frameshift.html


18  Disorders of Mineral Homeostasis in Children and Adolescents 791

(ASARM) in its carboxyl terminal region that can be 
released by cathepsin B; phosphorylated (p)ASARM 
binds avidly to hydroxyapatite. A noncatalytic property 
of PHEX is its ability to bind to MEPE, thereby pre-
venting proteolytic degradation of MEPE by cathepsin 
B and thus preventing the release of ASARM. In the 
absence of normal PHEX-MEPE binding, ASARM is 
released from MEPE by cathepsin B, and then its serine 
residue is phosphorylated. In patients with XLHR, se-
rum ASARM levels are increased. Serine-phosphory-
lated pASARM coats the surface of hydroxyapatite by 
interacting with its calcium atoms; it thus impairs fur-
ther deposition of calcium and phosphate and thereby 
inhibits mineralization. pASARM is also a substrate for 
the enzymatic activity of PHEX, which proteolytically 
cleaves the peptide between serine-glutamate and serine-
aspartate residues; by doing so, PHEX destroys pASARM 
and prevents pASARM-mediated inhibition of bone 
mineralization. Although nonphosphorylated ASARM 
also binds (weakly) to hydroxyapatite, inhibits mineral-
ization, and can be enzymatically cleaved by PHEX, the 
role of nonphosphorylated ASARM in the mineraliza-
tion process is as yet incompletely understood. Accord-
ingly, in XLHR the primary pathophysiologic abnor-
malities appear to be the failure of mutated, bioinactivated 
PHEX (1) to bind to MEPE and thereby to inhibit the 
cathepsin B–mediated proteolytic cleavage of MEPE 
and release of ASARM and (2) to destroy enzymatically 
the pASARM derived from MEPE and thereby permit 
pASARM to coat hydroxyapatite and inhibit mineraliza-
tion. In addition to the role of PHEX-pASARM in the 
pathogenesis of XLHR, the two phosphatonins—FGF23 
and MEPE—present in excess exacerbate the mineral-
ization defect by impairing renal tubular reabsorption of 
phosphate thus increasing renal phosphate excretion and 
decreasing the supply of phosphate ions necessary for 
the construction of hydroxyapatite and by decreasing  
the synthesis of calcitriol, thus depressing the intesti-
nal absorption of calcium. There is a feedback rela-
tionship between pASARM and FGF23 as pASARM 
increases expression of FGF23 in bone cells.253 Inas-
much as ASARM motifs are present in all SIBLING 
proteins, pASARM is also derived from osteopontin, 
providing another source of a peptide that is able to 
bind to and inhibit mineralization of hydroxyapatite; 
osteopontin-derived pASARM is also a PHEX sub-
strate.250,252 The pathophysiologic roles of osteopontin 
and its pASARM moiety in XLHR are uncertain at 
present.

Normally, FGF23 values are highest in young infants 
and decline during child and adolescence to adult values 
(approximately 30 pg/mL utilizing an immunometric assay 
that detects intact FGF23). FGF23 levels increase with 
phosphate loading and decline in response to phosphate 
deprivation.254 Elevated levels of FGF23 are present in 
patients with many forms of hypophosphatemic rickets  
including XLHR, autosomal dominant and recessive hypo-
phosphatemic rickets, the disorders of McCune-Albright, 
osteoglophonic dysplasia, and Jansen-type metaphyseal 
chondrodysplasia, the linear nevus sebaceous syndrome, 
and tumor induced rickets/osteomalacia.255 Serum PTH 

concentrations are normal in subjects with primary hypo-
phosphatemia due to an abnormality in renal tubular  
resorption of phosphate—either intrinsic to the renal cell 
or mediated by a circulating phosphatonin.240 Secondary 
hyperparathyroidism as a cause of hypophosphatemia may 
be suspected by the presence of elevated serum concentra-
tions of PTH (e.g., vitamin D deficiency).

The diagnosis of XLHR is established when the typical 
family history (if the patient does not carry a de novo muta-
tion), clinical findings (deformities of the lower extremities, 
flaring of the metaphyses), roentgenographic (rachitic 
changes) and laboratory data (hypophosphatemia, hyper-
phosphaturia, inappropriately low serum level of calcitriol, 
normal serum concentration of PTH, calcium, creatinine, 
and 25OHD) are present and when other causes of hypo-
phosphatemia and hyperphosphaturia have been excluded 
(see Tables 18-8, 18-9, 18-10, and 18-11). The diagnosis of 
XLHR may be further confirmed by identification of the 
PHEX mutation, although no mutation in PHEX is de-
tected by current methods in perhaps half of patients with 
XLHR.246 Rarely, somatic and germline mosaicism for a 
mutation in PHEX may mimic autosomal dominant trans-
mission of hypophosphatemic rickets.256 The primary ther-
apeutic agents employed in the treatment of XLHR are 
calcitriol (25 to 70 ng/kg/day) administered in two daily 
doses with the larger dose given at night when PTH secre-
tion tends to increase and elemental phosphorus 0.25 to  
3 grams daily (beginning at a dose of 30 mg/kg/day  
and increasing to 70 mg/kg/day administered in four to six 
divided daily doses to a maximum of 3500 mg/day)  
depending on age, size, compliance, and response to  
therapy.240,241 Table 18-3 lists the preparations of oral phos-
phate; infants and young children may tolerate a phospha-
soda solution more readily than other preparations; when 
able, most older children prefer a chewable phosphate tab-
let to the powder form that is dissolved in water or juice. 
Acidic potassium phosphate products are preferred, as they 
do not increase intravascular volume and phosphate excre-
tion and do acidify the urine, thereby increasing the solu-
bility of calcium phosphate. Calcitriol (Rocaltrol; Roche 
Pharmaceuticals) is available as an oral solution at a con-
centration of 1 mg/mL and as either 0.25- or 0.5-mg cap-
sules. If hypercalcemia or hypercalciuria (urine calcium 
excretion more than 4 mg/kg/day) occurs during treat-
ment, the dose of calcitriol should be lowered; if that exac-
erbates the rachitic process, an agent (e.g., amiloride)  
that increases renal tubular resorption of calcium may be 
added cautiously to the therapeutic program. Frequent 
(every 3 months) clinical evaluation and measurement of 
serum and urine calcium, phosphate, alkaline phosphatase, 
creatinine levels, and serum intact PTH values are es-
sential to avoid hypercalcemia, hypercalciuria and neph-
rocalcinosis, and secondary hyperparathyroidism, as 
high doses of phosphate may lead to counterproductive 
secondary (and sometimes tertiary) hyperparathyroid-
ism. Two goals of therapy of XLHR are to maintain 
serum phosphate concentrations determined before a 
daytime dose of phosphate in the low normal range and 
alkaline phosphatase values within the high normal 
range. Renal sonograms prior to treatment and at 
12-month intervals during therapy to identify an early 
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stage of nephrocalcinosis and yearly skeletal radio-
graphs to assess the degree of healing of the rickets are 
recommended. Complete radiologic healing of XLHR 
is often difficult to attain. Development of nephrocalci-
nosis (and compromise of renal function in some pa-
tients) is directly related to the amount of phosphate the 
patient receives; hyperoxaluria has also been implicated 
in the pathogenesis of nephrocalcinosis. Co-management 
with an experienced orthopedist is important, as the 
orthopedist may prescribe braces or, in patients with 
extreme and progressive deformities, perform correc-
tive surgery. Femoral and tibial hemiepiphysiodeses  
are surgical procedures for the correction of limb defor-
mities in children with XLHR who are younger than  
10 years of age.257 Osteotomies may be required by 
older subjects.

The development of drugs that suppress FGF23 se-
cretion or interfere with its function would address one 
of the fundamental pathogenic mechanisms of XLHR. 
Calcitonin decreases serum FGF23 concentrations in 
patients with XLHR.258 In one study, after a single injec-
tion of 200 IU of salmon calcitonin to seven patients with 
XLHR, serum levels of FGF23 declined 23% in 4 hours 
and remained 12% below baseline values 16 hours after 
calcitonin administration. Serum levels of phosphate and 
calcitriol increased after calcitonin administration, 
whereas urinary phosphate excretion was not altered.258 
Whether calcitonin will prove to be an agent that can 
improve treatment of patients with XLHR remains to be 
explored. Very short-term administration of the calcimi-
metic cinacalcet to children with XLHR led to a suppres-
sion of phosphate-induced secretion of PTH, suggesting 
that this drug might be useful for preventing the second-
ary hyperparathyroidism that often develops when 
XLHR patients are treated with phosphate and calcitriol, 
but further data on the efficacy and safety of this agent in 
children with XLHR are required.

Although the birth length of children with XLHR is 
normal, growth rate is slow during the first several years 
of life, leading to progressive shortening of height. Many 
children with XLHR are significantly short by 5 years of 
age, although some patients (particularly girls) with 
minimal involvement may grow normally. Treatment of 
the older child with XLHR with calcitriol and phosphate 
may improve growth rate, in part due to correction of the 
deformities of the lower extremities. During puberty, 
gain in height is normal in boys (128.2 cm) and girls 
(124.2 cm) with XLHR; thus, the compromised adult 
stature in XLHR is related to impaired early childhood 
and preadolescent growth. In a series of 19 closely  
monitored children with XLHR, initiation of treatment 
with calcitriol and phosphate at a mean chronologic age 
of 4.2 months (range 7 weeks to 6 months, N 5 8) 
resulted in greater adult stature (20.2 versus 21.2 SDS) 
than when treatment began at a mean age of 2.1 years 
(range 1.3 to 8 years, N 5 11) with no difference in com-
plication rate (secondary hyperparathyroidism, nephro-
calcinosis, craniosynostosis) between the two groups.259 
The enhanced growth response to early treatment was 
likely related to the normal length and mild skeletal and 
biochemical signs of rickets in early infancy and the pre-
vention of more clinically significant bone disease as the 

child aged. Despite close adherence to treatment, many 
children with XLHR remain stunted in height due  
primarily to short lower limbs and retain mild to moder-
ate radiographic signs of rickets and mildly elevated  
serum alkaline phosphatase activities, although the extent 
of lower limb deformities is partially ameliorated by good 
compliance.260 Human growth hormone increases glo-
merular filtration rate, renal tubular resorption and  
serum concentrations of phosphate, and the rate of ac-
crual of bone mineral; it accelerates height velocity and 
the rate of increase in limb length of children with 
XLHR and may modestly increase adult stature in some 
but not very many subjects.261-263

Many untreated adults with XLHR are hypophospha-
temic; serum alkaline phosphatase activity is increased and 
osteomalacia is present on bone biopsy; nevertheless, these 
patients are often clinically asymptomatic except for fre-
quent dental abscesses, degenerative hip disease due to 
deformities of the lower limbs, and hearing impairment.240 
Occasionally, a female with XLHR may be clinically well 
despite isolated hypophosphatemia. Roentgenographic 
manifestations of XLHR in adults include thickening of 
the spinous processes and fusion of the vertebrae and ste-
nosis of the spinal canal. BMD determined by single and 
dual photon absorptiometry tends to be normal in adults 
with XLHR (despite the histomorphologic abnormalities), 
suggesting that most of these subjects are not at increased 
risk for osteoporotic fractures. However, in approximately 
25% of adults with XLHR there is clinical evidence of 
osteomalacia such as progressive lower limb deformities, 
bone pain, fractures, and pseudofractures. Treatment of 
selected adult XLHR patients with calcitriol and phos-
phate may be beneficial.241

Inactivating mutations in CLCN5 encoding a voltage-
gated proximal renal tubular chloride channel lead to  
X-linked recessive hypophosphatemic rickets with hyper-
calciuria, nephrocalcinosis, and renal failure (XLRH, 
MIM 300554) as well as X-linked nephrocalcinosis, neph-
rolithiasis, and renal failure (MIM 310468), and Dent 
disease (aminoaciduria, proteinuria, glycosuria, hypercal-
ciuria, nephrocalcinosis, nephrolithiasis; MIM 300009).264 
Mutations in different domains of this 12 exon, 746-amino-
acid transmembrane chloride channel result in varying 
clinical and biochemical manifestations; the Ser244Leu 
mutation in CLCN5 has been associated with X-linked 
recessive hypophosphatemic rickets.

Autosomal dominant hypophosphatemic rickets 
(ADHR, MIM 193100) is a partial phenocopy of XLHR 
with hyperphosphaturia and inappropriately normal or 
low serum levels of calcitriol that is due to mutations 
(Arg176Gln, Arg179Trp) in FGF23 that render the prod-
uct less susceptible to cleavage between amino acid resi-
dues 179 and 180 by subtilisin-like proteases and thus 
extend the biologic life and effects of this peptide.239,242,255 
ADHR may be incompletely penetrant, variable in age of 
onset (childhood to adult), and rarely self-limiting. The 
clinical, biochemical, and radiographic findings in ADHR 
are similar to those of XLHR except that ADHR subjects 
manifest muscle weakness as a consequence of hypophos-
phatemia. ADHR may be identified by its pattern of 
transmission and detection of a mutation in FGF23. 
Treatment involves administration of calcitriol and  
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phosphate with close serial monitoring both for safety 
and because hyperphosphaturia may occasionally resolve 
spontaneously.

Hypophosphatemic rickets with hyperparathyroidism 
(MIM 612089) is a disorder characterized by the onset of 
hypophosphatemia and diffuse parathyroid hyperplasia in 
infancy.265 Pathogenetically, it is considered to be the result 
of excessive production of a-klotho, the coreceptor with 
FGFR1(IIIc) for FGF23 that converts FGFR1(IIIc) into 
the specific FGF23 receptor that transduces the FGF23 
intracellular signaling pathway and its bioactivity. a-Klotho 
excess appears to enhance the production and bioactivity of 
FGF23 resulting in hyperphosphaturia and hypophospha-
temia and also to mediate parathyroid gland hyperplasia 
leading to excessive synthesis of PTH.247 In one patient 
with this disorder, excessive production of a-klotho 
was attributed to a spontaneously occurring balanced trans-
location between the long arms of chromosomes 9 and  
13 [2t(9;13)(q21.13;q13.1)] (near the site of KL) possibly 
involving a promoter region that permitted excessive  
expression of KL and synthesis of a-klotho.265

Autosomal dominant hypophosphatemia with uro-
lithiasis type 1 (MIM 612286) is due to monoallelic inacti-
vating mutations in SLC34A1 encoding the sodium-
phosphate cotransporter NPT2a (also designated 
NaPi-IIa). Haploinsufficiency of NPT2a in the brush 
border membrane of proximal renal tubular cells leads to 
diminished phosphate reabsorption, hyperphosphaturia, 
hypophosphatemia, increased synthesis of calcitriol with 
augmented absorption of intestinal calcium, hypercalci-
uria, formation of renal calculi, and osteopenia. Autoso-
mal recessive Fanconi syndrome with hypophospha-
temic rickets (MIM 613388) (also designated Fanconi 
renotubular syndrome 2) is due to biallelic inactivating 
mutations in SLC34A1 encoding the sodium-phosphate 
cotransporter NPT2a.266,267

Autosomal dominant hypophosphatemia with uro-
lithiasis type 2 (MIM 612287) is attributable to heterozy-
gous loss-of-function mutations in SLC9A3R1 encoding 
the sodium hydrogen exchanger regulatory factor 1  
(NHERF1).242,268,269 NHERF1 is an adaptor protein; one 
of its several functions is to anchor the sodium-phosphate 
cotransporter NPT2a to the brush border of the renal 
proximal tubule; another is to modulate PTH1R signal-
ing in response to PTH. Loss of NHERF1 function re-
sults in decreased expression of NPT2a at the apex of 
proximal renal tubular cells and thus in diminished renal 
tubular reabsorption of filtered phosphate, hyperphos-
phaturia, and hypophosphatemia. Hypophosphatemia 
leads to increased renal tubular synthesis of calcitriol and 
intestinal absorption of calcium resulting in mild hyper-
calcemia, hypercalciuria, and nephrolithiasis.270 Patients 
with mutations in SCL9A3R1 are also osteopenic. In 
these subjects, serum levels of PTH and FGF23 are  
normal.268

Hereditary hypophosphatemic rickets with hypercal-
ciuria (MIM 241530) is due to biallelic inactivating muta-
tions in SLC34A3 encoding the sodium-phosphate 
cotransporter NPT2c.266 This 599-amino-acid protein 
with eight transmembrane domains is located in the brush 
border of juxtamedullary proximal renal tubular cells. 
Loss of activity of NPT2c leads to hyperphosphaturia, 

hypophosphatemia, increased synthesis of calcitriol with 
augmented absorption of intestinal calcium, hypercalci-
uria, the formation of renal calculi, and rickets. Inasmuch 
as the regulation of calcitriol synthesis is normal in these 
subjects, its production is substantially elevated in re-
sponse to hypophosphatemia; thus, intestinal absorption 
of calcium and its urinary excretion are increased. Het-
erozygotic carriers of inactivating mutations in SLC34A3 
also have moderately increased serum concentrations  
of calcitriol, hyperphosphaturia, and hypercalciuria but 
do not have identified metabolic bone disease. Loss-of-
function missense and nonsense mutations have been 
found throughout the coding region of SLC34A3 as 
well as deletions in introns 9 and 10. This disorder  
may be treated with phosphate salts in conjunction  
with hydration and avoidance of a high-sodium diet; 
supplemental vitamin D is not needed and may even be 
detrimental.

Excessive production of FGF23 with hypophospha-
temic rickets and inappropriately low calcitriol values has 
also been documented in patients with autosomal reces-
sive hypophosphatemic rickets (discussed later), the  
McCune-Albright syndrome of fibrous dysplasia (MIM 
1740800) due to a gain-of-function mutations in GNAS; 
the linear nevus sebaceous syndrome (MIM 163200)  
related to postzygotic somatic gain-of-function muta-
tions in HRAS or KRAS; osteoglophonic dysplasia (MIM 
166250; craniosynostosis, rhizomelic shortening of the 
limbs, noncalcifying bone lesions) associated with acti-
vating mutations in FGFR1, opsismodysplasia (MIM 
258480), a spondylo(epi)metaphyseal dysplasia with de-
layed ossification, micromelia, platyspondyly, vertebral 
hypoplasia) attributed to biallelic inactivating mutations 
in INPPL1 encoding an inositol-1,4,5-trisphosphatase 
that hydrolyzes inositol-1,4,5-trisphosphate to inositol-
4,5-bisphosphate, an important transducer of intracellular 
signaling; Jansen type metaphyseal chrondrodysplasia 
(MIM 156400) due to constitutively activating mutations 
in PTH1R.248,255,271-273 In most of these disorders, there is 
excessive skeletal production of FGF23 of unknown 
pathogenesis, although it has been suggested that in  
situations in which the rate of bone remodeling is high, 
the production of FGF23 is also increased.247 Tumor-
induced osteomalacia/rickets is an acquired disorder due 
to excessive synthesis of one of several phosphatonins by 
a tumor of mesodermal origin. The majority of such tu-
mors have secreted FGF23, but these neoplasms have 
also synthesized produced frizzled related protein-4,  
matrix extracellular phosphoglycoprotein, and FGF7 all 
of which increase urinary phosphate excretion and  
suppress renal synthesis of calcitriol, albeit perhaps not to 
the same extent as FGF23.248,274 The identification of an 
FGF23 secreting tumor is dependent on the sensitivity  
of the FGF23 assay employed.275 Although unusual in 
children, tumor-induced osteomalacia/rickets has been 
described in this age group. For example, an 11-year-old 
girl had significant bone pain and functional limitation 
associated with biopsy-proven hypophosphatemic osteo-
malacia/rickets and markedly elevated serum levels of 
FGF23.276 Following removal of a benign fibro-osseous 
tumor from a small exostosis on a distal ulnar metaphysis, 
serum FGF23 concentrations normalized within 7 hours 
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postoperatively and phosphate levels were normal  
2 weeks later. Clinical symptoms abated and radiographic 
and histomorphometric abnormalities resolved within  
1 year after surgery. In an 11-year-old boy with severe 
bone pain, weakness progressing to confinement to a 
wheelchair, hyperphosphaturia and hypophosphatemia, 
elevated levels of FGF23 (1874 RU/mL) declined to 
normal values (43 RU/mL) within 48 hours after removal 
of a FGF23-containing hemangiopericytoma from his 
left iliac wing.277 This lesion had not been identified by 
routine roentgenograms, computed tomographic or 
magnetic resonance imaging, or technetium bone scan; 
the tumor was demonstrated only by gradient recall echo 
magnetic resonance imaging (Figure 18-11). Within 
2 weeks after surgery the lad was walking without assis-
tance, and several weeks thereafter he resumed normal 
activity.

Mutations in two genes result in autosomal recessive 
hypophosphatemic rickets (ARHR) that is clinically, bio-
chemically, pathogenetically, and histomorphometrically 
similar to XLHR and ADHR but distinguished by its 
mode of transmission and development of osteosclerosis 
at the base of the skull and in calvarial bones. ARHR type 
1 (ARHR1, MIM 241520) is due to biallelic loss- 
of-function mutations in the gene encoding dentin ma-
trix acidic phosphoprotein 1 (DMP1).255,278,279 DMP1 is a 
noncollagenous, serine-rich, bone matrix calcium-binding 
protein that is a secreted small integrin-binding ligand, 
N-linked glycoprotein (SIBLING) expressed by osteo-
cytes; DMP1 is important for bone mineralization and may 
also play a role in the regulation of FGF23 synthesis.250 
ARHR type 2 (ARHR2, MIM 613312) is due to biallelic 
loss-of-function mutations in the gene encoding ecto-
nucleotide pyrophosphatase/phosphodiesterase (ENPP1), 
a pyrophosphohydrolase expressed by chondrocytes  
and bone and plasma cells that hydrolyzes ATP to pyro-
phosphate, an inhibitor of bone mineralization.242,255 
The pathophysiology of bone disease due to ENPP1 

deficiency resembles that of hypophosphatasia due to  
a deficiency of alkaline phosphatase (discussed later). 
Mutations in ENPP1 have also been associated with gen-
eralized arterial calcification of infancy; indeed, the same 
genetic mutation in ENPP1 may be clinically expressed 
as either disease in the same family.280,281,282 Serum con-
centrations of FGF23 are elevated in these subjects, and 
calcitriol values are inappropriately normal; urinary  
calcium excretion is normal. The mechanism or mecha-
nisms by which loss of ENPP1 activity increases FGF23 
synthesis are unclear.

Increased urinary phosphate excretion due to  
acquired and heritable disorders of the proximal renal 
tubule is characteristic of the metabolic bone disease 
that accompanies various forms of the Fanconi syn-
drome of renal tubular acidosis, glucosuria, and amino 
aciduria (heritable: cystinosis, tyrosinemia, galactosemia, 
oculo-cerebral-renal syndrome, fructose intolerance, 
Wilson disease; acquired: renal transplantation, ne-
phrotic syndrome, renal vein thrombosis, mercury, lead 
and copper poisoning, outdated tetracycline).283 In 
addition to hypophosphatemia, acidosis contributes to 
the pathogenesis of bone disease in Fanconi syndrome 
by increasing the solubility of the mineral phase of bone 
and increasing urinary loss of calcium and by impairing 
conversion of calcidiol to calcitriol.

Hyperphosphatemia may be due to intrinsic gene vari-
ants or to exogenous causes such as excessive parenteral 
administration of phosphate or to the administration of 
phosphate containing enemas, an acutely increased rate  
of cellular destruction (crush injuries, rhabdomyolysis, 
during chemotherapy for malignancy), a decreased rate  
of renal phosphate excretion (renal failure), impaired se-
cretion or action of PTH, and during administration  
of some bisphosphonates (see Tables 18-11A and B).239 
Hyperphosphatemic familial tumoral calcinosis (MIM 
211900) is an autosomal recessive disorder characterized 
by progressive deposition of calcium phosphate in soft  

FIGURE 18-11 n Demonstration by gradient recall echo magnetic resonance imaging of a FGF23 producing hemangiopericytoma in the 
left iliac wing of an 11-year-old boy with tumor-induced rickets. (From Shulman, D. I., Hahn, G., Benator, R., et al. (2004). Tumor-induced 
rickets: usefulness of MR gradient echo recall imaging for tumor localization. J Pediatr, 144, 381–385.)
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tissues and in periarticular regions of the long bones, 
manifested clinically by periarticular masses of ectopically 
deposited calcium and at times by complaints of bone 
pain.284 Cortical bone hyperostosis and periosteal eleva-
tion are common radiologic findings. The disorder is due 
to the decreased availability of biofunctional FGF23 due 
to loss-of-function mutations in FGF23 itself, the rapid 
degradation of FGF23 because it has not been glycosyl-
ated due to an inactivating mutation in GALNT3 encoding 
UDP-N-acetyl-alpha-D-galactosamine: polypeptide N-
acetylglactosaminyl transferase 3, or tissue nonresponsive-
ness to FGF23 because of an inactivating mutation in KL, 
encoding its coreceptor a-klotho. Surgical excision of tu-
moral masses that impair function, administration of intes-
tinal phosphate binders, agents that increase renal phos-
phate excretion (acetazolamide), and diets low in calcium 
and phosphate have been the major therapeutic strategies  
employed in the treatment of these patients.239

Disorders  of  Alkaline  Phosphatase  Activity.   In its 
most severe forms, hypophosphatasia (MIM 241500) is 
an autosomal recessive disorder due to loss-of-function 
mutations in ALPL, the gene encoding tissue nonspecific 
(bone/liver/kidney) alkaline phosphatase (TNSALP);  
less damaging forms of this disease are transmitted as 
autosomal dominant traits (MIM 241510, 146300).108-110 
Alkaline phosphatases are zinc and magnesium-dependent 
alkaline optimum orthophosphoric monoester phospho-
hydrolases. Bone, liver, and kidney alkaline phosphatase 
isoforms differ not by their amino acid structure but  
by their patterns of posttranslational glycosylation.109 
Homotetrameric bone TNSALP is anchored through  
its carboxyl terminal to the exterior cell membrane of 
hypertrophic chondrocytes and osteoblasts (i.e., it is an 
ectophosphatase) by a phosphatidylinositol-glycan moiety. 
Pathophysiologically, decreased TNSALP activity leads 
to accumulation of its endogenous substrates: inorganic 
pyrophosphate, pyridoxal 59-phosphate, and phospho-
ethanolamine. Pyrophosphate is an inhibitor of osteoid 
mineralization and when present in excess leads to the 
inadequate formation of hydroxyapatite resulting in  
rickets or osteomalacia. Calcification of bone matrix is 
impaired by pyrophosphate coating of the surface of  
hydroxyapatite crystals and restricting their growth; in 
addition, the inability to raise bone matrix inorganic 
phosphate levels to values sufficient to permit the deposi-
tion of hydroxyapatite may contribute to decreased 
bone mineralization in this disorder. Thus, the patho-
physiology of bone disease due to TNSALP deficiency 
resembles that due to the deficiency of ENPP1 in which 
disorder pyrophosphate also accumulates but by a  
distinctively different mechanism (as discussed previ-
ously). Decreased pyridoxal 59-phosphate, the major 
circulating form of vitamin B6, leads to pyridoxine-
responsive seizures.

The incidence of severe hypophosphatasia ranges  
from 1/2500 newborns in Canadian Mennonite families  
to 1/300,000 in European populations.109 Clinical 
manifestations of inactivating mutations of ALPL reflect 
primarily the extent of loss-of-function of mutant ALPL; 
the younger the age of onset, the more severe is the disease 
likely to be. Currently, there are seven recognized forms or 

types of hypophosphatasia: six classical forms (numbers 1 
to 6) and one transitional type (here designated type 2A):
 1. The perinatal form is evident in utero and is most 

often lethal (at times even before birth) due to 
marked osteopenia leading to malformation of the 
skull, intracranial hemorrhage, pyridoxine-depen-
dent seizures, fractures of the ribs, and deformities 
of the chest wall resulting in postnatal respiratory 
insufficiency and apnea; the extremities are short, 
bowed, and fractured; radiologic findings include 
absent or extremely poor bone mineralization 
with rachitic deformities, irregular radiolucent 
extensions into metaphyses, apparently “missing” 
vertebrae, and protruding midshaft fibular and 
ulnar bone spurs.

 2. The infantile form (MIM 241500) becomes clini-
cally apparent in the first 6 months of life and is 
characterized by anorexia, impaired linear growth 
and weight gain, deformities of the long bones and 
rib cage, and widely “open” fontanelles and sutures 
(calvarial hypomineralization) with functional  
craniosynostosis with increased intracranial pres-
sure manifested by prominence of the anterior 
fontanelle, proptosis, and papilledema, weakness, 
developmental delay, pyridoxine-dependent seizures, 
hypotonia, constipation, hypercalcemia, hypercal-
ciuria, nephrocalcinosis, early shedding of deciduous 
teeth, and radiographic evidence of rickets with 
marked skeletal hypomineralization; the neonatal 
and infantile forms of hypophosphatasia are trans-
mitted as autosomal recessive disorders; until  
recently, the majority of patients with perinatal 
hypophosphatasia and 50% of those with infantile 
hypophosphatasia died of respiratory failure before 
their first birthday (discussed later).

 2A. In the benign prenatal or transitional form of hypo-
phosphatasia, the fetus and neonate manifest  
skeletal deformities but not radiographic signs of 
rickets; shortly after birth there is spontaneous and 
substantial improvement; findings that distinguish 
this less severe type of hypophosphatasia are fetal 
crowding, normal fetal bone mineralization, and 
appropriate chest volume; this form of hypophos-
phatasia may be associated with either monoal-
lelic or biallelic mutations in TNSALP.285,286

 3. In the childhood form of hypophosphatasia (MIM 
241510), clinical findings of hypophosphatasia de-
velop after 6 months of age and range from iso-
lated premature shedding of deciduous teeth to 
physical and radiographic evidence of low bone 
mass and rickets and musculoskeletal and joint 
pain; radiography may demonstrate radiolucent 
projections from the growth plate into metaphyses; 
spontaneous clinical improvement may occur dur-
ing puberty and this form may evolve into type 4.

 4. The adult form (MIM 146300) may be subclinical 
and identified only during study of a family with 
an offspring with a more significant form of hypo-
phosphatasia; the parent may have a history of 
premature loss of teeth, increased susceptibility to 
recurrent fractures predominantly of the metatar-
sal bones, pseudofractures of the proximal femur, 
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chondrocalcinosis, or pseudogout due to articular 
deposition of calcium pyrophosphate dihydrate 
crystals; subtrochanteric femoral pseudofractures 
may be demonstrated radiographically.

 5. Odontohypophosphatasia (MIM 146300) is manifested 
only by premature shedding of primary teeth  
without radiologic abnormalities; periodontitis may 
also develop; the childhood and adult forms of  
hypophosphatasia and odontohypophosphatasia 
are usually (but not invariably) transmitted as 
monoallelic, autosomal dominant disorders.

 6. Pseudohypophosphatasia is phenotypically and bio-
chemically similar to classic infantile hypophos-
phatasia, but serum alkaline phosphatase activity 
in vitro is normal, indicating that in this disorder 
enzyme activity toward artificial substrates in 
high pH solutions is preserved but alkaline phos-
phatase activity toward endogenous substrates at 
pH 7.4 is abnormal.109

In addition to the site(s) of mutation of ALPL, the clini-
cal severity of hypophosphatasia is related inversely to the 
age at which skeletal disease is evident and to individual 
biologic (possibly epigenetic) factors that affect the expres-
sion of the disease with wide individual variability even  
in family members with the identical ALPL mutation(s). 
In the lethal perinatal form of hypophosphatasia, missense, 
nonsense, and donor splice site mutations and frameshift 
deletions in TNSALP cluster in crucial segments of the 
protein within (Ala94Thr, Arg167Trp) or near (Gly103Arg, 
Gly317Asp) its catalytically active enzymatically functional 
site or at the dimeric interface (Ala23Val, Arg374Cys) or 
they may impair movement of TNSALP to its active trans-
membrane site.109 Mutations may interrupt binding of 
TNSALP to the phosphorylated ligand or destabilize at-
tachment of necessary cofactors such as zinc or magnesium. 
ALPL mutations associated with the childhood form of 
hypophosphatasia (Arg119His, Asp361Val) tend to cluster 
on the three-dimensional surface of the enzyme molecule 
at sites that relate to its tethering to the cell surface or its 
formation of tetramers; such variants may retain substantial 
residual bioactivity. In some patients with moderately  
severe hypophosphatasia, heterozygotic mutations in ALPL 
(Gly46Val, Arg167Trp, Asn461Ile) exert a dominant-nega-
tive effect on the intact TNSALP dimer; these mutations 
have been clustered at the enzyme active site or at the 
domain(s) involved with dimerization, tetramerization, or 
membrane anchoring.287 Odontohypophosphatasia has 
been associated with heterozygotic mutations in ALPL 
(Pro91Leu, Ala99Thr).

Diagnostically, in addition to the clinical findings and 
radiographic features of rickets, patients with hypophos-
phatasia have low serum levels of total and bone-specific 
alkaline phosphatase activity in contrast to other forms of 
rickets in which alkaline phosphatase values are increased 
(see Table 18-10). Additionally, there are increased serum 
concentrations of pyrophosphate (controls , 200 mmol/g 
of creatinine) and pyridoxal-59-phosphate (,5000 nM) 
and elevated urinary excretion of phosphoethanolamine 
(controls , 15 years of age 83 to 222 mmol/g of creati-
nine). Serum concentrations of calcium and phosphate 
are often elevated in patients with the perinatal and  
infantile forms of the disease, because intestinal absorption 

of calcium and renal tubular reabsorption of phosphate 
are at least normal, whereas the bone formation rate is 
depressed; calcium values are usually normal in the child-
hood form of hypophosphatasia.108,109 Serum levels 
of PTH are normal or low; there is no evidence of sec-
ondary hyperparathyroidism. Although serum alkaline  
phosphatase activity in vitro is normal in patients with 
pseudohypophosphatasia, it is functionally inadequate  
in vivo—perhaps because the TNSALP protein is seques-
tered within the cell due to a defect in its transport to the 
cell surface or because the protein is active with artificial 
substrate but not with natural substrates at physiologic 
pH. The prenatal diagnosis of hypophosphatasia may be 
considered in a fetus in whom ultrasonography has dem-
onstrated short ribs and long bones, cupping of the  
metaphyses, osseous spurs, patchy ossification, and de-
mineralization of the skull and thoracic spine.288 To be 
included in the differential diagnosis of a fetal sonogram 
with these findings are achondrogenesis and osteogenesis 
imperfecta type II. Other causes of hypophosphatasemia 
include hypothyroidism; vitamin C deficiency; starva-
tion; magnesium, zinc, or copper deficiency; celiac  
disease; profound anemia; and massive transfusion.109

Until recently, treatment of the perinatal and infantile 
forms of hypophosphatasia has been unsatisfactory.  
Attempts to administer alkaline phosphatase by infusion of 
serum from patients with Paget disease and high alkaline 
phosphatase activity have been of only occasional and lim-
ited benefit. Bone marrow transplantation has been benefi-
cial in some subjects, whereas transplantation of bone 
fragments and osteoblasts has effectively restored alkaline 
phosphatase activity in a few patients with infantile hypo-
phosphatasia.108,289 A biosynthetic human recombinant ecto-
domain of tissue nonspecific alkaline phosphatase fused to 
the human IgG1 Fc domain and a terminal deca-aspartate 
motif targeting bone (asfotase alfa; Enobia Pharma) has 
been developed that has proven extraordinarily effective in 
the treatment of patients with the perinatal and infantile 
forms of hypophosphatasia.111 Administration of this com-
pound to nine such patients was followed by radiographic 
healing of rickets after 24 weeks of treatment; in addition 
motor development and pulmonary function improved. 
No serious adverse effects were recorded in this study.  
A clinical trial (NCT00739505) of the efficacy and safety of 
biosynthetic human recombinant tissue nonspecific alka-
line phosphatase fusion protein in patients with the adult 
form of hypophosphatasia has been completed as well; data 
analysis of this cohort is anticipated.290 Administration of 
even small doses of vitamin D or its metabolites should be 
avoided, as these patients easily develop hypercalcemia. 
Hypercalcemia in infants with hypophosphatasia responds 
to bisphosphonates and transiently to calcitonin. Seizures 
may be responsive to pyridoxine administration. Milder 
adult forms of hypophosphatasia may be responsive to 
teriparatide (rhPTH1-34).291

Serum bone-specific alkaline phosphatase activity is 
normally increased during puberty and in response to  
skeletal injuries and reflects increased osteoblastic activity. 
Transient increase in serum alkaline phosphatase activity 
may also be observed in children with viral infections  
(including human immunodeficiency virus), after liver  
or kidney transplantation, or during treatment of  
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leukemia/lymphoma.292 Transient hyperphosphatasemia of 
infancy and early childhood is encountered in clinically 
well infants and children younger than 5 years of age  
(median age: 16 months); serum activities of both bone and 
liver alkaline phosphatase isoforms are increased (despite 
absence of liver or bone disease); it is a self-limited process 
with alkaline phosphatase values returning to normal within 
several months.292 Transient hyperphosphatasemia (alkaline 
phosphatase values . 1000 U/L) has been reported to oc-
cur in approximately 2% to 3% of children younger than  
2 years of age.293 It has been suggested that benign and 
transient hyperphosphatasemia are the consequence of  
excessive sialylation of alkaline phosphatase that delays its 
degradation and extends its half-life, but the reason for the 
excessive sialic acid content of the molecule is uncertain.292 
Rarely, hyperphosphatasemia may be familial and transmit-
ted as a benign autosomal dominant trait or associated with 
mental retardation (MIM 239300). Occasionally, an adoles-
cent with persistent, nonfamilial, benign hyperphosphatas-
emia may be encountered. Hyperphosphatasemia is also 
present in patients with juvenile Paget disease/hyperostosis 
corticalis deformans juvenilis (MIM 239000), familial  
expansile osteolysis (MIM 174810), and osteosclerotic  
hyperostosis corticalis generalisata/van Buchem disease 
(MIM 239100) (discussed later).

Chronic Kidney Disease-Mineral and 
Bone Disorder
Chronic kidney disease-mineral and bone disorder (CKD-
MBD) is the term presently employed to characterize the 
aberrations in calcium and phosphate metabolism, PTH 
and vitamin D synthesis and secretion, skeletal homeosta-
sis, and ectopic vascular, extravascular, and cardiac calcifica-
tions that are encountered in patients with impaired renal 
function.293a,294 CKD-MBD replaces the designation of 
renal osteodystrophy that pertains solely to the pathologic 
changes present in the bones of patients with chronic renal 
failure. Renal osteodystrophy is most commonly associated 
with rapid bone remodeling and increased rates of both 
bone resorption and formation that are due to secondary 
hyperparathyroidism (“high-turnover” lesions of osteitis 
fibrosa). Adynamic (“low-turnover”) bone disease with 
relatively low PTH secretion and osteomalacia due to ac-
cumulation of aluminum may also occur. Generally, areas 
of both low and high bone turnover, termed mixed renal 
osteodystrophy, are detected by histomorphometry.157,295

As renal function declines, the secretion of both 
FGF23 and PTH increases. It is likely that FGF23 secre-
tion increases relatively early in patients with CKD when 
phosphate retention first occurs and even when the  
glomerular filtration rate exceeds 80 mL/min/1.73 m2.296 
The secretion of PTH increases when the glomerular 
filtration rate declines to values less than 70 mL/min/ 
1.73 m2.294 Inasmuch as serum concentrations of FGF23 
rise before renal function declines in patients with CKD-
MBD, urinary phosphate excretion increases—initially 
maintaining normal serum phosphate values; thus, 
FGF23 levels increase before serum levels of phosphate 
rise.296 Furthermore, increasing production of FGF23 as 
renal failure progresses contributes to declining renal 
tubular synthesis of calcitriol and lower intestinal calcium 

absorption. As the glomerular filtration rate progres-
sively declines, urinary phosphate excretion is impaired, 
leading to its intracellular and extracellular accumulation, 
hyperphosphatemia (when the glomerular filtration  
rate falls below 20 mL/min/1.73 m2), and modest hypocal-
cemia.294 Increasing serum concentrations of phosphate, 
falling levels of calcium (due both to decreased intestinal 
absorption of this cation attributable to calcitriol defi-
ciency and the need to maintain a constant calcium  
x phosphate product), and rising levels of FGF23 that 
exert a direct stimulatory effect on PTH expression lead 
to a secondary increase in PTH generation and when 
uncontrolled to tertiary hyperparathyroidism. Other fac-
tors that contribute to the development of parathyroid 
chief cell hyperplasia and secondary hyperparathyroidism 
in CKD-MBD include down-regulation of the expres-
sion of CASR in uremic parathyroid glands (raising of the 
set point concentration at which calcium depresses PTH 
expression) and skeletal insensitivity to PTH. Phosphate 
may also slow the rate of degradation of PTH mRNA 
within the parathyroid gland and exert a direct enhancing 
effect on the growth of parathyroid glands as well. Be-
cause calcitriol inhibits parathyroid gland growth and 
function, a decrease in its synthesis also results in in-
creased proliferation of parathyroid chief cells and syn-
thesis of PTH. In the presence of elevated PTH secretion 
and various cytokines (IL-1, -6, -11, TNF, macrophage-
colony stimulating factor [M-CSF]), osteoclastogenesis, 
and the rates of bone resorption and formation are in-
creased. Acidosis contributes to the dissolution of the 
mineral phase of bone directly and by impairing osteo-
protegerin-mediated inhibition of osteoclast generation.

Chronic renal disease and osteodystrophy in children 
may be clinically silent except for the failure of linear 
growth; as the disease progresses deformities of the ex-
tremities, slipped epiphyses, fractures, bone and joint 
pain, muscular weakness, and lassitude develop. In pa-
tients in whom the rate of bone formation is diminished 
and the volume of unmineralized bone (i.e., osteomalacia) 
increased, the process has been due to an accumulation of 
aluminum at the mineralization front, but with discon-
tinuation of aluminum-containing phosphate binders  
osteomalacia in renal failure is now unusual.157 In the 
absence of osteomalacia, adynamic bone disease in 
chronic renal failure is the result of decreased PTH gen-
eration due to improved control of serum phosphate 
levels, increased calcium stores, higher levels of PTH7-84 
and other carboxyl terminal fragments of PTH that  
inhibit bone resorption, and other factors that affect  
tissue response to PTH. The cardiovascular complica-
tions (hypertension, ectopic vascular calcifications, uremic 
vasculopathy, cardiomyopathy) that develop in children 
with CKD-MBD begin prior to the need for and prog-
ress during dialysis and are the primary cause of death in 
children and adolescents with CKD.293a Hyperphospha-
temia, secondary hyperparathyroidism, and elevated levels 
of FGF23 adversely affect the cardiovascular system.

Biochemically, CKD-MBD is marked primarily by 
hyperphosphatemia, low-normal serum calcium levels, 
and increased serum PTH and FGF23 concentrations 
and alkaline phosphatase activity. Radiographic signs of 
rickets, low bone mass, and pseudofractures are often  



SECTION III  Endocrine Disorders in Children and Adolescents798

present in children with renal osteodystrophy. Therapeu-
tically, the goals in treating a child with chronic renal 
failure in an effort to minimize the adverse systemic 
effects of CKD-MBD are to maintain (near) normal se-
rum calcium, phosphate, and alkaline phosphatase values  
and to prevent the development or progression of sec-
ondary hyperparathyroidism. To do so, minimal amounts 
of supplemental vitamin D and calcium may be needed 
and dietary phosphate restriction imposed. Calcitriol is 
able to decrease the rate of bone formation in patients 
with chronic renal insufficiency by inhibiting osteoblast 
differentiation or function, decreasing PTH synthesis, 
altering degradation of PTH within the parathyroid 
glands, and decreasing expression of PTH1R. Calcium-
containing oral phosphate binders may also be useful. 
Dialysis fluids must be prepared with aluminum-free 
water. When indicated, suppression of PTH secretion 
may be further achieved with the use of calcitriol analogs 
such as paricalcitol or of a synthetic ligand of the  
CaSR—cinacalcet hydrochloride (with caveats previously  
mentioned).157,294 Experimentally, although immunoneu-
tralization of FGF23 in a rat model of CKD-MBD led to 
a decrease in PTH secretion, increased calcitriol and 
calcium concentrations, and improved bone formation, 
there was an increase in aortic calcification and mortality 
rate in the anti-FGF23 treated animals.297 Thus, “con-
trol” of FGF23 activity may have paradoxically unwanted 
consequences. Even after successful renal transplanta-
tion, secondary hyperparathyroidism may persist for 
months or years—its extent and intensity reflecting the 
severity and duration of chronic renal failure before renal 
transplantation, development of nodular or monoclonal 
hyperplasia of the parathyroid glands, and the 20-year 
life span of the parathyroid chief cell.298 Five years after 
renal transplantation during childhood, serum concen-
trations of PICP, osteocalcin, and ICTP remain signifi-
cantly increased, indicating an accelerated bone turnover 
rate, whereas areal and volumetric bone mineral densities 
at the distal third of the nondominant radius are normal 
for height but subnormal for age.299 Hypercalcemia and 
persistent secondary or tertiary hyperparathyroidism re-
quiring parathyroidectomy may become apparent in chil-
dren after renal transplantation. The osteopenic effects 
of glucocorticoids and immune suppressive agents such 
as cyclosporin are observed in postrenal transplantation 
patients as well.

Disorders of Bone Mineralization
Bone mineralization may be depressed or exaggerated by 
dysfunction of either osteoblasts or osteoclasts. Abnor-
malities of osteoblast function result in either impaired 
(e.g., osteogenesis imperfecta) or exaggerated bone min-
eralization (e.g., osteosclerosis). Thus, in patients with the 
osteosclerotic disorder hyperostosis corticalis generalisata/
van Buchem disease type 1 (MIM 239100), decreased 
expression of SOST encoding sclerostin, an inhibitor 
of WNT signaling by its interaction with the WNT  
coreceptors low-density lipoprotein receptor-related 
proteins (LRP) 5 and 6, is associated with enhanced  
osteoblast function and increased bone mineralization. 
Although derived from a common hematopoietic stem 

cell, there are a number of osteoclast subtypes with 
unique physiologic profiles that reflect the site at which 
they act (intramembranous or endochondral bone, carti-
lage); the remodeling process in which they participate 
(targeted—to sites of bone replacement, stochastic— 
hormonally [PTH, calcitonin, calcitriol] mediated for 
maintenance of eucalcemia); the type of bone (cortical, 
trabecular) upon which they act; and the time of day  
(diurnal variation) at which the osteoclast is most active.300 
Decreased osteoclast formation or function results in 
increased bone mass and various forms of osteopetrosis, 
whereas augmented osteoclast activity leads to decreased 
bone mass due to osteolysis. In a number of bone disor-
ders, skeletal areas of both increased and decreased bone 
mineralization may be present. Juvenile Paget disease/
hyperostosis corticalis deformans juvenilis (MIM 239000) 
is a hyperphosphatasemic disorder that often begins in 
early childhood and is characterized clinically by ex-
panded and bowed extremities, nontraumatic fractures of 
the long bones, kyphosis, macrocephaly, and muscular 
weakness; this disorder may progress to wheelchair  
dependence.301 Serum levels of alkaline phosphatase are 
markedly increased, a coupled response to increased  
osteoclastic action. Radiographic skeletal abnormalities 
include cortical thickening, both osteosclerosis and os-
teopenia, coarse trabeculations, and progressive skeletal 
deformities. The disorder is due to biallelic loss- 
of-function mutations of TNFRSF11B (MIM 602643) 
encoding osteoprotegerin, a member of the tumor necro-
sis factor (TNF) receptor superfamily that functions as  
a decoy acceptor for and consequently an inhibitor of 
Receptor Activator of Nuclear factor kB-Ligand 
(RANKL), the stromal cell-osteoblast derived osteoclas-
togenic factor. Normally, osteoprotegerin inhibits  
osteoclastogenesis; hence, inactivating mutations of  
TNFRSF11B are associated with enhanced osteoclastic 
activity. The severity of juvenile Paget disease depends 
on the site of mutation in TNFRSF11B—those that result 
in deletion of the entire gene or those in the ligand bind-
ing domain that involve loss of cysteine residues result in 
marked clinical disease.302 Treatment with recombinant 
osteoprotegerin has resulted in clinical and radiologic 
improvement as has the administration of bisphospho-
nates, but the latter agents are associated with the risk of 
substantial hypocalcemia.303,304 Familial expansile osteol-
ysis (MIM 174810), early onset familial Paget disease  
of bone, and expansile skeletal hyperplasia are autoso-
mal dominant disorders that are pathophysiologically 
similar to juvenile Paget disease although clinically and 
etiologically distinct. These three disorders are due  
to monoallelic gain-of-function mutations of the gene 
(TNFRSF11A, MIM 603499) encoding RANK that result 
in an increase in NFkB signaling as a consequence of which 
there is augmented osteoclastogenesis.305 In adolescents 
with familial expansile osteolysis, focal areas of increased 
bone turnover in the appendicular skeleton appear in the 
second decade of life followed by medullary expansion, 
pathologic fractures, and skeletal deformities; deafness 
and premature loss of dentition may occur in these sub-
jects. Patients with either expansile skeletal hyperplasia 
or early onset Paget disease of bone demonstrate focal 
areas of osteolytic and hyperostotic bone, premature loss 
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of teeth, and deafness. Increased activity of mutant 
RANK is thought due to tandem duplications of 18 or  
27 bases in the signal peptide region of exon 1 of  
TNFRSF11A. However, because the mutant forms of 
RANK are trapped in the endoplasmic reticulum and un-
able to interact with RANKL directly, the mechanisms 
through which these heterozygous mutations increase 
NFkB-mediated osteoclastogenesis are uncertain.305,306 It 
has been hypothesized that mutant RANK may be able to 
interact with residual intact RANK and either slow its 
rate of degradation or prolong its interaction with 
RANKL.305 Conversely, loss-of-function mutations of 
TNFRSF11A are associated with autosomal recessive, 
osteoclast-poor osteopetrosis type 7, and hypogamma-
globulinemia (discussed later).305,307 Inactivating muta-
tions in TNFSF11 encoding RANKL are associated 
with osteoclast-poor osteopetrosis type 2 (discussed later).

Low Bone Mass

Low bone mass is often associated with increased fracture 
risk, although in some disorders with high bone mass the 
fracture rate is increased because abnormal bone micro-
architecture leads to decreased bone strength (e.g., os-
teopetrosis, picnodysostosis, discussed later).308 Fifty per-
cent of boys and 40% of girls will sustain a traumatic 
fracture during childhood or adolescence (peak incidence 
between 11 and 12 years in girls and 13 and 14 years in 
boys), most often at the distal radius because of a tran-
sient decline in cortical strength at this site.308,309 It is 
important to distinguish a high-impact traumatic frac-
ture from one that is the result of increased bone fragility 
such as compression vertebral fractures and “spontane-
ous” femoral fractures due to a primary or secondary 
disorder of bone mineralization (Table 18-12A and B). 

TABLE 18-12A Disorders of Bone Mineralization: Low Bone Mass

I  Primary/Genetic

A  Osteogenesis Imperfecta (types I - .XIII; see Table 18-12B)
B  Osteoporosis-Pseudoglioma Syndrome (LRP5)
C  Idiopathic Juvenile Osteoporosis (LRP5)
D  Marfan Syndrome (FBN1)
E  Ehlers-Danlos Syndrome (COL1A1)
F  Homocystinuria (CBS)
G  Fibrous Dysplasia (GNAS)
H  Glycogen Storage Disease Type I (G6PC)
I  Galactosemia (GALT)
J  Menkes: Kinky Hair Syndrome (ATP7A)
K  Hypophosphatasia (ALPL)
L  Rickets (genetic forms; see Tables 18-9 and 18-11)

II  Secondary

A  Suboptimal Nutrition
 1 Socioeconomic
 2 Cultural
 3 Excessive exercise (athletic amenorrhea)
 4 Anorexia nervosa
 5 Vitamin D deficiency
 6 Malabsorption: cystic fibrosis, celiac disease, biliary 

atresia, “short gut” syndrome, post gastric bypass  
surgery

 7 Idiopathic hypercalciuria

B Endocrinopathies/Metabolic Diseases
 1 Constitutional delay in growth and sexual development
 2 Hypogonadism
 a Hypergonadotropic: gonadal dysgenesis (Turner, 

Klinefelter syndromes), aromatase deficiency,  
estrogen receptor deficiency

 b Hypogonadotropic: Kallmann syndrome, excessive 
physical activity, hyperprolactinemia

 3 Diabetes mellitus
 4 Hyperglucocorticoidism
 5 Hyperthyroidism, excessive exogenous thyroxine
 6 Hyperparathyroidism
 7 Panhypopituitarism
 8 Inborn errors of metabolism: homocystinuria, lysinuric 

protein intolerance, propionic aciduria, methylmalonic 
aciduria, glycogen storage disease, galactosemia

C Disuse/Immobilization
 1 Fracture
 2 Cerebral palsy
 3 Duchenne muscular dystrophy
 4 Quadriplegia/paraplegia
 5 Spina bifida
 6 Weightlessness

D Inflammatory Diseases
 1 Juvenile arthritis
 2 Systemic lupus erythematosus
 3 Dermatomyositis
 4 Inflammatory bowel disease

E Drugs
 1 Glucocorticoids, immune suppressants, anticonvulsant 

drugs, antiretroviral therapy, warfarin, lithium, metho-
trexate, cyclosporine

 2 Alcohol, tobacco
 3 Aromatase inhibitors, medroxyprogesterone
 4 Protein pump inhibitors

F Chronic Illness
 1 Hemoglobinopathies: thalassemia, sickle cell disease
 2 Hemophilia
 3 Cranial radiation
 4 Renal failure, postrenal transplantation, nephrotic  

syndrome
 5 Malignancy: leukemia, lymphoma, cytotoxic  

chemotherapy
 6 Human immunodeficiency virus infection, highly active 

antiretroviral therapy
 7 Severe burns

Adapted from Boyce AM, Gafni RI (2011). Approach to the child with fractures. J Clin Endocrinol Metab 96:1943-1952; Ferrari S, Bianchi ML, 
Eisman JA, et al. (2012). Osteoporosis in young adults: pathophysiology, diagnosis, and management. Osteoporos Int 23:2735-2748; 
Rauch F, Bishop, N. (2008). Juvenile osteoporosis. In C. J. Rosen (Ed.), Primer on the metabolic bone diseases and disorders of mineral 
metabolism, (7th ed.) Washington, DC: American Society of Bone and Mineral Metabolism, 264-267; Bachrach LK, Ward LM (2009). 
Clinical review: bisphosphonate use in childhood osteoporosis. J Clin Endocrinol Metab 94:400-409.
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Type: MIM Gene 
Chromosome Severity Clinical Features Growth Impairment Blue Sclera Inheritance Functional Defect

I: 166200: 
COL1A1: collagen 

type I, alpha-1 
17q21.33 
1120150 or 
COL1A2: collagen 

type I, alpha-2 
7q22.13 
120160

Mild Few (often vertebral) frac-
tures, little deformity, 
hearing loss in 50%; rarely 
dentinogenesis imperfecta

Minimal Present: intense AD Nonsense and frameshift muta-
tions result in haploinsuffi-
ciency and decreased produc-
tion of collagen type I

II: 166210: 
COL1A1 or 
COL1A2

Perinatal lethal: 
congenital (see 
also types VII, 
VIII, IX, X) 

Many rib and long bone 
fractures in utero and at 
birth, severe long bone 
deformities, “beaded” 
ribs, unmineralized  
calvarium

Severe Present AD, parental 
mosaicism

III: 259420: 
COL1A1 or 
COL1A2

Severe, progressive, 
deforming

Moderate to severe bowing, 
multiple long bone and 
vertebral fractures, dentin-
ogenesis imperfecta, hear-
ing loss

Severe Present but 
lighten with 
age

AD Glycine substitutions in COL1A1 
or COL1A2 result in structurally 
abnormal collagen type I

IV: 166220: 
COL1A2 or 
COL1A1

Moderately  
deforming

Mild to moderate bowing, 
fractures, dentinogenesis 
imperfecta

Moderate, variable Grayish or  
absent

AD Glycine substitutions in COL1A1 
or COL1A2 result in structurally 
abnormal collagen type I

V: 610967: 
IFITM5: interferon-

induced transmem-
brane protein-5 

11p15.5 
614757

Moderately deform-
ing, clinically 
similar to type IV

Mild to moderate bone  
fragility, ossification of  
interosseous membranes 
of forearm, hyperplastic 
callus formation at frac-
ture sites; “meshlike” 
bone lamellation pattern

Mild to moderate Absent AD Osteoblast specific membrane 
protein essential for osteoblast 
differentiation; functional con-
sequence of the constant mu-
tation in IFITM5 is uncertain

VI: 613982: 
SERPINF1: serpin 

peptidase inhibitor, 
clade F, member 1

17p13.3 
172860

Moderately to  
severely deform-
ing, clinically 
similar to type IV

Onset of fractures of long 
bones and vertebrae in  
infancy, increased alkaline 
phosphatase activity and 
osteoid, “fish-scale”  
pattern of lamellation

Moderate to severe Grayish AR Loss-of-function mutations in 
pigment epithelium-derived 
factor (PEDF): regulator of 
bone mineralization and  
osteoclast differentiation

VII: 610682 
*CRTAP: cartilage 

associated protein 
3p22.3 

605497

Moderately deform-
ing to severely 
deforming or le-
thal (see type II)

Fractures may be present at 
birth, rhizomelia, limb  
deformities

Moderate Absent or faint AR Inactivating mutations (duplica-
tion) of CRTAP impair 
3-hydroxylation of prolyl- 
986 of procollagen a1(I)

VIII: 610915 
1p34.2 
610339

Severely deforming 
to lethal, overlaps 
types II and III

Markedly decreased bone 
mineralization, scoliosis, 
platyspondyly, promi-
nent metaphyses, long 
phalanges

Severe Absent AR Inactivating mutations of 
LEPRE encoding prolyl-3-
hydroxylase (leprecan)  
impair 3-hydroxylation of 
prolyl-986 of procollagen 
a1(I)

TABLE 18-12B Disorders of Mineralization: Osteogenesis Imperfecta
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IX: 259440: 
*PPIB: peptidyl-prolyl 

isomerase B 
15q22.31 
123841

Lethal to severely 
deforming (see 
type II)

Shortened, bowed, and  
fractured long bones in 
midgestation

Severe Gray AR Inactivating mutations of PPIB 
encoding peptidyl-prolyl isom-
erase B impair 3-hydroxylation 
of prolyl-986 of procollagen 
a1(I)

X: 613848: 
SERPINH1: serpin 

peptidase inhibitor, 
clade H, member 1 

11q13.5 
600943

Severe Short bowed femora in 
utero, multiple fractures 
in first month of life, den-
tinogenesis imperfecta

Severe Present AR Loss-of-function mutations in 
CBP2 (HSP47): chaperone,  
essential for maintenance of 
integrity of the triple helical 
structure of collagen type 1 
and its resistance to proteo-
lytic degradation

XI: 610968 
17q21.2 
607063

Severe and  
progressive  
deformities, 
overlaps type III

Limbs are short and bowed, 
joint contractures; dentino-
genesis imperfecta;  
“fish-scale” pattern of 
bone lamellation (see  
type VI)

Moderate Gray AR Loss-of-function mutations in a 
chaperone protein, FKBP65: 
essential for posttranslational 
processing of procollagen  
type I; also mutated in Bruck  
syndrome type 1

XII: 613849: 
SP7: transcription 

factor specificity 
factor (Sp)7 

12q13.13 
606633

Moderate to severe, 
resembles OI 
type IV

Multiple fractures in early  
infancy; short, bowed 
long bones, highly  
arched palate 

Severe Absent AR Inactivating mutations in Osterix, 
a transcription factor essential 
for osteoblast differentiation 
and bone mineralization

XIII: 614856: 
BMP1: bone morpho-

genetic protein 1 
8p21.3 
112264

Moderate to severe; 
resembles type III

Generalized deformities of 
all bones, multiple frac-
tures despite increased 
bone mineral density

Severe Faint blue AR Inactivating mutations of procol-
lagen type I C-terminal  
propeptide endoproteinase  
impair collagen formation

XIV: 615066: 
TMEM38B: transmem-

brane protein 38B 
9q31.1 
611236

Moderate, similar 
to type IV

Variable severity; fractures 
occur in utero or during 
early childhood; moderate 
bowing of the lower limbs 

Moderate Absent AR Inactivating mutations of a  
component of an intracellular 
monovalent cation channel 
necessary for Ca21 release 
from storage sites

Undesignated
PLOD2: procollagen-

lysine, 2-oxoglutarate 
5-dioxygenase 2 

3q24 
601865

Severe; osseous 
fragility with  
congenital joint 
contractures 

Fractures in infancy,  
pterygia, scoliosis

Severe Absent AR Encodes a procollagen lysyl  
hydroxylase necessary for  
formation of collagen type 1 
telopeptide; Bruck syndrome 2

Adapted from Marini, J. C. (2008). Osteogenesis imperfecta. In C. J. Rosen (Ed.), Primer on the metabolic bone diseases and disorders of mineral metabolism (7th ed.) (pp. 446-450). Washington, 
DC: American Society of Bone and Mineral Metabolism; Barnes, A. M., Chang, W., Morello, R., et al. (2006). Deficiency of cartilage-associated protein in lethal osteogenesis imperfecta. N Engl 
J Med, 355, 2757–2764; Bishop, N. (2010). Characterising and treating osteogenesis imperfecta. Early Human Devel, 86, 743-746; Rauch, F., Lalic, L., Roughley, P., & Glorieux, F. H, (2010). 
Relationship between genotype and skeletal phenotype in children and adolescents with osteogenesis imperfecta. J Bone Miner Res, 25, 1367–1374.

*Form a complex essential for hydroxylation of carbon 3 of proline at position 986 of procollagen type a1(I).
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In adults, osteopenia and osteoporosis (“porous bone”) are 
terms that designate states of reduced bone mass and 
matrix, abnormal bone microarchitecture, and decreased 
bone strength that increase the risk for fracture; osteo-
malacia refers to a decrease in the mineral phase of 
bone.310,311,312 Osteoporosis in older adults (primarily 
postmenopausal women) is defined by the World Health 
Organization (WHO) as an areal bone mineral density 
(aBMD) at a specific bone site that is 22.5 or more stan-
dard deviations (SD) below the mean peak young adult 
value for gender (T score). Postmenopausal osteoporosis 
is usually the consequence of an increase in the rate of 
bone resorption relative to that of bone formation and is 
due to estrogen deficiency. In older adults, osteopenia is 
present when the aBMD lies between 21.1 and 22.4 SD 
below the mean peak young adult value for gender (a T 
score of 21.1 to 22.4), and a normal aBMD is one that 
is not more than one SD below or above the mean peak 
young adult value (a T score of 21.0 to 11.0). When the 
aBMD is more than 12 SD above the mean for age and 
gender (a T score of 12), bone mass is considered high. 
Because in premenopausal women aBMD alone is not a 
good assessor of fracture risk, the International Society 
for Clinical Densitometry (ISCD) recommends that use 
of the term osteoporosis be restricted to those patients with 
both low aBMD (as defined by a BMD Z score of 22—i.e., 
one that is below 22 SDs for age- and gender-matched 
control subjects) and history of low-impact (fragility) 
fractures.313 Women with aBMDs that are below 22 SDs 
but have no history of fracture are designated as having 
an aBMD that is “below expected range for age”; the use 
of the term osteopenia is eschewed in this population. The 
International Osteoporosis Foundation (IOF) has de-
fined osteoporosis in young adults as a vertebral or hip 
aBMD T score that is below 22.5 and is associated with 
a disorder that adversely affects bone mineralization.312 
Both groups agree that in young adults, the presence of 
osteoporosis is not defined by low BMD alone. Many of 
the diseases that lead to osteoporosis in young adults begin 
during childhood and adolescence (see Table 18-12A).

The WHO and IOF-designated criteria for low or 
high bone mass do not apply to children and adolescents 
in whom variability in height, weight, and stage of sexual 
maturation as well as gender affect bone mineralization. 
Use of the terms osteopenia and osteoporosis had been 
discouraged when describing decreased bone mass in 
children and adolescents in favor of the designation of 
increased bone fragility as evidenced by fractures caused 
by low impact trauma in association with low bone mass  
(22 SD) for chronologic age, height, or stage of sexual 
maturation for gender.314 However, the term osteoporosis 
has been reintroduced and by definition is applied to a 
child/adolescent with both low bone mass for gender, 
age, height, and sexual maturation and one who has sus-
tained a low impact fracture.314,315,316 A fracture due to 
bone fragility/decreased bone strength is defined as one 
that has occurred from a vertical distance that is equal to 
or less than standing height.315 Osteopenia is a term that is 
not employed in the pediatric population. In children 
and adolescents, bone mass may be quantitated by DEXA 
determination of aBMD of “whole body” or “whole body 
minus head.”315,317,318 However, inasmuch as the skull 

does not respond directly to environmental factors such 
as exercise, aBMD of whole body minus head/skull is 
generally considered a more appropriate method of mea-
surement of bone mineral content or density.316 Regional 
(lumbar spine, hip, distal one-third radius) aBMD stan-
dard data are also available.317 (DEXA analyses of hip 
bone mass are variable in children and adolescents and 
not usually employed for analysis of BMC or BMD.) 
DEXA measurements of the nondominant forearm may 
be employed to determine aBMD of the radius and ulna 
in the ultra distal, middistal, and one-third distal re-
gions.319 A portable DEXA-like x-ray device that mea-
sures aBMD in the one-third distal region of the non-
dominant forearm provides data comparable to those 
recorded by a fixed DEXA unit and thus may enable ex-
panded use of this technology.319 The method employed 
to determine bone mineralization (DEXA, quantitative 
computed tomography [QCT], peripheral QCT [pQCT], 
quantitative ultrasonography [QUS]) and the specific 
instrument, the software version utilized for analysis, and 
the ethic mix of the reference population should be stated 
in the report of bone mineralization.317,318,320 Low bone 
mass is defined as a BMC or BMD that is 22 SD 
(a Z score of 22) for gender, age, height, and stage 
of sexual maturation by the method employed for its 
measurement.317,318 Despite its limitations (provision of 
areal rather than volumetric BMD data and failure to 
distinguish between trabecular and cortical bone), DEXA 
is the most widely employed bone densitometric method 
in children at this time, although pQCT may become the 
method of choice in the future because it quantitates 
bone volume and mass as well as other dimensions of 
cortical and trabecular bone. Relative to bone strength 
determined by calculation of the stress-strain index of a 
long bone with data garnered by pQCT, DEXA whole 
body aBMC (minus the skull) for height also appears to 
afford a reliable measurement for determining cortical 
bone strength and hence fracture risk.321 Relative to 
healthy prepubertal and pubertal boys without a history 
of fractures, those in whom a traumatic fracture has  
occurred tend to have as a group lower (although still 
within the broad range of normal) regional BMDs,  
aberrant microstructure, and decreased bone strength, 
abnormalities present even in the prepubertal state that 
may reflect an intrinsic bone defect.309

Although heritable factors account for 60% to 80% of 
optimal bone mineralization, modifiable factors that  
contribute to the development of osteopenia and osteo-
porosis in adulthood (weight-bearing exercise, nutrition, 
body mass, hormonal milieu) have their genesis in utero, 
infancy, childhood, and adolescence.310,311,322 In children 
as in adults, bone mass, composition, microarchitecture, 
and size determine bone strength. Because many youths 
consume excessive amounts of carbonated beverages and 
diluted fruit juices, thus limiting their intake of milk, 
children and adolescents ingest only 55% to 70% of the 
recommended daily calcium allowance (1300 mg/day), 
although late pubertal males tend to consume more than 
do pubertal females.323 In adolescent and adult females, 
an excessive intake of cola drinks with high phosphoric 
acid levels lowers body calcium content by sequestering 
dietary calcium in the intestinal tract and increasing  
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dissolution of bone mineral to neutralize acid with the 
consequent development of mild secondary hyperpara-
thyroidism.324 Sedentary, non-weight-bearing activities 
encouraged by television, videogames, and computer 
games also impair bone mineralization.325 Although body 
weight and fat mass often correlate with bone mass, over-
all fat has a negative effect on the accrual of bone 
mass.325,326 In a study of 300 male and female adolescents 
and young adults (13 to 21 years of age) employing both 
the DEXA assessment of body composition and the 
QCT measurement of the axial and appendicular skele-
tons, a positive correlation between lean mass and all 
bone measurements has been demonstrated in both gen-
ders, whereas fat mass has had either an inverse or no 
relationship to bone mass. These observations indicate 
that bone mass and strength are determined by dynamic 
muscular force and not by static load.326 Further evidence 
of the adverse effects of increased fat mass on bone 
strength during childhood is the observation that the 
odds ratios for fractures of the foot, ankle, leg, and knee 
increase as the body mass index rises, particularly in  
6- to 11-year-old children.327 An obesity-induced decrease 
in bone mass may be due, in part, to marginal stores of 
vitamin D, because at similar intakes of vitamin D obese 
subjects have lower serum levels of 25-hydroxyvitamin D 
than do normal-weight subjects, to the diversion of pro-
genitor cells from the pathway of osteoblastogenesis to 
that of adipogenesis, and to products of white fat cells 
(leptin, adiponectin) that may exert either inhibitory and 
stimulatory effects on bone mass.

In children and adolescents, the longer and more 
intense the weekly sporting activity is (soccer, basket-
ball, gymnastics, tennis), the greater are the vertebral 
and femoral aBMDs independently of calcium intake.328 
In pre- and peripubertal children, simple school physi-
cal education programs utilizing jumping, hopping, 
and skipping exercises two to three times weekly  
significantly increase areal BMD at the femoral tro-
chanter in as little as 8 months relative to children en-
gaged in a standard physical education curriculum.329 
Thus, suboptimal nutrition and sedentary activities 
during childhood and adolescence, as well as the  
consumption of colas and alcohol and the smoking of 
cigarettes, prevent optimal bone mineralization and 
increase the likelihood of later development of osteo-
porosis and its complications.323 Because the risk of 
developing an osteoporotic fracture as an adult declines 
by 40% for every 5% increase in peak bone mineral 
mass, the foundation for the prevention of osteoporosis 
in the adult must be constructed in the child and  
adolescent by maintaining adequate calcium intake, 
vitamin D stores (serum concentrations of 250HD  
. 20 ng/mL), and complementary weight-bearing 
activity during these formative years. Although calcium 
and vitamin D supplementation for 1 year can increase 
bone mass in premenarchal girls, combined quantitative 
analyses of multiple trials of calcium supplementation 
in children have revealed little effect on BMD or re-
duction of the risk of fracture.330,331 Nevertheless, the 
effects of sustained calcium supplementation over the 
many years of childhood and adolescence on future 
fracture risk merits systematic examination. Other  

nutrients (e.g., magnesium, vitamins C and K, and  
copper) must also be consumed for optimal bone ma-
trix synthesis.332 It may be possible to identify the child 
or early pubertal subject at (genetic) risk for the accrual 
of low peak bone mass and thus for later development of 
osteopenia/osteoporosis (e.g., offspring of a mother 
with osteopenia or osteoporosis, survey of children 
utilizing portable DEXA devices). Axial and appendic-
ular BMD and bone size determined by central or  
peripheral QCT in the normal early pubertal boy and 
girl may accurately predict these measurements at  
sexual maturity.333 If so, children at risk for low peak 
bone mass might benefit from a targeted diet and exer-
cise program during puberty that increases these values.

Nutritional deprivation depresses the rate of bone  
accrual, a process observed most dramatically in subjects 
with anorexia nervosa. The majority of postmenarchal, 
late adolescent females with anorexia nervosa have sig-
nificantly decreased total body, vertebral, and femoral 
neck aBMDs, although volumetric BMDs may be normal 
for their small bone size.334 In adolescent females with 
anorexia nervosa, decreased bone mineralization is asso-
ciated with a slow rate of bone turnover as demonstrated 
by lower serum concentrations of osteocalcin, estradiol, 
free testosterone, IGF-I, leptin, and bone-specific  
alkaline phosphatase and depressed urinary excretion of 
deoxypyridinoline relative to normal-weight subjects. In 
these patients, serum levels of osteoprotegerin correlate 
negatively with fat mass and leptin values and with lum-
bar spine areal (by DEXA) and apparent BMDs.335 The 
decline in bone mass in adolescents with anorexia ner-
vosa may be attributed to nutritional deprivation, chronic 
acidemia, and functional hypogonadism. Pathophysio-
logically, the osteopenia encountered in patients with 
anorexia nervosa is the result of generalized nutritional 
deprivation with a suboptimal intake of protein, calcium, 
and vitamin D, hypercortisolemia, and lowered IGF-I 
generation leading to decreased osteoblast-mediated 
bone formation coupled with hypoestrogenically medi-
ated enhanced osteoclast-stimulated bone resorption.336 
The bone loss of the patient with anorexia nervosa does 
not fully recover even after a return to normal weight, 
resulting in a several-fold increase in fracture risk for 
these women. In adolescents with anorexia nervosa, the 
administration of estrogen/progestin does not increase 
bone mass or prevent its loss. Bisphosphonates, IGF-I, 
and dehydroepiandrosterone have been reported to in-
crease or maintain BMD in small series of patients with 
anorexia nervosa, but their use should be limited.336 The 
“athletic triad” of suboptimal body fat mass, amenorrhea 
in women, and decreased bone mass attributed to low sex 
hormone production is encountered in the highly trained 
female athlete and in elite male long-distance runners. 
Additionally, the adolescent amenorrheic athlete has an 
abnormality of bone microarchitecture.337 There is a 
population of children, adolescents, and young adults 
with “constitutional thinness” that is characterized by 
long-standing underweight for height, normal growth, 
sexual maturation and fertility, and the absence of sys-
temic disease or psychologic dysfunction in whom aBMD 
is low but fracture risk is apparently not increased.338 
Young adults who experienced delay in onset and  
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completion of sexual development as adolescents may 
also have low bone mass.312

Acute immobilization of the healthy, active child and 
adolescent leads to a sudden reduction in weight bearing 
and a consequent decrease in the mechanical load on 
bones and thus a lowered rate of bone formation; in the 
presence of continued bone resorption, hypercalciuria 
and later hypercalcemia and lowered bone mass de-
velop.339 In the chronically partially or fully immobilized 
child or adolescent (due to cerebral palsy, spastic quad-
riplegia, muscular dystrophy), the fracture rate (primarily 
of the femur) is high during such simple maneuvers as 
turning, dressing, or feeding. In this group of subjects, 
not only lack of weight bearing but also the severity of 
the primary illness, body size and pubertal status, state of 
general nutrition, vitamin D and calcium intake, coexist-
ing inflammatory states, and medications (e.g., anticon-
vulsants, glucocorticoids) as well as indoor confinement 
adversely impact bone mass and fracture risk. In a study 
group of 117 patients (2 to 19 years of age) with moder-
ate to severe cerebral palsy, distal femoral aBMD Z 
scores were below 22.0 in 77%, and the incidence of low 
femoral and vertebral aBMDs as well as fractures in-
creased with advancing age.340 Distal femoral and lumbar 
vertebral aBMDs increase at slower than normal rates as 
the child with spastic cerebral palsy ages resulting in 
diminution of aBMD Z score in the older subject.341 
Both intravenous administration of pamidronate and 
subcutaneous injections of recombinant human GH have 
increased aBMD in small selected groups of children 
with quadriplegic and spastic cerebral palsy.342,343 Areal 
BMD increased substantially in 26 immobile patients 
with quadriplegic cerebral palsy (3 to 17 years of age) 
during the administration of the bisphosphonate alen-
dronate (1 mg/kg/week orally), calcium (600 mg/day), 
and vitamin D (400 IU/day) over 1 year of treatment.344 
Assisted standing by itself increases BMD in children 
with severe cerebral palsy.345

The fundamental importance of normal gonadal sex 
steroid secretion during age-appropriate sexual matura-
tion is emphasized by the observation that in adult males 
with delayed sexual development, radial, vertebral, and 
femoral areal BMDs are lower than in males with normal 
timing of pubertal maturation.312 Volumetric BMD may 
be either normal or subnormal in young adult men with 
a history of delayed adolescence. Reduced bone mass and 
abnormal microarchitecture result in decreased skeletal 
strength and an increased risk of fracture; histomorpho-
metrically, in adult sex-steroid deprived osteoporotic 
bone there is decrease in cortical width, trabecular num-
ber, osteoid, and mineralization activity.346 As a conse-
quence of estrogen (and androgen) deficiency, there is an 
increase in the production but a decline in the life span of 
osteoblasts and osteocytes, whereas osteoclastogenesis is 
stimulated and the life span of osteoclasts prolonged; 
these events reflect the sum of the activities of multiple 
pro-osteoclastogenic cytokines whose synthesis is regu-
lated by estrogen including M-CSF, IL-1, IL-6, TNFa, 
RANKL, and osteoprotegerin. Although osteopenia  
responsive to estrogen has been recorded in adult males 
with aromatase deficiency, mature women with complete 
androgen insensitivity are also osteopenic despite normal 

to increased estrogen production, clearly indicating  
that androgens, too, are important for normal bone  
mineralization.346

There is an increased risk of fractures in prepubertal 
and adolescent girls and adult women with Turner syn-
drome that is attributable to both intrinsically abnormal 
bones (as manifested by Madelung deformity of the wrist, 
scoliosis, cubitus valgus and shortened metacarpal and 
metatarsal bones) and osteopenia related to chronic estro-
gen deprivation.347 Although decreased relative to chron-
ologic age, areal and volumetric BMDs may be normal 
relative to height or bone age in girls with Turner syn-
drome. In patients with Turner syndrome, there is selec-
tive deficiency of cortical bone, whereas trabecular bone 
density is normal. The frequency of wrist fractures is in-
creased during childhood, as may be the general risk for 
fractures in adults with Turner syndrome. Estrogens, 
growth hormone, and particularly the administration of 
both agents increase bone calcium deposition and aBMD 
in adolescents with Turner syndrome.348 If estrogen re-
placement therapy is begun in the early adolescent years, 
cortical and trabecular bone mass increase substantially, 
but if estrogen replacement is delayed decreased cortical 
bone mass persists into adulthood, although trabecular 
bone mass normalizes.347 Although recombinant human 
growth hormone increases growth rate and adult stature 
in many patients with Turner syndrome, its effects on 
bone density and fracture risk in these subjects is uncer-
tain. As with all individuals, an appropriate intake of 
calcium and vitamin D and weight-bearing exercises 
should be strongly endorsed. However, the use of 
bisphosphonates is not recommended in patients with 
Turner syndrome, because these drugs act primarily 
upon trabecular bone that responds well to estrogens 
alone.347

Pubertal subjects with primary (Klinefelter syndrome, 
galactosemia, post radiation or chemotherapy) or second-
ary hypogonadism (anorexia nervosa, excessive physical 
training, hypogonadotropism) also have decreased bone 
mineralization. By decreasing estrogen production, even 
short-term (6 months) use of the intramuscular contracep-
tive depot medroxyprogesterone acetate (MPA) results in 
significant loss in bone mass in adolescent females and 
young women (18 to 21 years of age) when BMD would 
ordinarily be increasing; however, bone mass increases 
over time after this agent is discontinued.336 The adverse 
impact of depot MPA on BMD may be prevented by con-
comitant administration of estrogen. After treatment of 
the child with central precocious puberty for 1 to 2 years 
with a gonadotropin releasing hormone analog that  
suppresses pituitary-gonadal function, there may be arrest 
or even decline in bone mineral accumulation in the  
peripheral and axial skeletons, a process that can be  
prevented or reversed by the co-provision of 1 gram of 
calcium per day during analogue therapy.349

The low bone mass of glucocorticoid excess is the result 
of (1) inhibition of osteoblastogenesis; (2) an increase in 
the rate of apoptosis of the osteoblast and osteocyte, lead-
ing to decrease in the rate of bone matrix formation and 
microfracture repair; (3) enhanced osteoclastogenesis; and 
(4) a decrease in the rate of apoptosis of the osteoclast—
permitting prolonged and excessive bone resorption.350,351 
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Because of decreased osteocyte regulation of bone remod-
eling, during each remodeling cycle the amount of bone 
replaced is far less than the amount removed and skeletal 
microarchitecture degraded, resulting in declining bone 
mass and strength. At the molecular level, glucocorticoids 
suppress expression and synthesis of RUNX2 and BMP-2, 
factors essential for prenatal and postnatal osteoblast dif-
ferentiation, respectively, and increase osteoblast expres-
sion of RANKL and decrease expression of osteoprote-
gerin, changes that favor osteoclastogenesis.350,352 
Glucocorticoids interfere with WNT/b-catenin signaling 
and consequently inhibit synthesis of collagen type I as 
well as increase its rate of degradation; they impair IGF-I 
formation and function. These compounds direct the mes-
enchymal osteoblast precursor into the pathway of adipo-
cyte differentiation. To a limited extent, glucocorticoids 
inhibit normal vitamin D metabolism and thereby vitamin 
D–dependent intestinal absorption of calcium. They in-
crease renal loss of calcium by a direct effect on the renal 
tubule leading to secondary hyperparathyroidism.350,352 
Glucocorticoids also reduce production of sex hormones 
in the adolescent and adult. The muscle weakness of 
chronic glucocorticoid exposure reduces the impact of 
mechanical forces on bone formation. Finally, the disease 
(e.g., asthma, nephrotic syndrome, chronic inflammatory 
disorders such as juvenile arthritis) for which pharmaco-
logic doses of glucocorticoids have been prescribed may 
contribute to decreased bone mass by impairing mobility 
and by elaboration of osteoclastogenic cytokines. Gluco-
corticoids adversely affect trabecular bone formation  
initially and later impair cortical bone accumulation.351 
Although glucocorticoid-reduced bone mass accumulation 
is greater with frequent intermittent bursts of oral gluco-
corticoids than with inhaled glucocorticoids in boys with 
asthma, in high doses over prolonged periods inhaled  
glucocorticoids can also lead to decreased bone mass.353-355 
In young adults with asthma there is an inverse relationship 
between vertebral and femoral aBMDs and the cumulative 
dose of inhaled glucocorticoid with increasing fracture risk 
as the dose and duration of glucocorticoid administration 
increases; a cumulative dose of 5000 mg leads to a 1 SD 
decline in vertebral BMD.356 In adult women with 21-
hydroxylase–deficient congenital adrenal hyperplasia 
treated with glucocorticoids, bone mineralization is mod-
estly reduced, in part related to the extent to which adrenal 
androgen production is suppressed.357 It is suggested that 
when children begin to receive either oral or inhaled  
glucocorticoids that they also be instructed to ingest age-
appropriate amounts of calcium and vitamin D and to en-
gage in weight-bearing exercises. In children experiencing 
adverse effects of glucocorticoids on growth and bone 
mineralization, it is important to lower their steroid dose 
to the greatest extent possible and to withdraw them if at 
all feasible. In 7 of 10 children with juvenile rheumatoid 
arthritis and other rheumatic disorders and glucocorticoid/
illness-mediated low bone mass, pamidronate at a dose  
of 2 to 4 mg/kg per infusion administered at 6-month in-
tervals was followed by decline in bone pain, improved 
ambulation, and a progressive increase in BMD of the 
lumbar spine.358 Although generally recommended for 
adults being treated with glucocorticoids, routine adminis-
tration of a bisphosphonate to children receiving these 

agents is not recommended unless there is steady decline 
in bone mass or the patient has had a low-impact or fragil-
ity fracture attributable to low bone mass.351 Teriparatide 
(PTH1-34) increases bone mass in adults with glucocorticoid-
induced osteoporosis, but its efficacy and safety in  
children with this problem have not yet been evaluated. 
Denosumab, a human monoclonal, neutralizing antibody 
against RANKL (thus mimicking the antiosteoclastogenic 
effects of osteoprotegerin) may also prove useful in the 
treatment of glucocorticoid-mediated deficits in bone 
mass.351

Growth hormone (GH) exerts direct and indirect ac-
tions on bone formation. In growth plate cartilage, GH 
stimulates proliferation of resting chondrocytes and pro-
motes local generation of IGF-I; in bone, it enhances  
osteoblast differentiation, proliferation, and function  
resulting in increased osteoblast synthesis of IGF-I, 
IGFBP-3, osteocalcin, bone-specific alkaline phospha-
tase, and procollagen type I; it also stimulates osteoclasto-
genesis and bone resorption.359,360 IGF-I regulates differ-
entiation of chondrocytes and maintains their rate of 
proliferation.360 Osteoblast and osteocyte-synthesized 
IGF-I affects osteoblast maturation and the rates of ma-
trix mineralization and bone turnover and mediates the 
response of bone to a mechanical load and to parathyroid 
hormone.360 Administration of GH to GH-deficient chil-
dren and adults increases the rates of both bone formation 
and destruction, the latter predominating initially; over 
long periods of treatment (12 to 18 months) GH increases 
aBMD in these patients; to achieve peak bone mass, how-
ever, GH therapy must be continued into adulthood. 
Nevertheless, in many untreated adults with congenital 
GH deficiency due to an inactivating mutation in hypo-
thalamic GHRH, volumetric BMD is often normal de-
spite low aBMD values reflecting the smaller size of their 
bones.361 Thus, although lack of GH has long been con-
sidered a cause of low bone mass in patients with GH 
deficiency of either childhood- or adult-onset, critical 
analysis of data concerning bone mass and fracture risk in 
children and adults with GH deficiency has questioned 
the validity of this relationship.362 GH primarily affects 
formation of cortical bone (an observation consistent with 
the known clinical effects of GH on exuberant growth  
of membrane bone). In part, low bone mass in the GH-
deficient child may be attributed to the small bone size of 
the short child compared to age peers when examined as 
aBMD by DEXA. However, measurement of bone mass 
by either size-corrected aBMD or volumetric methods 
(e.g., pQCT) indicates that volumetric BMD is normal in 
the majority of GH-deficient subjects. Thus, neither  
isolated GH deficiency or resistance to the effects of GH 
due to loss-of-function mutations of the GH receptor is 
associated with increase in fracture risk in children or 
adults.362 In patients with hypopituitarism of adult onset 
associated with multiple pituitary hormone deficiencies, 
fracture risk is increased, but this may be attributable to a 
loss of gonadotropin stimulated sex hormone secretion 
and to the decreased mechanostat effects of reduced 
muscle mass on bone accretion in these fully grown  
subjects.

Thyroid hormone, through direct action on the os-
teoblast, increases synthesis of osteocalcin, alkaline 
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phosphatase, and IGF-I; it also enhances osteoclasto-
genesis and, thus, the rate of bone resorption, the latter 
effect predominating in patients with excess thyroid  
hormone in whom there is increase in the rate of bone 
turnover but decrease in the length of the bone remodel-
ing cycle (primarily due to shortening of the bone  
formation phase) resulting in a net loss of mineralized 
bone.363 As in adults with thyrotoxicosis, whole body, 
vertebral, and femoral BMDs are low in children and 
adolescents with hyperthyroidism, but they substantially 
increase within the first 12 to 24 months after restora-
tion of the euthyroid state. Administration of physio-
logic replacement doses of thyroxine to children with 
acquired or congenital hypothyroidism does not  
adversely affect bone mineralization during childhood, 
although adults with congenital hypothyroidism have a 
10% reduction in radial bone mass. In adolescents with 
type 1 diabetes mellitus, whole body, axial, and appen-
dicular bone mass assessed by DEXA is decreased relative 
to control subjects and inversely related to hemoglobin 
A1c values reflecting the adverse effects of chronic hyper-
glycemia and insulin deficiency upon bone formation.364,365 
Utilizing pQCT in young, prepubertal subjects with 
type 1 diabetes mellitus, cortical bone cross-sectional 
area and BMD were found to be decreased, implying an 
increased risk for fracture.366

Bone mass is decreased in 80% of children with acute 
lymphoblastic leukemia, and 40% sustain a fracture 
within the first 2 years of treatment. Pathogenetic factors 
involved in the suppression of bone remodeling and the 
development of low bone mass in these subjects include 
adverse effects of the disease itself directly on bone;  
radiation injury of bone; inhibitory effects of glucocor-
ticoid, chemotherapeutic, antibiotic, and immunosup-
pressive agents on bone formation; diminished physical 
activity; decreased caloric, protein, and vitamin D intake; 
sex hormone deficiency due to delayed or arrested ado-
lescent development; and GH deficiency in children who 
have received cranial radiation.367 Cyclosporine A in-
duces bone loss in organ transplant recipients by increas-
ing osteoblast expression of RANKL and decreasing 
production of osteoprotegerin thereby augmenting  
osteoclastogenesis. Methotrexate and intrathecal chemo-
therapy exert significant inhibitory effects on bone  
mineralization in children with malignancies who should 
receive appropriate calcium and vitamin D supplements 
and weight-bearing exercises to the extent possible.367 
Those who develop GH deficiency following cranial ra-
diation may be treated with rhGH if they remain GH 
deficient after the primary illness has been in prolonged 
remission. Decreased bone mineralization is common in 
the post bone marrow or solid organ transplant subject; 
its diverse pathogenesis includes the primary disease  
itself and the chronic illness that may accompany it, the 
use of high-dose glucocorticoids and antirejection medi-
cations, as well as altered intestinal, renal, hepatic, and 
gonadal function.368 In addition to the provision of 
adequate nutrition, calcium, and vitamin D, in adults the 
effects of transplantation may be partially ameliorated by 
the administration of bisphosphonates.

In severely burned patients and children with hemo-
philia, sickle cell disease, central diabetes insipidus, Marfan 

syndrome, homocystinuria, lysinuric protein intolerance, 
and propionic and methylmalonic aciduria, aBMD is also 
decreased and fracture risk increased. Children with cystic 
fibrosis may have low vertebral and femoral neck aBMD Z 
scores as a consequence of suboptimal nutrition, vitamin D 
deficiency, chronic inflammation, concomitant diabetes 
mellitus, pubertal delay, and drug therapy. However,  
approximately one third of optimally managed cystic  
fibrosis patients with good clinical control may nevertheless 
have subnormal BMDs (a Z score below 21 but seldom 
below 22.5), although this is not necessarily translated 
into increased fracture risk.369 Low bone mass and verte-
bral collapse may be early manifestations of chronic  
inflammatory bowel disease. Vitamin D deficiency and 
secondary hyperparathyroidism as well as the chronic  
inflammatory state and therapeutic agents such as gluco-
corticoids likely contribute to decreased bone formation 
and increased bone resorption in this illness. That whole 
body aBMC in children, adolescents, and young adults 
with chronic inflammatory bowel disease may be normal 
relative to lean body mass (although reduced relative to 
racial, age, and height norms) does not necessarily imply 
that bone strength in these patients is normal as evidenced 
by the increased fracture risk of adults with this disorder.370 
Low bone mass is common in children and adults with 
celiac disease.371 Pathogenetic factors associated with 
low bone mass in children with celiac disease include  
malabsorption of vitamin D, calcium, protein, and other 
nutrients, synthesis of osteoclast activating and proinflam-
matory cytokines such as interferon g and interleukins 
215, 218, and 221, and secondary hyperparathyroidism. 
In children and adolescents infected with the human im-
munodeficiency virus, whole body BMD is decreased as a 
consequence of the infective agent itself, the chronic  
inflammatory state it induces, suboptimal nutrition, and 
the administration of highly active antiretroviral therapy 
that may have direct effects on osteoblast and osteoclast 
generation and function.372,373 Despite clinical well-being 
and normal linear growth, the rate of accrual of bone mass 
is decreased in these subjects, whereas the rate of bone 
resorption is increased. Bone mass is reduced in children 
with a variety of connective tissue diseases (juvenile idio-
pathic arthritis, systemic lupus erythematosus, juvenile 
dermatomyositis) due to the chronic inflammatory state 
and production of pro-osteoclastic cytokines and to therapy 
with glucocorticoids.374

Idiopathic juvenile osteoporosis (MIM 259750) is an 
unusual disorder of generalized low bone mass of un-
known pathogenesis that appears in both boys and girls 
between 8 and 12 years of age and often resolves as sexual 
maturity is achieved.375 In affected subjects, roentgeno-
grams obtained for evaluation of joint, muscle, or back 
pain, difficulty walking, foreshortening of the trunk, or 
the presence of kyphosis reveal biconcave vertebrae or 
vertebral compression fractures, radiolucent areas in long 
bones, and metaphyseal fractures. DEXA and QCT 
analyses demonstrate decreased bone mineralization. 
Chemical studies are normal. Dynamic histomorphomet-
ric studies reveal low rates of bone formation and turn-
over with a reduction in cancellous bone volume and 
trabecular thickness due primarily to decreased osteo-
blast activity on the endosteal but not the periosteal bone 
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surface; there is no evidence of increased bone resorption. 
Idiopathic juvenile osteoporosis is quite likely to be ge-
netically heterogenous in origin. Mutation analyses of 
COL1A1 and COL1A2 have been normal in these sub-
jects. In 15% of patients with juvenile osteoporosis, a 
familial heterozygous loss-of-function mutation in the 
gene encoding LDL receptor-related protein 5 (LRP5) 
has been detected.376 Homozygous loss of LRP5 results in 
the osteoporosis-pseudoglioma syndrome (discussed 
later). One of the most difficult diagnostic challenges is 
the clinical distinction between idiopathic juvenile osteo-
porosis and osteogenesis imperfecta type I (discussed 
later). The latter disease is characterized clinically by a 
positive family history, onset in early infancy, lifelong 
persistence, diaphyseal fractures, wormian bones, lax 
ligaments and decreased muscular strength, blue sclerae, 
abnormal dentition, hearing loss, and a high rate of bone 
turnover.196,375 Additionally, there are some children with 
low bone mass and recurrent fractures whose clinical 
picture is not as severe as those with idiopathic juvenile 
osteoporosis, suggesting that there is a wide spectrum of 
clinical findings in children and adolescents with mar-
ginal bone mineralization.375 In children with classical 
idiopathic juvenile osteoporosis, symptomatic treatment 
is offered; in some patients calcitriol or supplemental 
sodium fluoride has been of benefit. Although the disor-
der ameliorates and even disappears at puberty, treatment 
of the prepubertal patient with sex steroids does not seem 
to accelerate the healing process. Administration of the 
bisphosphonate pamidronate has been helpful in reduc-
ing bone pain and increasing vertebral BMD in small 
groups of children with idiopathic juvenile osteoporosis.375

Low density lipoprotein receptor-related protein 5 
(LRP5, MIM 603506) is a cell membrane protein ex-
pressed by osteoblasts that serves as coreceptor for signal 
transduction through the WNT-frizzled-b-catenin path-
way leading to differentiation and function of osteoblasts. 
WNT signaling enhances differentiation of pluripoten-
tial mesenchymal precursor cells into the pathway of 
chondrogenesis and osteogenesis and impedes its differ-
entiation into the pathway of adipogenesis.377 By stimu-
lating RUNX2, b-catenin further directs the osteochon-
droprogenitor cell into the osteoblastic track, and in the 
mature osteoblast, b-catenin enhances expression of os-
teoprotegerin and thus depresses osteoclastogenesis.378 
Sclerostin (encoded by SOST, MIM 605740) binds to the 
extracellular domain of LRP5 and thereby inhibits WNT 
signaling.379 Intrinsic abnormalities of LRP5 expression 
have been associated clinically with disorders of both im-
paired and excessive bone mineralization. The osteoporosis-
pseudoglioma syndrome (MIM 259770) is character-
ized clinically by congenital or early infantile onset of 
severe visual impairment due to micro-ophthalmia  
and hyperplasia of the vitreous (pseudoglioma that may 
be erroneously identified as retinoblastoma) leading to 
retinal detachment, glaucoma, and blindness; marked  
osseous fragility with craniotabes and fractures during 
late infancy, childhood, or adolescence; and variable cog-
nitive impairment, ligamentous laxity, and hypotonia.380 
The disorder is transmitted as an autosomal recessive 
trait and is due to biallelic (homozygous or compound 
heterozygous) inactivating (missense [Val336Met,  

Arg494Gln], nonsense [Arg428Ter, Arg1002Ter], frame-
shift, splice-site) mutations in LRP5, primarily located in 
the extracellular domain of LRP5.381,382 Missense muta-
tions likely prevent normal binding of LRP5 to the product 
of the mesoderm development gene (MIM 607783, chro-
mosome 15), a chaperone protein that directs LRP5 to 
the cell membrane. Although often asymptomatic, het-
erozygous carriers are usually osteopenic; however, vi-
sion is not impaired. Intravenous administration of pami-
dronate over several years can increase bone mass in 
children with this disorder.382 Loss-of-function muta-
tions in LRP5 have also been associated with familial exu-
dative vitreoretinopathy (MIM 133780), a developmental 
disorder of retinal vasculature that may be transmitted as 
either an autosomal dominant (Leu145Phe) or an auto-
somal recessive (Arg570Gly, Arg752Gly) trait; these pa-
tients also have reduced bone mass. LRP5 transduces not 
only the WNT signal but also that of Norrin (MIM 
310600, chromosome Xp11.4). Norrin signaling modu-
lates ocular vitreoretinal formation. Gain-of-function 
mutations in LRP5 are associated with increased bone 
mass (discussed later).

Evaluation and Management of Low 
Bone Mass

Evaluation of the child or adolescent with a possible  
low-impact fracture due to decreased bone strength  
(previously defined as a fracture sustained by a fall from 
a distance that is less than the standing height of the  
patient) begins with historical review and physical ex-
amination directed to the identification of factors that 
might adversely affect skeletal formation and bone min-
eralization.308,315 In addition to genetic and hormonal 
influences, the most important elements necessary for 
the accrual and maintenance of bone mass that need be 
inquired about are those that relate to diet (sufficient 
intake of calcium and protein, absence of anorexia ner-
vosa), sustained normal vitamin D stores either by expo-
sure to sunlight or ingestion of supplements, consistent 
but not excessive weight-bearing exercise, and the pres-
ence or absence of diseases (e.g., asthma) or therapeutic 
agents (e.g., glucocorticoids) that might impair bone de-
velopment. It is important to examine the patient’s 
growth pattern to determine whether statural growth has 
been normal and normal weight for stature and gender 
has been attained and maintained; an assessment by 
physical examination of stages of primary and secondary 
sexual maturation is also essential. Determination of  
skeletal maturation (bone age) is useful to establish if the 
child is growing in accord with his or her genetic poten-
tial. If pertinent, systemic illnesses such as chronic renal 
disease, celiac disease, inflammatory bowel disease, and 
endocrinopathies should be eliminated. Assessment of 
areal bone mineralization is most often accomplished by 
DEXA in children with referral to age and gender- 
specific reference data.315,318 Interpretation of a DEXA 
BMD relative to height and to bone age is often useful.383 
In a series of 304 children and adolescents undergoing 
DEXA bone mineralization studies at a children’s hospi-
tal, 36% were doing so because of a history of fractures, 
27% because of hypogonadism, and 22% because of  
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gastrointestinal (celiac, inflammatory bowel) disease.384 
Low body mass index and low vitamin D stores were the 
most significant predictors of subnormal BMD (below 
22 SDs for age and gender). Interestingly, for subjects 
with a history of fractures, there was no difference in the 
number of fractures in those with a BMD below or above 
22 SDs for age and gender. Depending on the individual 
patient, measurements of serum calcium, phosphate, al-
kaline phosphatase, creatinine, iPTH, 25OHD, and re-
productive hormones, as well as disease-specific analytes 
(e.g., for inflammatory bowel or celiac diseases), may be 
indicated. Bone turnover markers are of marginal diag-
nostic utility in children, although they are perhaps use-
ful as indices of therapeutic response.385,386 After assess-
ment and when necessary and appropriate, intervention 
may include elimination of or reduction in glucocorti-
coid dose in an asthmatic child or treatment of an accom-
panying underlying systemic disease or endocrinopathy 
that may be of pathogenetic significance in the develop-
ment of low bone mass. When attempting to prevent 
bone loss or restore lost bone, initial efforts are directed 
to the assurance that these basic approaches are being 
utilized to the fullest extent possible for the specific patient.

Therapeutic agents increase skeletal mass either by in-
hibiting bone resorption (antiresorptive or anti-remodeling 
drugs) or by stimulating bone formation (anabolic 
agents).387,388 The most widely employed antiresorptive 
medications are sex hormones, selective estrogen recep-
tor modulators, teriparatide (PTH1-34), denosumab, and 
bisphosphonates. Selective estrogen receptor modulators 
(SERMS) are triphenylethylene, benzothiophene, or  
naphthalene-related compounds (e.g., raloxifene) that bind 
with high affinity to estrogen receptor a in specific tissues 
where they alter the three-dimensional configuration of  
the receptor and recruit tissue-selective cohorts of various 
cofactors, thus either reducing (breast, brain) or inducing 
(bone) receptor function in targeted sites.389 SERMs 
decrease osteoclast formation primarily at trabecular bone 
sites, but their efficacy in increasing BMD is less than that 
of estrogens themselves.390

Denosumab is a human monoclonal antibody to 
RANKL that binds tightly to its ligand and prevents its 
interaction with RANK, thereby inhibiting osteoclastogen-
esis; denosumab thus acts as a “pseudo-osteoprotegerin.” 
In postmenopausal women with decreased bone mineral-
ization, denosumab decreases bone resorption and in-
creases lumbar spine BMD.391 Experience with its use in 
children is limited. Strontium renalate is an agent that has 
been considered for treatment of low bone mass in adults, 
because it is incorporated into the structure of bone min-
eral.352 Although nasal salmon calcitonin inhibits osteoclast 
function directly and has modest bone restorative effects,  
it is seldom utilized for the treatment of osteoporosis in 
adults or children.392

Bisphosphonates are analogs of pyrophosphate with 
carbon substituted for the oxygen bridge between two 
phosphate groups; also attached to the carbon atom are 
two side chains: R1 is usually a hydroxyl group or chlo-
ride atom that together with phosphate residues binds 
tightly to hydroxyapatite and coats bone surface; the R2 
side chain may be “simple” and contain chloride or sulfur 
atoms, or it may be more complex and heavier with nitrogen 

atoms and ring structures composed of carbon and  
oxygen (Figure 18-12). Bisphosphonates that contain 
nitrogen as a constituent in one of the side chains are 
substantially more potent than are the “simple” bisphos-
phonates.393 Bisphosphonates chelate the calcium ions of 
hydroxyapatite and thus are targeted to bone; within the 
resorption lacuna beneath an osteoclast, bisphosphonates 
dissociate from hydroxyapatite as the pH is lowered by 
osteoclast secretion of H1 and are then endocytosed into 
the interior of the osteoclast. Once within the osteoclast, 
bisphosphonates impede osteoclast function by hastening 
their death by two distinct mechanisms: (1) “simple” 
bisphosphonates such as medronate, etidronate, and  
clodronate are metabolized into analogs of adenosine 
triphosphate (ATP) that interfere with release of phos-
phate and hence with energy generation; additionally, 
“simple” bisphosphonates prevent movement of ATP 
into the osteoclast’s mitochondria as a consequence of 
which mitochondria disintegrate and osteoclast apoptosis 
is initiated—thereby further interfering with bone re-
sorption; (2) large, nitrogen-containing bisphosphonates 
(pamidronate, zoledronate) act by impairing cholesterol 
synthesis by inhibiting farnesyl pyrophosphate synthase 
activity in osteoclasts. This enzyme is essential for syn-
thesis of cholesterol through the mevalonate pathway; its 
inhibition prevents prenylation of proteins, a posttransla-
tional modification that enables prenylated proteins to 
interact with proteins and to bind to cell membranes.393 
Inhibition of this pathway in osteoclasts impairs forma-
tion of the ruffled border and actin rings, movement  
of osteoclast products into the resorption lacuna, and 
resorption of degraded bone products—all metabolic 
functions of osteoclasts essential for bone resorption. 
The biologic activity of a bisphosphonate on osteoclast 

FIGURE 18-12 n  Bisphosphonates are analogues of pyrophos-
phate in which carbon has been substituted for the oxygen 
bridge between two phosphate groups; two side chains (R1, R2) 
are attached to the carbon atom: R1 may be a hydroxyl group 
or chloride atom that together with phosphate residues binds 
tightly to hydroxyapatite and coats bone surface; R2 may con-
tain chloride or sulfur atoms or it may be composed of ring 
structures containing carbon, oxygen, and nitrogen. (Courtesy of 
Wikimedia Commons User Adenosine.) This image can be viewed 
in full color online at ExpertConsult.

http://www.ExpertConsult.com
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function is observed immediately after its administration 
as serum calcium concentrations decline rapidly; indeed, 
this rapid effect has been utilized in the treatment of 
hypercalcemic infants and children. In adults, the effects 
of bisphosphonates on bone mass last long after the agent 
has been discontinued (the “residence time”), enabling 
some compounds to be given as infrequently as once 
yearly (zoledronate). Indeed, the bisphosphonates remain 
in bone for extremely long intervals and their long-term 
effects are cumulative. Histomorphometric analysis has 
revealed that bisphosphonate-mediated inhibition of  
osteoclast stimulated bone resorption increase bone  
mineralization by decreasing the number of resorption 
cavities and thus the remodeling space, preserving can-
cellous (trabecular) bone architecture, and decreasing 
porosity of cortical bone. Bisphosphonates have been 
useful in improving mineralization in children with os-
teogenesis imperfecta (discussed later) as well as in those 
with glucocorticoid induced osteoporosis, osteoporosis-
pseudoglioma syndrome, Menkes disease, and cerebral 
palsy (as discussed previously). In most infants and  
children, intravenous pamidronate (0.5 to 1 mg/kg/dose 
on 3 consecutive days every 2 to 4 months up to 2 to  
15 mg/kg/yr administered once every 3 to 6 months) has 
been utilized, although a number of different regimens 
have been employed with reasonably similar increases in 
BMD, decline in fracture incidence, and improved well 
being.308 Limited data indicate that oral bisphosphonates 
(pamidronate, alendronate, olpadronate) administered 
daily also increase BMD in children with osteogenesis 
imperfecta but with lower efficacy than intravenous  
administration and, therefore, are not generally utilized 
in these patients. At present, the Food and Drug Admin-
istration has not approved bisphosphonates for use in 
children.

Side effects of bisphosphonates have been both acute 
(fever, myalgia, abdominal pain, vomiting, hypocalcemia) 
and chronic (inflammatory disorders of the eye, osteone-
crosis of the jaw in the elderly, and induced “osteopetrosis”) 
(discussed later).394 Experimentally and in adults receiving 
long-term therapy, bisphosphonates can suppress bone 
turnover and contribute to hypermineralization, the latter 
leading paradoxically to reduced mechanical strength and 
increased fracture risk.395 Therefore, when considering a 
child for treatment with bisphosphonates one must care-
fully evaluate the primary diagnosis and whether the pa-
tient’s low bone mass and fracture frequency merit therapy 
in view of the potential side effects of bisphosphonates. In 
addition, there are many unanswered questions concerning 
which bisphosphonate to use, its route of administration, 
the dose of the drug, the duration of therapy, and the 
method of outcome analysis. The use of bisphosphonates 
should be confined to centers with experience in the care 
and management of children with bone disease.308 Treat-
ment with bisphosphonates several years prior to concep-
tion does not appear to have an adverse effect on fetal 
outcome, but treatment during pregnancy is contraindi-
cated because of possible toxicity.396

PTH1-34 (teriparatide) is the most widely employed 
bone anabolic agent. Administered continuously, PTH1-84 
and its analog PTH1-34 increase osteoclast-mediated 
dissolution of bone, but when administered intermittently 

these agents exert anabolic effects on osteoblast function 
and bone formation. This property is employed clinically 
through the use of PTH1-34 in the treatment of post-
menopausal women with osteoporosis. When administered 
intermittently in small amounts, PTH1-34 preferentially 
accelerates the rates of bone remodeling and of bone  
formation relative to that of bone resorption by direct  
effects on osteoblast differentiation, maturation, and  
longevity.388 PTH1-34 also acts on the osteocyte to de-
crease the production of sclerostin, an inhibitor of bone 
synthesis that acts by repressing WNT- and BMP- 
mediated bone formation (discussed later).397 The quan-
tity of bone formed in each remodeling unit is increased 
with consequent augmentation of trabecular thickness 
and interconnectivity and periosteal new bone formation 
and cortical thickness resulting in increased bone size, 
mass, and strength. Side effects of PTH1-34 administration 
include transient hypercalcemia, hypercalciuria, and the 
development of antibodies to the peptide—all rather un-
usual events. Although osteosarcoma has been observed 
in mice receiving very high doses of PTH and PTH1-34, 
no malignant disorders have been recorded in adults  
receiving either agent. The pediatric use of PTH1-34 has 
been primarily limited to children with hypocalcemia due 
to a gain-of-function mutation in CASR and consequent 
hypercalciuric hypocalcemia, which is one form of famil-
ial isolated hypoparathyroidism.24 An analog of PTHrP 
(PTHrP1-36) that increases lumbar spine BMD in post-
menopausal women with osteoporosis has been described 
but not further explored.388,398 Future potential therapeu-
tic agents for the management of low bone mass are those 
that would enhance the WNT/b-catenin signaling path-
way of osteoblast differentiation and function such as 
substances that increase LRP5 activity, inhibit sclerostin 
or Dickkopf function, or enhance BMP, TGFb, or vascular 
endothelial growth factor A (VEGF) signaling within 
mesenchymal stem cells directing their differentiation 
into osteoblasts.388,399

Osteogenesis Imperfecta

Osteogenesis imperfecta or “brittle bone disease” is a 
disorder of increased bone fragility due to low bone mass 
that varies in clinical severity from lethality in utero or 
perinatally to mildly increased susceptibility to fractures 
in later life and that may be transmitted as either autoso-
mal dominant or autosomal recessive traits.196,199 The 
original Sillence classification of four types of osteogen-
esis imperfecta based on clinical characteristics and  
disease course has been expanded to include at least  
10 additional numbered types of this disorder and the  
identification of additional mutant genes to which the 
illnesses can be attributed (see Table 18-12B).193,196,199,400,401 
(The types of osteogenesis imperfecta are numbered in 
the order of their clinical description.) The hallmark of 
each type is increased bone fragility, but severity varies 
with type II being lethal in the perinatal period due to 
respiratory insufficiency as a consequence of multiple rib 
fractures that reduce chest volume and type I being a 
relatively benign form (discussed later); in decreasing 
order of severity, the categories are type II . type VIII  
type III . types IV, V, VI, VII . type I. In osteogenesis 
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imperfecta types I through IV, heterozygous loss- 
of-function mutations have been identified in one or the 
other of the two genes (COL1A1, COL1A2) encoding 
procollagen subunits a1(I) and a2(I), respectively, that 
intertwine to form collagen type I in bone, skin, liga-
ments, tendons, sclerae, and teeth.193,196 (The triple heli-
cal structure of type I collagen is comprised of two col-
lagen a1[I] [COL1A1] peptide and one collagen a2[I] 
[COL1A2] peptide, each of which is composed of triple 
repeats of glycine and two additional amino acids—often 
proline, hydroxyproline, or lysine.) Transmitted as an 
autosomal dominant trait, insertions, duplications, 
frameshift or point mutations within COL1A1 or COL1A2 
reduce the amount of collagen synthesized or alter its 
structure and properties interfering with the develop-
ment of a normal three-dimensional configuration, thus 
leading to decreased bone formation, low bone mass, and 
increased fracture risk (Figure 18-13). To a limited 
extent, the site of the mutations identified within COL1A1 
or COL1A2 is related to the clinical phenotype of osteo-
genesis imperfecta types I through IV. Mutations that 
lead to a stop codon result in a truncated procollagen 
product that is rapidly degraded; thus, only normal col-
lagen type I is produced but in reduced amounts. Lethal 
mutations in COL1A1 are those that alter an amino acid 
with a branched or charged side chain and those within 
the binding sites of the collagen monomer for integrins, 
matrix metalloproteins, fibronectin, and cartilage oligo-
meric matrix protein and those that result in binding to 
and degradation of intact procollagen subunits.193 Lethal 
mutations in COL1A2 are those that interfere with its 
binding to proteoglycans. Mutations (Arg134Cys) in 
COL1A1 may also be found in patients with classical 
Ehlers-Danlos syndrome (MIM 130000) of hyperexten-
sible skin and laxity of ligaments of the spine and large 

and small joints. Children with clinical features of both 
osteogenesis imperfecta (osseous fragility) and Ehlers-
Danlos syndrome have been described.402 In these pa-
tients, the mutations have been concentrated within the 
first 90 amino acids of the helical region of collagen-a1(I) 
and prevent normal posttranslational removal of the pro-
collagen amino-propeptide; although the mutant protein 
can be incorporated into collagen, the structural integrity 
of the product is impaired, as its fibrils are thin and 
weak.403 Osteogenesis imperfecta types I-IV describe 
clinical forms of this disease associated with loss- 
of-function mutations in COL1A1 or COL1A2 that are 
transmitted in an autosomal dominant manner.

Osteogenesis imperfecta type I (MIM 166200) is an 
autosomal dominant disorder (new mutation in 33% of 
patients) due primarily to “functional null alleles”—the 
result of splicing defects or point mutations leading to 
insertion errors or truncation (COL1A1: Gly178Cys, 
Arg963Ter, IVS26DS), mutations that result in decreased 
transport of procollagen-a1(I) into the cytoplasm or its 
release into matrix—thereby modestly decreasing pro-
duction of intact procollagen type I. Its clinical manifes-
tations are relatively benign: intensely blue sclerae that 
are present at birth and persist throughout adulthood, 
modestly low bone mass, infrequent fractures with little 
deformity (however, 15% of affected children develop 
deformities and 24% kyphoscoliosis before 10 years  
of age), low normal adult stature, hearing loss in 50%, 
mitral valve prolapse in 18%, and rarely dentinogenesis 
imperfecta (osteogenesis imperfecta type IB). (Paradoxi-
cally, patients with mild osteogenesis imperfecta type I 
due to mutations in the procollagen type I carboxyl ter-
minal propeptide cleavage sites [COL1A1, p.Asp1219Asn; 
COL1A2, p.Ala1119Thr] may have normal or increased 
lumbar spine BMD by both DEXA and QCT examinations 

α1

α2

0 200 400 600 800 1000

Alanine

Serine

Valine

Cysteine

Arginine

Cysteine

Severe
disease

Severe
disease

Moderate
disease

Moderate
disease

Mild
disease

Mild
disease

FIGURE 18-13 n Mutations in COL1A1 and COL2A1 that result in glycine substitutions associated with osteogenesis imperfecta of vari-
able clinical severity. (From Prockop, D. J. (2005). Type II collagen and avascular necrosis of the femoral head. N Engl J Med, 352, 2268–2270.)
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despite increased bone fragility.404 Please see the dis-
cussion of osteogenesis imperfecta type XIII, presented 
later.) Mutations in COL1A2 less frequently lead to 
the phenotype of osteogenesis imperfecta type I. Sub-
jects with mutations in COL1A1 more often have blue 
sclerae and taller stature than those with mutations in 
COL1A2. Osteogenesis imperfecta type II (MIM 166210) 
is a disorder that is lethal in the perinatal period or in 
early infancy. It is usually the result of de novo heterozy-
gous mutations in COL1A1 or COL1A2 with alternative 
amino acid being substituted for glycine in the triple 
helical domains of the procollagen a1(I)/a2(I) chains 
(COL1A1: Gly94Cys, Gly391Arg, Gly1003Ser; COL1A2: 
Gly547Asp, Gly865Ser, Gly976Asp); these mutations 
lead to the synthesis of abnormal procollagen chains that 
bind to and thereby inactivate intact procollagen pep-
tides in a dominant-negative manner severely curtailing 
the synthesis of intact collagen type I. Clinically, it is 
manifested by in utero fractures, long bone deformities, 
very little calvarial mineralization, and death due to  
respiratory insufficiency. Lethal phenotypes of osteogen-
esis imperfecta are also associated with homozygous  
loss-of-function mutations in LEPRE, the gene encod-
ing prolyl 3-hydroxylase 1, CRTAP, encoding cartilage-
associated protein, PPIB, encoding peptidyl-prolyl 
isomerase B, and SERPINH1, encoding serpin peptidase 
inhibitor (discussed later) (see Table 18-12B).194 Osteo-
genesis imperfecta type III (MIM 259420) is an autoso-
mal dominant trait due to point or frameshift mutations 
in COL1A1 (Gly154Arg, Gly844Ser) or COL1A2 
(Gly526Cys). It is characterized by recurrent fractures 
leading to progressive bone deformities that are often 
apparent at birth, kyphoscoliosis, extreme short stature, 
blue sclerae that lighten with age, abnormal dentition (in 
80% of children younger than 10 years of age), and hear-
ing loss. Osteogenesis imperfecta type IV (MIM 166220) 
is an autosomal dominant disease usually associated  
with point mutations or small deletions in COL1A2 
(Gly586Val, Gly646Cys, Gly1012Arg) and occasionally 
in COL1A1 (Gly175Cys, Gly832Ser). It is of variable 
severity with prolonged survival, mild to moderate bone 
deformities, short stature, normal sclerae, dentinogenesis 
imperfecta, and hearing loss.

Among the most important posttranslational modifi-
cation of type I procollagen (a triple helix comprised of 
two pro-COL1A1 and one pro-COL1A2 chains) is hy-
droxylation of proline and lysine residues by prolyl and 
lysyl hydroxylases. Hydroxylation of proline residues at 
carbon 4 affords thermal stability, whereas hydroxylation 
of lysyl residues permits binding of carbohydrates (galac-
tose or glucosyl-galactose) and the formation of cross-
links within or between procollagen chains.199 Hydroxyl-
ation of proline at carbon 3 in position 986 of COL1A1 
and at position 707 of COL1A2 are especially critical for 
stability of the three-dimensional configuration of type I 
procollagen and its subsequent maturation to collagen 
type I.199 Prolyl 3-hydroxylase 1 (P3H1, also termed 
leprecan and encoded by LEPRE1, MIM 610339) specifi-
cally hydroxylates carbon 3 of the proline residue at  
codon 986 in COL1A1 and at codon 707 in COL1A2, 
reactions that require interaction of P3H1 with cartilage-
associated protein (CRTAP; MIM 605497) and peptidyl-
proline (cis-trans) isomerase B (PPIB also termed  

cyclophilin B, MIM 123841); these proteins that also 
serve as chaperones for the movement of collagen from 
the endoplasmic reticulum.199 CRTAP is expressed in the 
proliferative zone of developing cartilage and at the 
chondro-osseous junction. Crtap “knockout” mice develop 
an osteochondrodysplasia (kyphoscoliosis, rhizomelic 
shortening of the proximal segment of the limbs) and 
severe osteopenia, the latter due to reduced production 
and alteration in the quality of osteoid and consequent 
decreased rate of mineral deposition.405 Mice deficient in 
Crtap are unable to 3-hydroxylate the proline residue 
near the carboxyl terminus of bone COL1A1 leading to 
increased hydroxylation of lysine residues and resultant 
abnormal structure of the collagen fibril—changes that 
result in defective mineralization of bone collagen type I. 
Nonhydroxylated proline at codon 986 in bone COL1A1 
was demonstrated in 3 of 11 patients with a recessively 
transmitted lethal or severe osteogenesis imperfecta 
characterized by multiple fractures of the long bones  
resulting in rhizomelic shortening of the limbs with ex-
ternally rotated and abducted legs, poorly mineralized 
calvaria and ribs, proptotic eyes, and white or light blue 
sclerae.406 This proved due to homozygous or compound 
heterozygous loss-of-function mutations in CRTAP—
frameshift (c.879delT), 16 bp duplication in exon 1, 
nonsense (Gly276Ter), missense (Met1Ile), splice donor 
site of exon 1 at the first intronic nucleotide (IVS111G 
d C)—that interfered with effective hydroxylation of the 
proline residue at codon 986 of bone procollagen a1(I). 
This disorder has been designated osteogenesis imper-
fecta type VII (MIM 610682). In other patients with  
osteogenesis imperfecta type VII, a homozygous mutation 
in CRTAP has been identified in which alteration of one 
nucleotide (c.472 - 1021C d G) generates a cryptic splice 
donor site that leads to inclusion of 73 bp of intron 1 into 
the genome of CRTAP, thus extending exon 2.405 This 
mutation results in more rapid degradation of CRTAP 
and consequently leads to decreased 3-hydroxylation of 
proline 986 in bone COL1A1. Osteogenesis imperfecta 
type VII has been identified in a Native American popu-
lation in northern Quebec. Clinically, it is an autosomal 
recessive disorder in which fractures are present at birth; 
often the frequency of fractures declines with advancing 
age, particularly after adolescence; the sclerae are slightly 
bluish; there is progressive skeletal deformation, which 
leads to rhizomelic shortening of the limbs and restricted 
ambulation.407 Inactivating mutations in CRTAP can also 
result in a lethal form of osteogenesis imperfecta resem-
bling that of type II.

The phenotype of osteogenesis imperfecta type VIII 
(MIM 610915) overlaps with those of types II/III; in 
addition to osseous fragility, it is associated with sub-
stantial growth retardation, white sclerae, and bulbous 
metaphyses. It is due to loss-of-function mutations  
in LEPRE1 encoding P3H1.408 Osteogenesis imperfecta 
type VIII occurs primarily in African-American and 
Middle Eastern subjects.408-410 CRTAP and P3H1 mu-
tually stabilize one another in the collagen prolyl  
3-hydroxylation complex.411 Loss-of-function mutations 
in PPIB, the gene encoding cyclophilin B, has been des-
ignated osteogenesis imperfecta type IX, an often lethal 
disorder in which osseous fragility is evident in utero 
(see Table 18-12B).412-414
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Heterozygous mutations in IFITM5 (encoding 
interferon-induced transmembrane protein-5 or bone-
restricted ITIFM5-like protein, MIM 614757) result in 
osteogenesis imperfecta type V (MIM 610967), a fragile 
bone syndrome that is phenotypically similar to osteo-
genesis imperfecta type IV but whose phenotype is mark-
edly variable (see Table 18-12B).415-417 Distinguishing 
features of osteogenesis imperfecta type V are calcifica-
tion of the interosseous membranes between radius and 
ulna and exuberant callous formation at fracture sites. 
Other clinical characteristics of type V osteogenesis im-
perfecta are autosomal dominant transmission, moderate 
to severe bone fragility (lumbar spine areal BMD Z 
scores range between 27.7 and 20.7), moderate to mild 
growth retardation (adult height Z scores vary from 28.7 
to 20.1), dislocation of the radial head, white sclerae, and 
normal dental development. Histologically, there is  
irregular arrangement of lamellae. After excluding muta-
tions in COL1A1 and COL1A2 in patients with autoso-
mal dominantly transmitted osteogenesis imperfecta, 
several groups of investigators identified the common 
mutation in IFITM5 by whole exome sequencing—
a heterozygous c.-14C . T transition within its 59 
untranslated region.415-417 This mutation is 14 bp 
upstream of the reference initiation codon and creates  
a new initiation signal that adds 5 amino acids (Met-Ala-
Leu-Glu-Pro) to the amino terminus of IFITM5 in-
creasing its length from 132 to 137 amino acids.  
IFITM5 is a protein that is abundantly expressed within 
osteoblast membranes during embryonic and postnatal 
development of the skeleton; it has amino and carboxyl 
extracellular termini, two transmembrane domains, and 
an intracellular helical domain. IFITM5 is an osteoblast 
differentiation factor that is involved in protein trafficking 
and folding; experimentally, loss of IFITM5 results in 
decreased bone formation, particularly in utero.418 The 
functional consequence (whether it is activating or inac-
tivating) of the identified consistent mutation in IFITM5 
is uncertain at present.

Osteogenesis imperfecta type VI (MIM 610968) is 
also phenotypically similar to type IV. It is an autosomal 
recessive disorder due to loss-of-function mutations in 
SERPINF1 (serpin peptidase inhibitor, clade F, member 
1; MIM 172860) that is characterized clinically by severe 
bone fragility that first manifests after 6 months of age, 
excess unmineralized osteoid, and a “fish-scale” pattern 
of lamellation of bone matrix on microscopic examina-
tion consistent with a defect in bone mineraliza-
tion.199,419-421 Serpins are a family of serine protease in-
hibitors (first identified in retinal pigment epithelial 
cells). SERPINF1 encodes pigment epithelium derived 
factor (PEDF), a peptide synthesized by chondrocytes, 
osteoblasts and osteoclasts that interferes with function 
of vascular endothelial growth factor (VEGF), a protein 
that enhances migration of osteoblasts and osteoclasts 
into cartilage; PEDF may regulate bone mineralization 
and increase synthesis of osteoprotegerin. Thus, loss-of-
function mutations in SERPINF1 may interfere with 
bone formation while increasing osteoclast generation 
and bone dissolution. Serum concentrations of PEDF are 
undetectable in patients with osteogenesis imperfecta 
type VI, providing a diagnostic tool for this illness.422 

Interestingly, patients with osteogenesis imperfecta type 
VI do not respond to treatment with bisphosphonates as 
well as do patients with other forms of this heteroge-
neous disease.

Osteogenesis imperfecta type X is an autosomal reces-
sive disorder due to biallelic inactivating mutations in 
SERPINH1 (serpin peptidase inhibitor, clade H, member 
1; MIM 600943) encoding a multifunctional 418-amino-
acid peptide designated collagen type 1 binding protein 
(CBP) 2 that is also termed heat shock protein (HSP) 47. 
Type X osteogenesis imperfecta is a severe disorder with 
fractures occurring throughout the skeleton that begins 
in utero.199,423 CBP2/HSP47 is essential for cartilage or-
ganization, the formation of endochondral bone, and the 
fabrication and maintenance of the integrity of the triple 
helical structure of procollagen type I, its transcellular 
movement and secretion, and its resistance to proteolytic 
degradation.423-425 Type XI osteogenesis imperfecta is 
transmitted as a severe autosomal recessive disorder that 
begins in infancy; affected patients have repeated long 
bone fractures and progress to wheelchair dependency in 
early childhood; they may or may not develop joint con-
tractures but do not display dentinogenesis imper-
fecta.426-428 It is due to inactivating mutations in FKBP10 
(FK506-binding protein 10; MIM 607063) encoding an 
endoplasmic reticular protein (FKBP65) that is also a 
chaperone for procollagen type I —one that is essential 
for hydroxylation of lysine in its telopeptide, a modifica-
tion necessary for cross-linking, as well as its transcellular 
movement and secretion.429 In the absence of functional 
FKBP65, procollagen type I accumulates in the endo-
plasmic reticulum of the osteoblast. Mutations in FKB506 
have also been recorded in patients with Bruck syndrome 
1 (MIM 259450; pterygia, congenital contractures, frac-
tures in infancy resulting in limb deformities, growth 
retardation, scoliosis), suggesting that osteogenesis im-
perfecta type XI and Bruck syndrome 1 are likely allelic 
disorders whose clinical manifestations depend on  
the mutation site and other modifying factors.426,430 Os-
teogenesis imperfecta type XII is a moderately severe 
form of this disease characterized by multiple fractures  
in early infancy with short, bowed long bones and highly 
arched palate but normal teeth, hearing, and sclerae.431 
It is transmitted as an autosomal recessive disorder and is 
due to inactivating mutations in SP7 (transcription factor 
specificity factor 7 or Osterix; MIM 606633). Osterix  
is a 431-amino-acid essential transcription factor for  
osteoblast differentiation and function and hence for 
both endochondral and intramembranous bone develop-
ment; its expression is regulated by RUNX2.432 Type XIII 
osteogenesis imperfecta is a disorder of moderate severity 
with multiple fractures annually, either borderline low  
or elevated bone mass by DEXA, substantial growth retar-
dation, faintly blue sclerae, and normal teeth.433,434 It is 
the result of biallelic inactivating mutations (Phe249Leu; 
c.34G.C) in BMP1 (bone morphogenetic protein 1; 
MIM 112264). BMP1 is a multifunctional protein; one  
of its most important activities is as a procollagen type I 
C-terminal propeptide endoproteinase. Inactivation of 
BMP1 impairs proteolytic removal of the carboxyl termi-
nal propeptide from procollagen type I and the normal 
assembly of mature collagen type I fibrils. Interestingly, 



18  Disorders of Mineral Homeostasis in Children and Adolescents 813

this form of osteogenesis imperfecta is associated with 
either borderline low or even increased lumbar spine 
aBMD by DEXA despite which treatment with bisphos-
phonates has been clinically and radiographically  
useful.433 In this regard, it should be noted that in 
patients with mild osteogenesis imperfecta type I due to 
mutations in the procollagen type I carboxyl terminal 
propeptide cleavage sites also have normal or increased 
lumbar spine BMD by both DEXA and pQCT examina-
tions.404 Type XIV osteogenesis imperfecta is a disorder 
of variable severity with fractures occurring in utero or 
during early childhood but with normal dentition, hear-
ing, and sclerae that has been identified in Middle East-
ern families.435,436 It is an autosomal recessive disorder 
due to a homozygous inactivating mutation (deletion of 
exon 4) in TMEM38B (transmembrane protein 38B; 
MIM 611236) encoding the 291-amino-acid trimeric 
intracellular cation channel type B (TRICB). TRICB is 
one component of TRIC, a monovalent cation channel 
that is critical for the release of Ca21 from intracellular 
storage sites such as the sarcolemma and endoplasmic 
reticulum and thus maintenance of cytosolic Ca21 
concentrations, a process necessary for normal cell  
differentiation, division, and function (including the  
osteoblast). Bruck syndromes type 1 (MIM 259450) and 
2 (MIM 609220) are skeletal disorders marked by  
increased bone fragility and congenital joint contrac-
tures, the latter due to restricted fetal movements. Bruck 
syndrome type 2 is due to biallelic loss-of-function  
mutations in PLOD2 (procollagen-lysine, 2-oxoglutarate 
5-dioxygenase 2; MIM 601865), a lysyl hydroxylase.437 
Hydroxylation of collagen type I lysine residues is essen-
tial for the integrity of cross-linked collagen telopeptides 
and for the posttranslational attachment of galactose  
or glucosyl-galactose to collagen. A pathophysiologic 
classification of the various types of osteogenesis imper-
fecta is presented in Table 18-12C.

The clinical manifestations of osteogenesis imperfecta 
vary from mild (e.g., type I) to moderate (e.g., types IV, 
V, VI, VII, XIII, XIV ), severe (e.g., types III, VII, VIII, 
IX, X, XI, XII), or lethal (e.g., types II, VII, VIII,  
IX, X).199,438 Radiographic findings in subjects with osteo-
genesis imperfecta include, in addition to diffusely low 
bone mass, thin cortices, metaphyseal flaring, fractures 
and bone deformities resulting there from, wormian skull 
bones (frequent but not pathognomonic of osteogenesis 
imperfecta), platybasia that may compress overlying 
hindbrain, vertebral compression, and a triradiate pelvis.193 
Bone densitometry reveals decreased mineralization, the 
extent of which correlates to a degree with clinical mani-
festations. The diagnosis of osteogenesis imperfecta is 
established by clinical criteria and confirmed by genotyp-
ing of COL1A1 or COL1A2 or other pertinent gene(s), 
although failure to detect a genetic mutation does not 
necessarily rule out this disorder. Undetectable serum 
levels of PEDF are indicative of osteogenesis imperfecta 
due to inactivation of SERPINF1.422 Occasionally, biopsy 
of the iliac crest and histologic examination of the bone 
may be necessary for subclassification of the disorder. 
Determination of the rate of synthesis and forms of pro-
collagen secreted by dermal fibroblasts in vitro permits 
identification of the forms and relative amounts of  
collagen subunits and intact proteins being synthesized, 
but in general gene analyses have superceded this  
procedure.439,440 Osteogenesis imperfecta type II can be 
identified prenatally by fetal ultrasonography; types I, 
III, and IV can be determined prenatally by analysis of 
collagen synthesized by cells cultured from chorionic 
villus biopsies and by analysis of the COLA1A, COLA12, 
CRTAP, or other genes. Included in the differential 
diagnosis of recurrent fractures in children are child abuse, 
various forms of rickets including hypophosphatasia, the 
McCune-Albright syndrome of fibrous dysplasia (MIM 
174800), juvenile Paget disease, and juvenile osteoporosis.

Site Gene(s) OI Types

Osteoblast and bone formation IFITM5 V, IV
SERPINF1 VI, IV
SP7 XII, IV

Synthesis of collagen type I subunits COL1A1 I, II, III, IV
COL1A2

Post-translational processing of  
collagen type I

Chaperoned movement SERPINH1 X, III
FKBP10 XI, III, Bruck  

syndrome 1
Prolyl-3 hydroxylation LEPRE1 VIII, II

CRTAP VII, II
PPIB IX, II

Lysyl hydroxylation PLOD2 Bruck syndrome 2
Procollagen type I C-terminal  

propeptide endoproteinase
BMP1 XIII, III

Uncertain TMEM38B XIV

TABLE 18-12C  Pathophysiologic Classification of Disorders of Collagen 
Formation Associated with Osteogenesis Imperfecta

Modified from Rohrbach M, Giunta, C. (2012). Recessive osteogenesis imperfecta: clinical, radiological, 
and molecular findings. Am J Med Genet Part C 160C:175-189.
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The basic management of patients with osteogenesis 
imperfecta is directed to prevention of fractures to the 
extent possible and to the treatment of fractures that do 
occur by sound orthopedic procedures and by orthope-
dists familiar with this disorder. Expert orthopedic man-
agement is essential for the child with osteogenesis im-
perfecta, as the use of intramedullary rods for correction 
of long bone deformities and for their linear growth and 
the proper correction of scoliosis require substantial ex-
perience.439 Rehabilitative services and physical therapy 
to improve muscle strength and mobility within the con-
straints of bone fragility are to be encouraged as are 
protected ambulation and exercises such as swimming.193 
The use of bisphosphonates for the management of  
infants, children and adolescents with osteogenesis im-
perfecta types I, III, and IV has been of substantial benefit. 
Patients with these disorders have often responded symp-
tomatically (decreased musculoskeletal pain, increased 
mobility) to the intermittent intravenous administration 
of a bisphosphonate (e.g., pamidronate) and bone mass 
has increased, but the effect of bisphosphonates on the 
fracture rate is uncertain.439,441 It has been recommended 
that bisphosphonates be employed in infants with osteo-
genesis imperfecta with congenital and recurrent fractures, 
deformities of the long bones, and decreased bone mass. 
Infants as young as 2 months of age have safely tolerated 
4-hour intravenous infusions of pamidronate (0.5 mg/kg/
day for 3 consecutive days every 6 to 8 weeks) realizing 
clinical improvement such as decline in bone pain (per-
haps a placebo effect), an increase in lumbar vertebral 
BMD of 86% to 227%, and a decrease in fracture rate 
after 1 year of therapy.193 Bisphosphonate administration 
is also recommended for children with OI and recurrent 
fractures of the extremities or vertebral collapse that is 
symptomatic in concert with demonstrated decreased 
bone mineralization.442 In children (3 to 16 years of age), 
pamidronate administered as a 4-hour infusion (1.5 to  
3 mg/kg/day) for 3 consecutive days every 4 months  
resulted in increases in lumbar spine BMD of 42% per 
year, metacarpal cortical width of 27% per year, and  
vertebral size as well as a decline in fracture rate, and 
symptomatic improvement. During 2 to 4 years of intra-
venous pamidronate administration, increase in vertebral 
(trabecular) bone mass and size are accompanied by a 
decline in the extent of vertebral compression and fewer 
compressed vertebrae than in untreated patients.443 In 
the iliac crest, bisphosphonates increase cortical bone 
thickness and trabecular number but not trabecular 
thickness; in metacarpals bisphosphonates enhance corti-
cal thickness. However, in treated subjects the relative 
risk of long bone fracture after treatment with bisphos-
phonates is modest at best.193 In older children and ado-
lescents with osteogenesis imperfecta, bisphosphonates 
are employed if the patient has more than two fractures 
in 1 year and bone mass is low.439 Among the complica-
tions of bisphosphonate therapy are transient hypocalce-
mia and a “flulike” reaction of fever, vomiting, and rash 
after the first exposure managed symptomatically.  
Administration of bisphosphonates is also accompanied 
by transient hypocalcemia, increased levels of PTH and 
calcitriol, and decreased levels of markers of bone turn-
over.441 Near maximal benefits of bisphosphonates on 

lumbar vertebral aBMD (DEXA) and on mean cortical 
width, cancellous bone volume, and trabecular bone for-
mation rate by histomorphometric analysis of iliac crest 
bone biopsies are achieved within the first 2 to 4 years of 
treatment with little further change with more prolonged 
therapy.444 Because of the accumulation and persistence 
of bisphosphonates in bone and their long-term effects, 
it is recommended that these agents be administered to 
patients with osteogenesis imperfecta for no more than  
2 to 4 years.445 In addition to pamidronate, children with 
osteogenesis imperfecta have been treated with intrave-
nous infusions of zolendronate every 4 to 6 months or 
with oral residronate or alendronate.441 Transplantation 
of mesenchymal stem cells or bone marrow stromal cells 
have been undertaken in patients with osteogenesis imper-
fecta, but this is an experimental therapy, as are specific-
gene replacement and mutation silencing strategies.446

Fibrous Dysplasia
Fibrous dysplasia is a usually benign fibro-osseous lesion 
that involves long bones, ribs, and skull; it may be mono-
stotic, polyostotic, or panostotic.447,448 It may be an iso-
lated abnormality but characteristically occurs in patients 
with the McCune-Albright syndrome (MIM 174800) in 
association with very large, irregularly edged café-au-lait 
pigmentations and various endocrinopathies including iso-
sexual precocious puberty, hypersomatotropism, thyro-
toxicosis, and hyperadrenocorticism, as well as dysfunction 
in many other tissues (heart, liver, pancreas). Bone and 
skin lesions are often on the same side of the body.448 Fi-
brous dysplasia is due to mosaicism for postzygotic, early 
embryonic, somatic, gain-of-function missense mutations 
(Arg201 to Cys, His, Ser, Gly; Gln227Leu) in GNAS, the 
gene encoding the a subunit of the Gs-protein that render 
Gsa constitutively active by prolonging its biologic life.449 
The extent and severity of disease are determined by the 
point in fetal development at which the mutation occurs 
and its tissue distribution. The mutations result in loss of 
intrinsic guanosine triphosphatase activity within the Gsa 
subunit; thus, the stimulatory effect of Gsa on adenylyl 
cyclase is extended thereby increasing the generation of 
cyclic AMP. Among the targeted signaling pathways of 
cyclic AMP is that involving WNT/b-catenin in osteo-
blast progenitor cells.448 In response to excess cyclic AMP, 
clones of mutated mesenchymal preosteoblasts proliferate, 
but their differentiation to mature osteoblasts is incom-
plete and their secreted matrix is abnormal; continued ex-
pansion of osteoprogenitor cells in bone marrow leads to 
local fibrosis. As the osteogenic cells increase in number, 
they steadily erode contiguous bone. These lesions can 
also synthesize FGF23 and thus lead to hyperphosphatu-
ria, hypophosphatemia, and excess unmineralized osteoid 
and a rickets-like clinical state. Fibrodysplastic lesions are 
initially silent, whereas osteoclasts at the periphery of the 
lesions actively compress and thin bone cortices, ulti-
mately resulting in bone pain and pathologic fractures of 
the long bones, particularly the proximal femoral me-
taphyses. Children between 6 and 10 years of age have the 
highest fracture rate (0.4 fractures per year). Within the 
skull base and facial bones, expansion of fibrous dysplastic 
lesions leads to disfiguration and compression of cranial 
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nerves. Radiographically, the fibrodysplastic lesion is 
viewed as a “cystlike” medullary structure with a “ground-
glass” consistency without a trabecular pattern.448 Histo-
logically, there are abundant immature bone marrow 
stromal cells, incompletely differentiated osteoblasts,  
irregularly formed bone trabeculae that may resemble 
Chinese characters, many undermineralized osteoid seams 
characteristic of osteomalacia, and islands of cartilage. The 
clinical manifestations of fibrous dysplasia depend on the 
sites and extent of bone involvement and associated endo-
crinopathies. Diagnosis of fibrous dysplasia is based on 
clinical characteristics and confirmation of the genetic 
mutation in GNAS. In addition to managing the multiple 
endocrinopathies and organ defects, attention must be 
paid to the osseous lesions. Fractures are repaired by  
standard techniques including intramedullary nailing 
when indicated; occasionally it may be feasible to evacuate 
a fibrodysplastic lesion surgically and to fill the cavity with 
bone grafts. In children with fibrous dysplasia, the bisphos-
phonate pamidronate has been useful in ameliorating bone 
pain but not the skeletal lesions. In a 9-year-old boy with 
a rapidly growing femoral mass due to fibrous dysplasia 
(and a somatic mutation in GNAS), treatment with deno-
sumab led to a rapid decline in the rate of tumor growth 
and lowered the levels of bone turnover markers.450 How-
ever, the child developed hypocalcemia and secondary 
hyperparathyroidism, requiring supplemental calcium, 

phosphate, and calcitriol. Cessation of denosumab was 
marked by a rebound increase in values of bone turnover 
markers and hypercalcemia.

High Bone Mass
Abnormally increased bone mass is the consequence of 
disruption of the normal equilibrium between the pro-
cesses of bone formation and resorption. Thus, it may be 
due to a decrease in the rate of bone resorption as a result 
of a paucity or abnormal function of osteoclasts or to an 
increase in the rate of bone formation due to excessive 
osteoblast activity. An increase in cortical bone width is 
termed hyperostosis; thickening of trabecular bone is 
termed osteosclerosis.8 Tables 18-13A and B list selected 
dysplastic, metabolic, and other diseases associated with 
increased bone mass and ectopic bone formation in chil-
dren and adolescents. Failure of osteoclast-mediated 
bone resorption leads to osteopetrosis that may be associ-
ated with a large number of poorly functioning osteo-
clasts (“osteoclast-rich” osteopetrosis) or with a normal 
number or paucity of osteoclasts (“osteoclast-poor”  
osteopetrosis).300 Impaired development of osteoclasts 
results in “osteoclast-poor” osteopetrosis and is attribut-
able to mutations in genes encoding RANKL (TNFSF11) 
and RANK (TNFRSF11A). IKBKG is an X-linked gene 
that encodes a subunit of the inhibitor of kappa B (IkB) 

TABLE 18-13A Disorders of Bone Mineralization: High Bone Mass

I Decreased Bone Resorption

A Osteopetrosis
 1 Autosomal recessive (infantile/intermediate)
 a Osteoclast-rich/normal (TCIRG1, CLCN7, OSTM1, CA2, 

PLEKHM1, SNX10)
 b Osteoclast poor (TNFSF11, TNFRSF11A)

 2 Autosomal dominant (adult) (LRP5, CLCN7)
 3 X-linked (IKBKG)
 4 Pycnodysostosis (CTSK)
 5 Osteopetrosis with neuroaxonal dystrophy
 6 Drug-induced: bisphosphonates

II  Increased Bone Formation

A Activating Mutations of LRP
 1 Autosomal dominant high bone mass (LRP5)
 2 Endosteal osteosclerosis (van Buchem disease type 2) 

(LRP5)
 3 Sclerosteosis type 2 (LRP4)

B Inactivating Mutations of SOST
 1 Sclerosteosis type 1
 2 Van Buchem disease type 1

C Dysplasias
 1 Dysosteosclerosis
 2 Infantile cortical hyperostosis (Caffey disease) (COL1A1)
 3 Juvenile Paget disease (TNFRSF11B)
 4 Metaphyseal dysplasia (Pyle disease)
 5 Osteopoikilosis (LEMD3)
 6 Progressive diaphyseal dysplasia (Camurati-Engelmann 

disease) (TGFB1)
 7 Tubular stenosis, type 1 (Kenny-Caffey syndrome) (TBCE)

D Metabolic Disorders
 1 Fluorosis
 2 Heavy metal poisoning
 3 Hypervitaminosis A, D
 4 Hypoparathyroidism, pseudohypoparathyroidism
 5 Milk-alkali syndrome
 6 Renal osteodystrophy

E Ectopic Calcification/Bone Formation
 1 Tumoral calcinosis, normophosphatemic, familial 

(SAMD3)
 2 Tumoral calcinosis, hyperphosphatemic, familial 

(GALNT3, FGF23, KL)
 3 Fibrodysplasia ossificans progressiva (ACVR1)
 4 Progressive osseous heteroplasia (GNAS)

F Other
 1 Hepatitis C–associated osteosclerosis
 2 Ionizing radiation
 3 Sarcoidosis
 4 Sickle cell disease (HBB)
 5 Tuberous sclerosis (TSC1)
 6 Sickle cell disease
 7 Leukemia

Modified from Whyte, M. P. (2008). Sclerosing bone disorders. In C. J. Rosen (Ed.), Primer on the metabolic bone diseases and disorders 
of mineral metabolism (7th ed.) (pp. 412–423). Washington, DC: American Society of Bone and Mineral Metabolism.
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Disease Type MIM Gene Chromosome Clinical Manifestations Pathophysiology

Osteoblast Mediated
Autosomal dominant  

osteopetrosis type I 
607634

LRP5: Low-density lipoprotein 
receptor-related protein 5 

11q13.2 
603506

Endosteal hyperostosis, osteosclero-
sis, van Buchem disease type 2; 
not associated with increased  
fracture risk

Monoallelic gain-of-function mutations in a 
transmembrane WNT coreceptor expressed 
on plasma membrane of osteoblasts and os-
teocytes enhance WNT/b-catenin mediated 
osteoblast proliferation and function

Osteoclast Mediated
Autosomal dominant  

osteopetrosis type II 
166600

CLCN7: Chloride channel 7 
16p13.3 
602727

Osteopetrosis: intermediate severity: 
sclerosis of skull, “rugger jersey” 
spine, pelvis; fractures; dental  
abscesses

Monoallelic inactivating mutations of the a3 
subunit of a channel protein that transports 
Cl2 into subosteoclastic lacunae impede 
hydroxyapatite dissolution (see autosomal 
recessive osteopetrosis types IV,V,VIII)

Autosomal recessive  
osteopetrosis type I 

259700

TCIRG1: T cell immune 
regulator 1 

11q13.2 
604592

Osteopetrosis: severe infantile malig-
nant form; hepatosplenomegaly, 
hydrocephalus, hypocalcemia

Inactivating mutations of a subunit of vacuolar 
proton pump that transports H1 into the sub-
osteoclastic lacunae disrupt dissolution of 
hydroxyapatite

Autosomal recessive  
osteopetrosis type II 

259710

TNFSF11: Tumor necrosis 
factor ligand superfamily, 
member 11 

13q14.11 
602642

Osteopetrosis: moderate severity Loss-of-function mutations in RANKL decrease 
RANK-mediated osteoclastogenesis

Autosomal recessive  
osteopetrosis type III 

259730

CA2: Carbonic anhydrase II 
8q21.2 
611492

Osteopetrosis: moderate severity;  
renal tubular acidosis, intracranial 
calcification

Loss-of-function mutations of an osteoclast  
enzyme that generates protons (H1) from 
carbonic acid that are secreted into subos-
teoclast lacunae impair dissolution of  
hydroxyapatite

Autosomal recessive type IV   
611490

CLCN7: Chloride channel 7 
16p13.3 
602727

Osteopetrosis: severe, infantile  
malignant form; neurodegenera-
tion and retinal atrophy

Biallelic inactivating mutations in the a3 sub-
unit of a channel protein that transports Cl2 
into the subosteoclastic lacunae severely  
impair dissolution of hydroxyapatite (see  
autosomal dominant type II and autosomal 
recessive type V)

Autosomal recessive  
osteopetrosis type V 

259720

OSTM1: Osteopetrosis-
associated transmembrane 
protein 1 

6q21 
607649

Osteopetrosis: severe infantile  
malignant form; retinal and  
neural dysplasia

Inactivating mutations in OSTM1, a cofactor 
with CLCN7 in a molecular complex that  
cooperatively enables transport of Cl2 from 
the osteoclast into the subosteoclastic lacuna, 
impair dissolution of hydroxyapatite (see  
autosomal recessive type IV)

Autosomal recessive  
osteopetrosis type VI 

611497

PLEKHM1: Pleckstrin homol-
ogy domain-containing  
protein, family M, member 1 

17q21.3 
611466

Osteopetrosis: intermediate severity; 
Erlenmeyer flask deformities of 
long bones

Inactivating mutations of a protein that may  
affect vesicular transport within the osteo-
clast and the attachment of osteoclast to 
bone

Autosomal recessive  
osteopetrosis type VII 

612301

TNFRSF11A: Tumor necrosis 
factor receptor superfamily, 
member 11A 

18q21.33 
603499

Osteopetrosis: severe; with hypo-
gammaglobulinemia in some  
patients

Inactivating mutations of RANK decrease 
NFkB-mediated osteoclastogenesis and 
osteoclast function

TABLE 18-13B Gene Mutations Associated with Osteopetrosis and Increased Bone Mass
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Autosomal recessive  
osteopetrosis type VIII 

615085

SNX10: Sorting nexin 10 
7p15.2 
614780

Osteopetrosis: severe; with  
macrocranium, optic atrophy

Inactivating mutations may impair movement 
of TCIRG1 to the osteoclast’s ruffled border 
and secretion of H1 into the subosteoclastic 
lacuna

X-linked osteopetrosis 
300301

IKBKG: Inhibitor of kappa 
light polypeptide gene  
enhancer in B cells,  
kinase of, gamma 

Xq28 
300248

Osteopetrosis: with immunodefi-
ciency, lymphedema, anhidrotic 
ectodermal dysplasia

Also termed NEMO (NFkB essential modulator): 
inactivating mutations of this component of 
IkB kinase complex decrease NFkB-mediated 
osteoclastogenesis and osteoclast function

Pycnodysostosis 
265800

CTSK: Cathepsin K 
1q21.3 
601105

Osteosclerosis: skull, maxilla,  
phalanges, bone fragility

Biallelic loss-of-function mutations in an  
osteoclast lysosomal cysteine proteinase 
secreted into subosteoclast lacunae impair 
degradation of bone matrix

Osteoblast Mediated
van Buchem disease 
239100

SOST: Sclerostin 
17q21.31 
605740

Osteosclerosis: increased thickness 
of skull, mandible, ribs, long 
bones; leads to cranial nerve  
insults: impaired vision, hearing, 
facial movement

Biallelic loss of a specific downstream 39 regula-
tory element of SOST transcription decreases 
inhibition of WNT/b-catenin mediated osteo-
blast differentiation and function

Sclerosteosis 1 
269500

SOST: Sclerostin 
17q21.31 
605740

Severe, progressive generalized skele-
tal osteosclerosis and hyperostosis; 
increased intracranial pressure; loss 
of vision, hearing, facial movement; 
syndactyly of second and third  
fingers 

Biallelic loss-of-function mutations in SOST 
decrease inhibition of WNT/b-catenin medi-
ated osteoblast differentiation and function

Sclerosteosis 2 
614305

LRP4: Low density lipopro-
tein receptor-related  
protein 4 

11p11.2 
604270

Osteosclerosis and hyperostosis of 
skull and long bones; impaired 
hearing, facial movement; syndac-
tyly, dysplastic nails

Mono- or biallelic loss-of-function mutations 
decrease sclerostin-mediated inhibition of 
WNT/b-catenin stimulated osteoblast 
differentiation and function

Progressive diaphyseal  
dysplasia (Camurati- 
Engelmann disease) 

131300

TGFB1: Transforming growth 
factor, beta-1 

19q13.2 
190180

Osteosclerosis of diaphyses of long 
bones; limb pain; disturbed gait

Monoallelic mutations lead to constitutive  
activation of TGFb1, stimulation of bone 
formation, and repression of bone resorption

Osteopoikilosis 
166700

LEMD3: LEM domain-
containing protein 3 

12q14.3 
607844

Osteosclerotic foci in metaphyses 
and epiphyses of long bones,  
pelvis, scapula that are symmetri-
cal but unequal; subcutaneous  
collagen containing nodules

Monoallelic loss-of-function mutations in a  
nuclear membrane protein that modulates 
signal transduction by both BMPs and TGFb

Osteopathia striata 
300373

AMER1/FAM123B: Family with 
sequence similarity 123, 
member B 

Xq11.2 
300647 

Dense linear striations that course  
vertically within the long bones,  
fan-shaped striations in the iliac 
bones, sclerosis of skull with com-
promise of cranial nerve function

Inactivation of an X-linked protein that enhances 
degradation of b-catenin, its loss extends 
WNT/b-catenin stimulated osteoblast 
maturation and function,

Modified in part from Stark, Z., & Savarirayan, R. (2009). Osteopetrosis. Orphanet J Rare Dis, 4, 4, doi: 10.1186/1750-1172-4-5; Ihde, L. L., Forrester, D. M., Gottsegen, C. J., et al. (2011). 
Sclerosing bone dysplasias: review and differentiation from other causes of osteosclerosis. RadioGraphics, 31, 1865–1882.

http://dx.doi:%2010.1186/1750-1172-4-5
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kinase complex that is also essential for activation of 
NFkB and osteoclastogenesis. Despite being present in 
normal number or in abundance (“osteoclast-rich” osteo-
petrosis), osteoclast activity may be reduced because  
of decreased synthesis of acid (due to loss-of-function 
mutations in CA, the gene encoding carbonic anhydrase), 
impaired production of ion channels that transport H1 
and Cl2 into the subosteocytic lacunae (channel proteins 
encoded by TCIRG1 or its cofactor OSTM1 and CLCN7, 
respectively), or subnormal generation of proteinases 
such as cathepsin K (due to inactivating mutations  
in CTSK). Excessive deposition of bone mineral due to 
increased osteoblast function may be a consequence of 
decreased inhibition of the WNT/b-catenin signal trans-
duction pathway due to loss-of-function mutations in 
LRP4 or LRP5 (encoding low-density lipoprotein receptor-
related proteins 4 and 5, respectively) or SOST (encoding 
sclerostin). Interestingly, in patients with inactivating 
mutations in LRP5 and autosomal dominant osteopetro-
sis type I (see Table 18-13B), there is also a paucity of 
osteoclasts.300

Osteopetrosis or “marble bone disease” is a group of 
dominant or recessive heritable disorders manifested by 
increased bone mineralization with heterogeneous clini-
cal manifestations including increase osseous fragility 
that vary in severity from lethality to radiographic skeletal 
changes primarily.8,451 Histopathologically, bone in the 
majority of forms of osteopetrosis is characterized by 
quiescent osteoclasts—either increased, normal, or few 
in number—and retained “islands” of calcified cartilage 
formed during endochondral ossification (primary spon-
giosa) due to failure of reabsorption of immature bone.8 
Although densely packed with mineral, osteopetrotic 
bone is actually quite fragile because the abnormality in 
bone remodeling due to decreased osteoclastic bone re-
sorption leads to the incorporation of weak calcified 
growth plate cartilage into bone and delays the repair of 
microfractures. Radiographically, osteopetrosis is charac-
terized by a diffuse increase in bone mass involving both 
cortical and trabecular bone, diaphyseal/metaphyseal 
widening with an “Erlenmeyer flask” appearance, alter-
nating bands of sclerotic and lucent bone at the ends of 
the long bones, iliac crest, and vertebrae, sclerotic 
changes at the base of the skull, narrow medullary cavi-
ties, and pathologic fractures.8 Cranial computed tomog-
raphy often reveals narrowing of the bony canals through 
which cranial nerves (II, III, IV, VII, VIII) pass.  
Although, classically, three clinical forms of osteopetrosis 
were identified—infantile malignant, intermediate, and 
adult—as knowledge of the genetic mutations responsible 
for the disease have been delineated this classification has 
been replaced by one that identifies its mode of transmis-
sion (autosomal dominant or recessive) and in accord with 
the responsible mutated gene (see Tables 18-13A and B). 
Thus, the infantile/malignant form of osteopetrosis (MIM 
259700) may be due to biallelic mutations in TCIRG1, 
CLCN7, or OSTM1—genes encoding osteoclast H1 
and Cl2 transport channel proteins that enable the osteo-
clast to secrete acid into the lacunae to dissolve hydroxy-
apatite, the mineral phase of bone. A severe form of os-
teopetrosis associated with hypogammaglobulinemia is 
attributable to deleterious variations in TNFRSF11A. 

Forms of osteopetrosis of intermediate severity are the 
result of mutations in TNFSF11, CA, PLEKHM1—genes 
encoding RANKL, carbonic anhydrase, and a protein 
that is involved with vesicular transport within the osteo-
clast and the attachment of osteoclast to bone, respec-
tively. Activating mutations in LRP5 and heterozygous 
inactivating variations in CLCN7 are associated with os-
teopetrosis of mild to intermediate severity that are trans-
mitted as autosomal dominant characteristics.

The infantile/malignant form of osteopetrosis is an 
autosomal recessive disorder (Albers-Schonberg disease) 
with attenuated growth particularly of the limbs, delayed 
development, increased fracture rate, and failure of tooth 
eruption. Bony overgrowth leads to macrocephaly, mal-
development of the paranasal sinuses, and symptomatic 
nasal “stuffiness.” Narrowing of cranial foramina com-
promises cranial nerve function (II, III, VII, VIII) with 
consequent blindness and deafness. Decrease in bone 
marrow volume leads to depressed intramedullary hema-
topoiesis, anemia, and leukopenia partially compensated 
by extramedullary hematopoiesis and ensuing hepato-
splenomegaly with consequent increased susceptibility to 
infection and hemorrhage. Retention of teeth within the 
sclerotic jaw leads to recurrent and persistent mandibular 
and maxillary osteomyelitis. Physical examination reveals 
short stature, macrocephaly, frontal bossing, and small 
facial features. Osteopetrotic neonates and infants are 
often hypocalcemic (because of inability to reabsorb cal-
cium deposited in bone) with secondary hyperparathy-
roidism and elevated calcitriol values; levels of serum acid 
phosphatase and the brain isoenzyme of creatine kinase 
are also increased.7,8 Death usually occurs, often within 
the first decade of life, due to sepsis, anemia, or hemor-
rhage. Autosomal recessive osteopetrosis may be due to 
biallelic mutations in the a3 subunit of the osteoclast’s 
vacuolar proton pump (TCIRG1), its chloride channel 
(CLCN7), the osteopetrosis-associated transmembrane 
protein-1 (OSTM1), or a protein that guides TCIRG1 to 
the osteoclast’s ruffled membrane (SNX10) (discussed 
later). Biallelic mutations in TNFRSF11A encoding 
RANK give rise to a severe form of osteopetrosis often in 
association with hypogammaglobulinemia.452

The intermediate clinical form of osteopetrosis is also 
transmitted as an autosomal recessive trait and is associ-
ated with short stature, macrocephaly, recurrent fractures, 
variable compromise of cranial nerve function, abnormal 
dental development predisposing to osteomyelitis of the 
mandible or maxilla, and anemia. Pathogenetically, it  
represents the variable penetrance of one of the genetic 
mutations that may be associated with the infantile form 
of osteopetrosis, predominantly of CLCN7, but also of 
CA, TNFSF11, and PLEKHM1. Mutations in TNFSF11 
encoding RANKL also result in an osteopetrosis of moder-
ate severity. There are two clinical and radiographic forms 
of autosomal dominant osteopetrosis: type I (MIM 
607634) is characterized by an enlarged and dense cranial 
vault and diffuse vertebral sclerosis and is related to  
activating mutations of LRP5; it is not associated with an 
increase in fracture rate as bone strength is actually in-
creased; type II (MIM 166600) is typified by thickening of 
the vertebral end plates resembling “bone within bone” 
and resulting in a “rugger jersey spine” and sclerotic 
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bands of bone in the pelvis and base of the skull. It is  
a variant of Albers-Schonberg disease that results from 
heterozygotic loss-of-function mutations in CLCN7.8 
Affected subjects manifest cranial nerve compromise 
(16%), mandibular and nonmandibular osteomyelitis 
(19%), osteoarthritis of the hip (27%), and fractures 
(78%). Clinical evidence of the disease tends to worsen 
over time. However, the expression of the trait is variable. 
Thus, one third of carriers of an inactivating mutation in 
CLCN7 have no radiographic or clinical manifestations, 
although they do have significantly higher BMD than do 
subjects with the wild-type gene.453 In one quarter of 
clinically apparent patients with a heterozygous loss-of-
function mutation in CLCN7, the expression of illness 
(fractures, osteomyelitis, compromised vision) is identifi-
able at birth or early in infancy or childhood. Patients 
with radiologic/clinical manifestations of this disorder 
have elevated serum concentrations of tartrate-resistant 
acid phosphatase and the BB isoform of creatine kinase 
elaborated by osteoclasts; these values are normal in unaf-
fected carriers.8

Genetic mutations that impede resorption of bone in 
osteopetrotic subjects are related to abnormalities in 
osteoclastogenesis or osteoclast function—particularly 
the efficiency of acidification of the resorption lacuna 
beneath the osteoclast’s ruffled membrane and mineral 
dissolution or enzymatic degradation of organic bone 
matrix. TNFSF11 encodes RANK-ligand (RANKL), a 
317-amino-acid transmembrane protein expressed on  
the surface of stromal cells and osteoblasts that interacts 
as a trimer with its receptor (RANK encoded by  
TNFRSF11A), a plasma membrane protein expressed by 
osteoclast precursor cells to form a heterohexameric 
complex that stimulates NFkB and thereby induces os-
teoclastogenesis.454 Inactivating mutations in TNFSF11 
and TNFRSF11A result in impaired osteoclast formation 
and thus “osteoclast-poor” osteopetrosis. Loss-of-function 
variations in the structure of RANKL associated with 
osteopetrosis include a missense mutation (Met199Lys) 
and 2-bp (828delCG) and 5-bp (intron 7 -53214_53218) 
deletions of TNFSF11 (Figures 18-14A, 14B).455 Patients 
with osteopetrosis due to inactivating mutations in 
TNFSF11 do not respond to hematopoietic stem cell 
transplantation because the abnormality in osteoclasto-
genesis is extrinsic to the osteoclast cell line; because 
recombinant RANKL protein can transform the mono-
cytes of affected patients into functioning osteoclasts in 
vitro, a potentially alternative therapeutic avenue may be 
available.455 Biallelic missense (Gly53Arg, Arg 170Cys), 
nonsense (Trp244Stop, Gly280Stop), and insertion  
loss-of-function mutations in the extracellular domain of 
RANK also impair binding to RANKL and consequent 
stimulation of NFkB and osteoclastogenesis.305,452 Many 
patients with inactivating mutations in TNFRSF11A 
also develop impaired B lymphocyte function and hy-
pogammaglobulinemia.307 Hematopoietic stem cell 
transplantation is curative in osteopetrotic subjects 
with deleterious mutations in TNFRSF11A; as antici-
pated, monocytes from these subjects are functionally 
unresponsive to recombinant RANKL and to macro-
phage-colony stimulating (M-CSF) proteins in vitro.452 
Inactivating mutations in IKBKG, encoding the inhibitor 

of the kinase of kappa light polypeptide gene enhancer 
in B cells (gamma subunit), alternatively termed NFkB 
essential modulator (NEMO), also impair NFkB gen-
eration and osteoclastogenesis resulting in the syn-
drome of osteopetrosis, lymphedema, anhidrotic ecto-
dermal dysplasia, and immunodeficiency (OL-EDA-ID, 
MIM 300301).456 IKBKG is located on the long arm 
of the X chromosome, and thus its loss is transmitted  
as an X-linked trait. IKBKG is a 419-amino-acid com-
ponent of the IkB kinase complex that activates NFkB. 
The co-association of osteopetrosis and juvenile xan-
thogranuloma has also been recorded in a neonate with 
a mutation in PLEKHM1.457

Carbonic anhydrase II (one of several zinc metallo-
isoenzymes) is a protein that is expressed in osteoclasts, 
erythrocytes, brain, and kidney; it regulates the forma-
tion of carbonic acid from water and carbon dioxide 
(CO2 1 H2O d H2CO3) that then dissociates to form 
proton/hydrogen (H1) and bicarbonate (HCO3

2) ions. 
Loss-of function homozygous or compound heterozy-
gous (Lys17Glu, Tyr40Ter, His107Tyr, Asn252Asp) 
mutations in CA2 lead to autosomal recessive osteope-
trosis that presents in childhood with failure to thrive, 
short stature, visual impairment, and developmental 
delay in association with mild proximal and severe distal 
renal tubular acidosis, cerebral calcifications within the 
cortex and basal ganglia, and osteopetrosis with  
increased fracture risk.8 Osteopetrosis is of modest se-
verity and usually nonprogressive; it may even improve 
at puberty. Bicarbonate may be employed to normalize 
acid-base balance. After generation by carbonic anhy-
drase II, H1 is extruded from the osteoclast into the 
subobsteoclastic resorption lacuna through transporters 
and proton pumps. TCIRG1 (T cell immune regulator 
1) encodes an 822-amino-acid, 116 kDa protein that is 
a subunit of the osteoclast’s vacuolar proton pump (H1-
ATPase). (By alternative splicing, this gene also encodes 
a 614 amino acid protein—TIRC7 —that is essential for 
activation of T lymphocytes.) Biallelic inactivating  
(missense, nonsense, deletion, insertion, splice site) mu-
tations in TCIRG1 whose loss impairs transport of H1 
and thus decreases bone mineral resorption have been 
found in 50% of subjects with the neonatal/infantile 
form of lethal osteopetrosis (MIM 259700).458,459 
TCIRG1 may be guided to the osteoclast’s ruffled 
membrane above the subosteoclastic lacuna by the 
product of SNX10; a biallelic mutation (Arg51Gln) of 
SNX10 also results in infantile malignant osteopetro-
sis.460 Osteoclasts in this disorder are distinguished by 
the large number of cytoplasmic vesicles they contain. 
Loss-of-function mutations in CLCN7, a chloride channel 
expressed in the ruffled membrane of the activated  
osteoclast and its lysosomes, also impair acidification of 
the subosteoclastic resorption space and hence mineral 
dissolution.461 Heterozygotic inactivating mutations 
(Arg767Trp; 2 bp deletion, 1423AG) of CLCN7 lead to 
an autosomal dominant form of osteopetrosis (MIM 
166600), whereas biallelic loss-of-function mutations 
(Ile261Phe, Arg762Gln, Leu766Pro) are found in in-
fants with the lethal, autosomal recessive, and interme-
diate forms of this disease (MIM 611490).462,463 Muta-
tions in CLCN7 account for 15% of subjects with severe 
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and 40% of patients with intermediate autosomal reces-
sive osteopetrosis and 75% of adults with autosomal 
dominant osteopetrosis type II.462 CLCN7 is coex-
pressed with and complexed to OSteopetrosis-associ-
ated Transmembrane protein 1 (OSTM1) in endosomes 
and lysosomes and in the ruffled membrane of activated 
osteoclasts.464 By decreasing posttranslational stability 
of CLCN7, homozygous loss-of-function (nonsense, 
deletion) mutations in OSTM1 have been pathogeneti-
cally related to autosomal recessive lethal osteopetrosis 
in a subset of patients.465,466 The product of PLEKHM1 
is a protein that may be essential for vesicular transport 
within the osteoclast and for formation of its supralacu-
nar ruffled borders; biallelic inactivating mutations  
of PLEKHM1 result in osteopetrosis of intermediate 
severity.467,468 Monoallelic gain-of-function mutations 
(Gly171Arg/Val, Ala242Thr, del Gly171/Glu172) in 
LRP5 augment WNT/b-catenin signal transduction 
leading to increased osteoblast differentiation and func-
tion and asymptomatic high bone mass or autosomal 

dominant osteopetrosis type I, a disorder characterized 
by extremely dense skulls (with endosteal hyperostosis), 
vertebrae, and long bones, large mandible, and torus 
palatinus.469

Related to the long-acting inhibitory effects of 
bisphosphonate on bone modeling and remodeling, the 
administration of high doses of intravenous pamidronate 
(2800 mg) over a 3-year period resulted in an acquired 
“osteopetrosis-like” disorder in a 12-year-old boy with 
unexplained hyperalkaline phosphatasemia that persisted 
for at least several years after this agent was discontin-
ued.394 The metaphyses were extremely dense and club 
shaped, the base of the skull sclerotic, and the vertebral 
endplates thickened. Histologically, iliac crest biopsy re-
vealed bars of calcified cartilage and quiescent osteoclasts. 
Despite the severity of the radiographic and microscopic 
findings, the patient was clinically well with normal 
growth and without evidence of bone marrow suppres-
sion or extramedullary hematopoiesis, although the risk 
for future fractures may have been increased.
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FIGURE 18-14 n Biochemical defects in osteoclasts (A) and osteo-
blasts (B) associated with osteopetrosis (see text for details). 
 (From Ihde, L. L., Forrester, D. M., Gottsegen, C. J., et al. (2011). Scle-
rosing bone dysplasias: review and differentiation from other causes 
of osteosclerosis. RadioGraphics, 31, 1865–1882.) This image can be 
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A multidisciplinary team skilled in the management of 
patients with osteopetrosis is essential for the optimal 
care of infants and children with this disorder. Hypocal-
cemia and rickets occurring in neonates and infants with 
osteopetrosis may be managed with supplemental cal-
cium and vitamin D.8,470 In addition to appropriate or-
thopedic, neurosurgical, and anesthesiology input, medi-
cal therapy of osteopetrotic patients may at times be 
helpful. Nonspecific treatment with interferon-g and 
high doses of calcitriol (with limited calcium intake) has 
arrested progression of the disease and even led to its 
regression in some osteopetrotic children.8 In this set-
ting, calcitriol acts as an osteoclast activating factor, 
whereas interferon g indirectly stimulates osteoclast for-
mation and increases the generation of superoxide in 
osteoclasts, an important factor for osteoclast-mediated 
bone resorption.471 Depending on the cause of osteope-
trosis, most patients (but not those with abnormalities of 
RANKL) improve after bone marrow or hematopoietic 
stem cell transplantation from human leukocyte antigen-
identical donors with replacement of defective osteo-
clasts by normal osteoclast progenitor cells.8,472,473 Hy-
percalcemia often complicates the posttransplantation 
period as osteoclast function resumes, particularly in pa-
tients with inactivating mutations in TNFRSF11A.452 
Hypercalcemia has been managed with dietary restric-
tion, calcitonin, and bisphosphonate administration or by 
use of an inhibitor of RANKL such as denosumab, a 
monoclonal antibody raised against RANKL that binds 
to and depresses RANKL activity, that has been em-
ployed successfully to manage posttransplant hypercalce-
mia in children with this cause of osteopetrosis.474 With 
improved treatment, there has been increased life span 
and improved developmental progress. Osteopetrosis 
due to deficiency of carbonic anhydrase II is not corrected 
by restoration of normal systemic acid-base balance, but 
bone marrow transplantation may be useful.8 Identifi-
cation and correction of the specific underlying gene 
defect may ultimately be feasible in patients with osteo-
petrosis.475,476

Pycnodysostosis (MIM 265800) is clinically mani-
fested by disproportionate short stature during infancy 
and childhood with macrocranium and open cranial  
sutures, high forehead, small facial features, proptosis, 
bluish sclerae, beaked and pointed nose, micrognathia, 
highly arched palate, retained primary teeth, short  
fingers with hypoplastic nails, narrow thorax, pectus  
excavatum, and kyphoscoliosis with lumbar lordosis.8 
Radiologically, there is increased bone density that be-
comes progressively worse with age despite which sus-
ceptibility to fractures is increased; other characteristics 
include open fontanelles, impaction of permanent and 
supernumerary teeth, clavicles that are slim and hypo-
plastic laterally, partial or total absence of the ribs and 
hyoid bone, and acro-osteolysis of the distal phalanges (a 
pathognomic characteristic of pycnodysostosis).477 Labo-
ratory data and bone histology are basically normal,  
although there is biochemical evidence of decreased  
osteoblastic and osteoclastic activity. The microscopic 
observation that an abundance of osteoclasts with ruffled 
borders surrounded by enlarged clear zones suggested 
that dissolution of bone mineral was normal but that 

degradation of matrix was abnormal in these patients. 
Indeed, there are large amounts of decalcified matrix 
within both the subosteoclastic lacunae and the osteo-
clasts.300 Pycnodysostosis is due to biallelic loss-of-func-
tion mutations in CTSK encoding cathepsin K, the osteo-
clast’s lysosomal cysteine protease that degrades organic 
matrix after the mineral phase of bone has been reab-
sorbed. Among the variations in CTSK identified in pa-
tients with pycnodysostosis have been unipaternal isodi-
somy for chromosome 1 with paternal CTSK harboring 
an inactivating Ala277Val mutation, Leu9Pro substitu-
tion in the signal peptide of the precursor form  
of the enzyme protein preventing completion of its post-
translational processing, and Ter330Trp substitution per-
mitting the addition of 19 amino acids to the carboxyl 
terminus of this enzymatic protein.

In contrast to diseases that increase bone mass by de-
creasing bone resorption are those disorders that primar-
ily increase bone formation (see Figure 18-14B). An ex-
ample of the latter is the familial, relatively benign form 
of autosomal dominant high bone mass (MIM 601884) 
that is associated with a heterozygous gain-of-function 
mutation (Gly171Val) in LRP5.478 Loss-of-function mu-
tations in the same gene are associated with idiopathic 
juvenile osteoporosis, the osteoporosis-pseudoglioma 
syndrome, and familial exudative vitreoretinopathy. 
LRP5 (and LRP6) is a coreceptor for WNT proteins 
whose primary receptor is Frizzled. After binding to 
LRP5 and Frizzled, WNT glycoprotein activates a  
canonical pathway that involves repression of glycogen 
synthase kinase 3 and leads to dephosphorylation of  
b-catenin permitting its translocation to the nucleus 
where it interacts with T-cell factor/lymphoid enhancing 
factor to control target genes that divert the mesenchy-
mal stem cell into the track leading to osteoblastogenesis. 
In the mature osteoblast, WNT/b-catenin stimulates 
expression of osteoprotegerin, thus impairing osteoclas-
togenesis. Dickkopf and sclerostin (discussed later) are 
proteins that bind to the extracellular domain of LRP5 
and internalize the receptor complex thereby blocking 
WNT signaling.379 Mutations in LRP5 associated with 
high bone mass are clustered near the amino terminal of 
its extracellular domain at the sites of binding to Dick-
kopf and sclerostin.381 The Gly171Val mutation in LRP5 
interferes with the binding of LRP5 to Dickkopf and 
thus prolongs the interaction of LRP5 with Frizzled, 
thereby augmenting the WNT/b-catenin signal and in-
creasing bone formation.479 Although generally benign, 
activating mutations of LRP5 may also be associated 
with neurologic complications such as hearing loss, 
headaches, and pain in the extremities.381 In some fami-
lies, heterozygous activating mutations (Ala242Thr) of 
LRP5 and exuberant bone formation have been associ-
ated with autosomal dominant generalized endosteal 
osteosclerosis (van Buchem disease, type 2—MIM 
607636) or autosomal dominant osteopetrosis type I 
(Gly171Arg, Thr253Ile) (as discussed previously).  
However, the dense bones encountered in these sub-
jects are not prone to fracture as in classic forms of 
osteopetrosis.

Sclerosteosis type 1 is an autosomal recessive disorder 
that is first manifested in childhood and is characterized 
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by very thick peripheral and cranial bones with calvarial 
overgrowth leading to facial disfigurement; entrapment 
of cranial nerves II, VII, and VIII; increased intracranial 
pressure; and brainstem compression.8,379,480 Affected 
patients also have variable asymmetric cutaneous or 
bony syndactyly of the index and middle fingers and ex-
cessive somatic growth; they are extraordinarily resistant 
to fractures. Serum levels of alkaline phosphatase and 
procollagen type 1 N-terminal propeptide (P1NP) are 
elevated in these subjects, whereas concentrations of 
sclerostin are low or unmeasurable.480 Sclerosteosis type 
1 is due to biallelic loss-of-function mutations in SOST 
encoding sclerostin, a 213-amino-acid peptide secreted 
primarily by osteocytes embedded within bone. Physio-
logically, sclerostin inhibits WNT-mediated bone for-
mation by binding to and internalizing LRP5, the core-
ceptor for WNT.379,480 When sclerostin activity is 
decreased, increased bone formation ensues. Sclerostin 
also increases osteoclastogenesis by increasing osteocytic 
synthesis of RANKL.480 In heterozygous carriers of in-
activating mutations in SOST, bone mass is increased 
but not to pathologic levels.481 Hyperostosis corticalis 
generalisata/van Buchem disease type 1 is an autosomal 
recessive disorder characterized by thickening and en-
largement of the bones of the skull, mandible, ribs, and 
diaphyses of the long bones that result in increased bone 
density and encroachment upon cranial nerve passage-
ways resulting in abnormalities of vision, hearing,  
and facial movement.8,480 However, patients with van 
Buchem disease type 1 do not have syndactyly or tall 
stature, thus distinguishing it from sclerosteosis type 1. 
This disorder is also due to biallelic loss of expression of 
SOST but as a result of deletion of a regulatory element 
that is 35 kb downstream (59) of SOST rather than by a 
mutation within the exonic/intronic structure of SOST 
itself.482 Thus, this disease is allelic to sclerosteosis; it 
differs clinically in that gigantism and hand abnormali-
ties are present in patients with sclerosteosis but not in 
those with van Buchem disease type 1. The clinical 
manifestations of sclerosteosis type 2 are similar to those 
of type 1 but are pathogenetically related to biallelic 
loss-of-function mutations in LRP4.483 The inhibitory 
effect on bone formation of the interaction of sclerostin 
and LRP5/LRP6 is facilitated by the binding of scleros-
tin to LRP4. Thus, inactivating mutations (Arg1170Trp, 
Trp1186Ser) in LRP4 impede the interaction of sclerostin 
with LRP5/6 and thus the inhibitory effect of sclerostin 
on osteogenesis. Treatment of these disorders is primarily 
symptomatic.

Progressive diaphyseal dysplasia (Camurati-Engelmann 
disease) is an autosomal dominant, cranial-peripheral  
hyperostotic disorder with variable expressivity that pres-
ents in children with problems such as limping, waddling 
gait, or leg pain, fatigue, and nonprogressive muscular 
weakness. Radiographically, there is symmetrical cortical 
thickening (hyperostosis) due to increased periosteal and 
endosteal bone formation in the diaphyses of the long 
bones, axial skeletons, and skull.484,485 Pathogenetically, 
this disorder is primarily due to missense mutations within 
the “latency associated peptide” domain of the precursor 
propeptide of TGFb1 (TGFB1). Normally, after post-
translational processing, two latency associated peptides 
are noncovalently linked to two mature TGFb1 peptides 

to form a “latency complex.” Mutations within the latency 
associated peptide domain of TGFB1 (particularly at 
codon 218, a mutational “hot spot”) impair this associa-
tion, resulting in premature activation of TGFb1 and 
consequent stimulation of bone formation and repression 
of bone resorption.486 TGFb1 also inhibits myogenesis 
and adipogenesis. Because of the inhibitory effects of glu-
cocorticoids on bone formation and its stimulatory effects 
on bone resorption, short courses of these agents have 
been useful in alleviating many of the clinical symptoms 
and radiologic abnormalities in patients with progressive 
diaphyseal dysplasia.484 Other hereditary sclerosing bone 
dysplasias include osteopoikilosis (MIM 166700) due to 
heterozygous inactivating mutations in LEMD3 encoding 
a nuclear membrane protein that modulates signal trans-
duction by BMPs and TGFb, osteopathia striata (MIM 
300373) the result of loss-of-function mutations in 
AMER1/FAM123B encoding a protein that promotes the 
proteasomal degradation of b-catenin (its loss thus extend-
ing the biologic activity of the WNT/b-catenin signal 
transduction system that promotes osteoblast maturation 
and function), and several forms of endosteal hyperosto-
sis.485 The hereditary and nonhereditary (e.g., intramedul-
lary osteosclerosis) sclerosing bone dysplasias must be 
differentiated from acquired sclerosing diseases such as 
sickle cell anemia and myelofibrosis.485

Heterotopic Bone Formation/Ectopic 
Calcification
Disorders of heterotopic ossification are those in which 
bone develops outside of the skeleton and within soft 
tissues (Table 18-13C).53 Dysregulation of the processes 
of differentiation and maturation enable precursor cells 
to develop as osteoblasts that then produce normal  
endochondral or membrane bone but in abnormal, ex-
traskeletal sites. Sporadic heterotopic bone formation 
occurs in sites of severe wounds and burns, after spinal 
cord injuries, and in areas of pressure ulcers. Fibrodys-
plasia ossificans progressiva (FOP, MIM 135100) is a 
disabling disorder of ectopic bone formation that may 
develop spontaneously or at sites of injury and leads  
to ankylosis of all major joints that severely limits  
mobility.53,487 It is characterized by progressive ectopic 
ossification of skeletal muscle and connective tissue 
(fascia, tendons, ligaments) leading to immobility and 
fusion of the mandible, neck, spine, hips, and other joints 
and the development of a “second skeleton” that encases 
and imprisons the body. The disorder may be present at 
birth and is often manifest by 5 years of age. FOP is also 
associated with congenital abnormalities of the great toes 
(hallux valgus, malformed first metatarsal bones, mono-
phalangism), characteristic facial features (long narrow 
face, small mandible, low set ears), deafness, scalp bald-
ness, and mild developmental delay.488 Microscopically, 
there is normal but ectopic endochondral osteogenesis 
that occurs after a preceding inflammatory phase that 
develops either in the absence of trauma or following 
minor injury such as an immunization; the pathologic 
course proceeds through the phases of monocytic infil-
tration, muscle fiber degeneration, fibrous proliferation, 
angiogenesis, chondrogenesis, and osteogenesis.53 
Although usually sporadic because affected subjects rarely 
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Disease Type MIM Gene Chromosome Clinical Manifestations Pathophysiology

Heterotopic Bone Formation
Fibrodysplasia ossificans 

progressiva 
135100

ACVR1: Activin A 
receptor, type I 

2q24.1 
102576

Progressive ossification of 
skeletal muscles, fascia, 
tendons, and ligaments

Specific monoallelic activating 
mutation (Arg206His) in the 
cytoplasmic domain of a type 
1 BMP receptor increases ex-
traskeletal chondrogenesis and 
osteogenesis

Progressive osseous  
heteroplasia 

166350

GNAS: GNAS 
complex locus 

20q13.32 
139320

Ossification of dermis begin-
ning in infancy followed by 
membranous bone forma-
tion within deep muscle 
and fascia in childhood

Monoallelic inactivating muta-
tions in the paternally encoded 
Gsa subunit of G-protein enable 
subcutaneous bone formation; 
related to pseudopseudohypo-
parathyroidism

Ectopic Calcification
Tumoral calcinosis,  

hyperphosphatemic,  
familial 

211900

GALNT3: UDP-N-acetyl-
alpha-D-galactos-
amine: polypeptide 
N-acetylgalactosami-
nyl-transferase 3 

2q24.3 
601756

Progressive deposition of  
calcium phosphate crystals 
in periarticular region, soft 
tissue, and bone

Biallelic mutations in a cofactor 
required for synthesis of bio-
active FGF23 and renal tubular 
excretion of phosphate

Tumoral calcinosis,  
hyperphosphatemic,  
familial 

211900

FGF23: Fibroblast 
growth factor 23 

12p13.32 
605380

Progressive deposition of  
calcium phosphate crystals 
in periarticular region, soft 
tissue, and bone

Biallelic inactivating mutations  
in a factor that inhibits renal tu-
bular resorption of phosphate

Tumoral calcinosis,  
hyperphosphatemic,  
familial 

211900

KL: Klotho 
13q13.1 
604824

Progressive deposition of  
calcium phosphate crystals 
in periarticular region, soft 
tissue, and bone

Biallelic inactivating mutation in 
a cofactor enabling FGF23 to 
inhibit renal tubular resorption 
of phosphate

Tumoral calcinosis,  
normophosphatemic,  
familial 

610455

SAMD9: Sterile alpha 
motif domain- 
containing protein 9 

7q21.2 
610456

Postinflammatory periarticular 
and peripheral calcified 
masses

Biallelic inactivating mutations  
in a protein that regulates cell 
division, motility, longevity, 
and inflammation

TABLE 18-13C Genetic Causes of Heterotopic Bone Formation and Ectopic Calcification

reproduce, FOP can be transmitted as an autosomal 
dominant trait. This disease is primarily due to a highly 
specific (c.617G . A transition leading to Arg206His) 
mutation in ACVR1 (encoding activin A receptor, type-1); 
another described ACVR1 mutation in patients with 
classical FOP is c.744G . C transversion leading to 
Arg258Ser.53,489 Activins are members of the TGFb 
superfamily that includes the bone morphogenetic  
proteins (BMPs) together with the inhibins and Mullerian 
duct inhibiting factor. ACVR1 encodes a type I BMP re-
ceptor that is expressed in chondrocytes and osteoblasts.53 
The Arg206His mutation in ACVR1 resides at the 
junction of the receptor’s cytoplasmic glycine-serine  
activation and tyrosine kinase domains and results in a 
constitutively active BMP type I receptor product that 
signals through the SMAD and mitogen-activated pro-
tein kinase transduction pathways to direct the pluripotent 
mesenchymal stem into the chondrogenic pathway  
leading to (ectopic) endochondral new bone formation. 
BMPs alone are able to stimulate complete endochondral 
osteogenesis in ectopic sites.490 Patients with clinical 
variants of FOP and ACVR1 mutations other than 
Arg206His and Arg258Ser have been described; they 
have been classified as those with FOP plus abnormalities 
of the brain, eye, or bone marrow, or those with FOP 
variants—either without abnormalities of the great toes 
or with less severe heterotopic osteogenesis; patients 

with mutations in codon 328 have varied in severity from 
classical to late-onset FOP; patients with an Arg201Ile 
mutation in ACVR1 have adult onset of extraskeletal 
ossification and normal toes.53,491 Management of these 
patients is primarily symptomatic and palliative to the 
extent possible, although immunosuppression may  
diminish the intensity of extraskeletal ossification.53,492

Progressive osseous heteroplasia (POH, MIM 166350) 
is characterized by multiple foci (trunk, extremities, or 
digits) of adipose tissue-associated dermal intramembra-
nous bone formation (osteoma cutis) beginning in in-
fancy in the absence of any local injury or inflammatory 
insult.53 Lesions may be asymptomatic or painful. Over 
time, heterotopic ossification progresses into skeletal 
muscle and deep connective tissue and may be incorpo-
rated into skeletal bone. POH is transmitted as an auto-
somal dominant trait and occurs in both boys and girls; it 
is due to inactivating mutations of the GNAS allele 
usually inherited from the father.493,494 Paternal transmis-
sion of mutated GNAS is associated with significant in-
trauterine growth restriction and more severe clinical 
manifestations of POH than when the GNAS mutation is 
transmitted by the mother.494 Identical mutations in 
GNAS may be clinically manifested as either POH, pseu-
dohypoparathyroidism (PHP), or pseudopseudohypo-
parathyroidism (PPHP) in different members of the 
same family (e.g., 1 bp del, 725C); all of these disorders 
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are associated with subcutaneous (dermal) ossification  
(as discussed previously). However, patients with POH 
do not have physical features of Albright’s hereditary  
osteodystrophy nor are they hormone resistant. Only 
symptomatic treatment of patients with POH is currently 
available.

Extraskeletal calcification/ossification may occur spo-
radically in a number of hypercalcemic, hyperphospha-
temic, or dystrophic states (renal failure, hypo- and hy-
perparathyroidism, sarcoidosis, after cell lysis induced 
by cancer chemotherapy, subcutaneous fat necrosis,  
dermatomyositis, atherosclerosis) as well as in specific 
diseases (e.g., pseudohypoparathyroidism type IA,  
McCune-Albright syndrome).495 Familial tumoral calci-
nosis is a disorder characterized by deposition of crystals 
of basic calcium phosphate in soft tissues, periarticular 
spaces, and at times bone. Hyperphosphatemic and nor-
mophosphatemic forms of familial tumoral calcinosis 
have been described. Hyperphosphatemic familial tu-
moral calcinosis presents in childhood with recurrent 
bone pain, extensive and large cutaneous, periarticular, 
and vascular deposits of calcium phosphate; in some  
patients the ectopic calcifications may be confined to the 
eyelids; it is characterized radiographically by cortical 
hyperostosis, periosteal reaction, and mineral deposits 
around large joints, particularly the hips and shoul-
ders.496,497 Microscopically, there is a histiocytic response 
with formation of calcified bursa-like structures.498 Lab-
oratory studies reveal marked hyperphosphatemia and 
relative hypophosphaturia due to increased renal tubular 
reabsorption of phosphate and inappropriately normal 
or elevated serum calcitriol levels, because, despite hy-
perphosphatemia, PTH secretion is not increased and 
synthesis of calcitriol and intestinal calcium absorption 
persist. The disorder is due to a functional loss of 
FGF23 action and consequently unhindered renal tubu-
lar reabsorption of phosphate. The pathophysiology of 
this disorder is, thus, the mirror image of that associated 
with X-linked and autosomal dominant forms of hypo-
phosphatemic rickets and tumor-induced osteomalacia 
in which there is exaggerated FGF23 production and 
activity leading to hyperphosphaturia and consequent 
hypophosphatemia, rickets, and osteomalacia. Hyper-
phosphatemic familial tumoral calcinosis is genetically 
heterogeneous. Homozygous inactivating mutations 
(Ser71Gly; Met96Thr, Ser129Phe) in FGF23 have been 
identified in patients with this disorder; in the absence of 
FGF23, renal tubular resorption of filtered phosphate is 
unopposed.496 More commonly detected in patients 
with hyperphosphatemic familial tumor calcinosis are 
biallelic loss-of-function microdeletions, splice site,  
and missense or nonsense mutations (Arg162Stop, 
Thr272Lys, Cys574Gly, Gln592Stop) in GALNT3 
(UDP-N-acetyl-alpha-D-galactosamine: polypeptide N-
acetylgalactosaminyltransferase 3).499 The product of 
GALNT3 is a glycosyl transferase that initiates O-glyco-
sylation in which N-acetylgalactosamine is the first sugar 
in the side chain, a step that is essential for secretion of 
intact and functional FGF23. Failure to O-glycosylate 
FGF23 at Thr178 in the Golgi apparatus permits its 
rapid intracellular cleavage between Arg179 and Ser180 
to biologically inactive amino and carboxyl terminal 

fragments.500 Serum concentrations of intact FGF23 are 
low or nondetectable, whereas carboxyl terminal FGF23 
levels are elevated in patients with familial tumoral  
calcinosis due to either gene mutation. Therapy with  
an oral phosphate binder and the carbonic anhydrase 
inhibitor acetazolamide has resulted in hyperphosphatu-
ria and reabsorption of ectopic calcifications without 
change in serum phosphate or calcium concentrations.501 
The hyperostosis hyperphosphatemia syndrome (MIM 
610233) is a clinical variant of familial tumoral calcinosis 
and is also due to mutations in either FGF23 or GALNT3; 
symptoms and signs may precede development of the 
more typical phenotype of familial tumoral calcinosis.499,500 
Hyperphosphatemic familial tumoral calcinosis has also 
been attributed to a homozygous loss-of-function muta-
tion (His193Arg) in KL encoding a-klotho, a cofactor 
necessary for the interaction of FGF23 with its receptor 
in the renal tubule.502 Normophosphatemic familial 
tumor calcinosis is a form of dystrophic calcification, as 
inflammatory lesions always precede ectopic calcifica-
tion, that is due to inactivating mutations (Arg344Stop, 
Lys1495Glu) in SAMD9 (encoding sterile alpha motif 
domain-containing protein 9), a 1589-amino-acid protein 
that regulates cell division, motility, and longevity.503 
SAMD9 generation is responsive to tumor necrosis factor-
alpha (TNFa) and interferon-gamma (IFNg) and regulates 
expression of EGR1 (MIM 128990), a transcription factor 
that controls expression of TGFB1 and is involved with cell 
migration, inflammation, and tissue calcification.504

OSTEOCHONDRODYSPLASIAS

The osteochondrodysplasias are composed of a hetero-
geneous group of malformations of cartilage and bone 
that initially were grouped according to clinical and 
radiologic characteristics into those involving long bone 
growth alone (epiphyseal, metaphyseal, or diaphyseal 
dysplasias) or those involving the long bones and verte-
brae (spondyloepiphyseal or spondyloepimetaphyseal 
dysplasias) and variants thereof (Figure 18-15).505 More 
recently, disorders of skeletal morphology or bone cell 
function have been classified according to known ge-
netic variations (e.g., FGF23, COLA1A) that adversely 
influence bone development or mineralization and 
within which mutations in one gene may give rise to 
several clinically defined disorders together with disor-
ders characterized by clinical and radiographic findings 
that may be attributable to variations in many different 
genes (e.g., acromesomelic dysplasias). Thus, abnormal 
skeletal phenotypes have been classified into 40 groups 
based on the underlying genetic mutations or clinical 
and radiographic manifestations of the disorders.322,506 
Groups 1 through 8 are multiple disorders attributed  
to variations in a single gene (e.g., group 1 FGFR3, 
group 2 COL1A1, group 3 COL11A1, group 4 DTDST, 
group 5 PLC, group 6 AGC1, group 7 FLNA, group 8 
TRPV4). Groups 9 through 40 rely on clinical and ra-
diographic findings for classification; within each group, 
variations in different genes may give rise to the same 
observed abnormality(ies) (e.g., group 10 multiple 
epiphyseal dysplasias: COMP, COL9A2, MATN3; group 
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13 spondylo-epi-[meta]-physeal dysplasias: MATN3, 
SEDL, DYM; group 17 mesomelic/rhizo-mesomelic 
dysplasias: SHOX, GPC6, RDR2). Group 23 encom-
passes variants of osteopetrosis, group 25 variants of 
osteogenesis imperfecta, group 27 the lysosomal disor-
ders, and group 30 the overgrowth syndromes.506 Dis-
orders of skeletal development and function are of in-
terest not only because of the diagnostic and therapeutic 
clinical challenges they present but also because they 
have identified many basic physiologic factors that nor-
mally regulate cartilage and bone development and 
function. The application of genome wide association 
studies (GWAS) to the classification of skeletal disorders 
has added significant insight into the plethora of genes 
and intracellular signaling pathways that influence skel-
etal differentiation, morphology, and function.322

Table 18-14 describes some of the more commonly 
encountered genetic variations associated with the osteo-
chondrodystrophies. Achondroplasia (MIM 100800), the 
most common of the human chondrodystrophies 
(1/15,000 to 1/40,000 live births), and its related osteo-
chondrodystrophies (hypochondroplasia, thanatophoric 
dwarfism, SADDAN syndrome) are due to gain- 
of-function mutations in FGFR3, the gene encoding 
fibroblast growth receptor 3. FGFR3 is a transmembrane 
protein with three immunoglobulin domains in the  
extracellular region of the receptor and two tyrosine  
kinase domains in its intracellular portion (Figure 18-16). 
The four disorders are transmitted as autosomal domi-
nant traits but with a high rate of spontaneous mutations 
(primarily of the paternal FGFR3 allele). Clinically, 
achondroplasia is manifested by short limbs but normal 

trunk length, large head, frontal bossing, and depressed 
nasal bridge, and complicated by increased risk for cervi-
cal cord compression and spinal stenosis.507 Thanato-
phoric dysplasia is characterized by severe bony malfor-
mations, particularly of the skull, long bones, and ribs, 
the latter leading to respiratory insufficiency and early 
death; there are two radiographic forms of this disorder 
(I and II). The syndrome of severe achondroplasia-devel-
opmental delay-acanthosis nigricans (SADDAN syndrome) 
is a clinical phenotype intermediate in severity between 
those of thanatophoric dysplasia and achondroplasia. It is  
associated with significant rhizomelic short stature, acan-
thosis nigricans, and mild developmental challenges;  
acanthosis nigricans may also develop in patients with 
classical achondroplasia and in those with mutations in 
FGFR2.508 Hypochondroplasia is a clinically less severe 
manifestation of mild short limbed (rhizomelic) short 
stature that presents in mid-childhood. Mutations in 
FGFR3 correlate with the clinical phenotype. Although 
achondroplasia is most often (98%) associated with a 
monoallelic missense mutation (Gly380Arg) in the trans-
membrane domain of FGFR3, Gly375Cys and other 
variants in FGFR3 have been recorded in patients with 
achondroplasia. The birth to normal parents of a second 
child with achondroplasia may reflect paternal germinal 
mosaicism for the Gly380Arg mutation in FGFR3.509 
Thanatophoric dysplasia type I is related to mutations 
(Arg248Cys, Gly370Cys) in the extracellular ligand-
binding region next to the transmembrane domain of the 
receptor and to substitutions at the normally terminal 
codon 807—Ter807Gly, Ter807Cys, and Ter807Arg—all 
of which lead to the addition of 141 amino acids to the 
carboxyl terminus of the FGFR3 protein. Thanatophoric 
dysplasia type II is associated with a mutation (Lys-
650Glu) in the distal tyrosine kinase domain. Dual muta-
tions in the same FGFR3 allele have also been associated 
with thanatophoric dysplasia.510 SADDAN syndrome is 
also the result of a Lys650Met mutation. Hypochondro-
plasia has been associated with mutations within the 
proximal (Asn540Lys in 60%) and distal (Lys650Gln) 
tyrosine kinase domains, respectively, as well in the  
immunoglobulin domains of the extracellular region 
(Ser84Leu, Arg200Cys) and transmembrane domain 
(Val381Glu) of FGFR3.507,511 It is noteworthy that different 
mutations at Lys650 result in three distinct phenotypes: 
hypochondroplasia, thanatophoric dysplasia type II, and 
SADDAN syndrome. FGFR3 activating mutations have 
also been encountered in patients with Muenke nonsyn-
dromic coronal craniosynostosis and Crouzon syndrome—
evidence of the genetic heterogeneity of these clinical 
syndromes. A loss-of-function mutation (Arg621His 
within the distal tyrosine kinase domain) in FGFR3 has 
been identified in a family whose members display the 
phenotype of tall stature, camptodactyly, and hearing loss.512

The Gly380Arg variant of FGFR3 alters the conforma-
tion of the gene product enabling ligand-independent  
autophosphorylation of tyrosine residues 647 and 648 
within its cytoplasmic tyrosine domain that then is able to 
propagate signals through the MAPK and signal the trans-
ducer and activator of transcription (STAT) pathways re-
sulting in inhibition of mitosis, matrix synthesis, and termi-
nal (hypertrophic) differentiation.513 Experimentally, in 
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FIGURE 18-15 n Anatomic characterization of osteochondrodyspla-
sias. (From Alanay, Y., & Rimoin, D. L. (2008). Chondrodysplasias. In 
C. J. Rosen (Ed.), Primer on the metabolic bone diseases and disor-
ders of mineral metabolism (7th ed.) (pp. 428-429). Washington, DC: 
American Society of Bone and Mineral Metabolism.)
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Gene Chromosome MIM Pathophysiology Clinical Disorder (MIM)

TRIP11: Thyroid hormone 
interactor 11 

14q31-q32 
604505

Coactivator of the nuclear triiodothyro-
nine receptor; interacts with microtu-
bules and Golgi apparatus

Achondrogenesis, type IA (200600), AR

Collagenopathies
COL2A1: Collagen, type II, 

alpha 1 
12q13.11 
120140

Subunit of collagen type II, the major  
collagen of cartilage comprised of 
three 3-alpha 1(II) chains

Achondrogenesis, type II/ Hypochondrogenesis 
(200610), AD

Spondyloepiphyseal dysplasia congenita 
(183900), AD

Spondyloepimetaphyseal dysplasia (184250), AD
COL9A1: Collagen, type IX, 

alpha 1 
6q13 
120210

Encodes a collagen that is a component 
of hyaline cartilage

Multiple epiphyseal dysplasia, type 6 (614135), AD
Stickler syndrome type 4 (614134), AR

COL10A1: Collagen, type X, 
alpha 1 

6p22.1 
120110

Component of cartilage expressed at 
late stages of endochondral bone  
formation 

Metaphyseal chondrodysplasia, Schmid type 
(156500), AD

COL11A1: Collagen, type XI, 
alpha 1 

1p21.1 
120280

Subunit of collage type XI composed of 
two alpha 1 subunits and a modified 
COL2A1 subunit; important for  
fibrillogenesis

Stickler syndrome type 2 (604841), AD
Marshall syndrome (154780), AD

FLNB: Filamin B 
3p14.3 
603381

Cytoplasmic actin-binding protein en-
abling formation of and communica-
tion with the cytoskeleton; influences 
vertebral segmentation, endochondral 
ossification, joint formation

Atelosteogenesis I (108720), AD
Atelosteogenesis III (108721), AD

Fibroblast Growth Factor Receptors
FGFR1: Fibroblast growth 

factor receptor 1 
8p11.22 
136350

Transmembrane tyrosine kinase  
receptor for FGFs

Pfeiffer (101600), AD

FGFR2: Fibroblast growth 
factor receptor 2 

10q26.13 
176943

Transmembrane tyrosine kinase  
receptor for FGFs

Apert (101200), AD
Crouzon (123500), AD
Jackson-Weiss (123150), AD
Antley-Bixler with normal steroidogenesis 

(207410), AD
FGFR3: Fibroblast growth 

factor receptor 3 
4p16.3 
134934

Transmembrane tyrosine kinase  
receptor for FGFs

Achondroplasia (100800), AD
Hypochondroplasia (146100), AD
Thanatophoric dysplasia types I (187600) and II 

(187601), AD

Sulfation Disorders
SLC26A2- Solute carrier 

family 26 (sulfate  
transporter) 

5q32 
606718

Also termed DTDST; encodes sulfate  
transporter essential for normal  
collagen synthesis

Achondrogenesis, type IB (600972), AR;  
Atelosteogenesis II (256050), AR

Diastrophic dysplasia (222600), AR
Multiple epiphyseal dysplasia, type 4 (226900), AR

HSPG2: Heparan sulfate 
proteoglycan of basement 
membrane 

1p36.12 
142461

Also termed perlecan, a heparan sulfate 
proteoglycan; coreceptor for FGFR2; 
stabilizes basement membranes and 
regulates their permeability 

Schwartz-Jampel type 1 myotonic chondrodystro-
phy (255800), AR

PAPSS2: 3-Prime-phospho-
adenosine 5-prime-phos-
phosulfate synthase 2 

10q23.2-23.3 
603005

Enzyme that synthesizes the sulfate  
donor (39-phosphoadenosine 59-
phosphosulfate) from ATP and  
sulfate; cofactor for adrenocortical 
sulfotransferase

Spondyloepimetaphyseal dysplasia (Brachyolmia 
type 4) (612847), AR

ARSE: Aryl sulfatase E 
Xp22.33 
300180

Enzyme that removes a sulfate group  
from its protein

Chondrodysplasia punctata type 1 (302950),  
X-linked recessive

PTPN11: Protein tyrosine 
phosphatase, nonreceptor, 
type 11 

12q24.1 
176876

Encodes SHP2: a nonreceptor protein  
tyrosine phosphatase that acts  
upstream of RAS 

Monoallelic loss-of-function mutations lead to 
metachondromatosis (156250), AD

Noonan syndrome with multiple lentigenes: 
monoallelic gain-of-function mutations result in 
Noonan syndrome (163950), AD

TABLE 18-14 Genetic Variants Associated with Osteochondrodystrophies (Selected)
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Gene Chromosome MIM Pathophysiology Clinical Disorder (MIM)

Others
COMP: Cartilage oligomeric 

matrix protein 
19p13.1 
600310

Chondrocyte protein that binds calcium 
and collagen types I, II, and IX

Pseudoachondroplasia (177170), AD
Multiple epiphyseal dysplasia (132400), AD

TRPV4: Transient receptor 
potential cation channel, 
subfamily V, member 4 

12q24.11 
605427

Cation channel that mediates calcium 
influx

Metatropic dysplasia (156530), AD
Spondyloepimetaphyseal dysplasia: Maroteaux 

(184095), AD

SHOX: Short stature 
homeobox 

Xp22.33 
312865

Homeobox gene transcription factor  
located also on the pseudoautosomal 
region of Yp 

Leri-Weill dyschondrosteosis (127300), X-linked 
dominant

Langer dysplasia (249700), biallelic/X and Y

SOX9: SRY-box 9 
17q24.3 
608160

Transcription factor essential for  
chondrogenesis and testicular  
differentiation 

Campomelic dysplasia (114290), Monoallelic due 
to haploinsufficiency

RUNX2: Runt-related 
transcription factor 2 

6p21 
600211

Osteoblast specific transcription factor Cleidocranial dysostosis (119600), AD

PTH1R: PTH receptor 1 
Xp22.33 
168468 

GPCR recognizing PTH and PTHrP with 
equal affinity

Inactivating mutations lead to hypocalcemia and 
Blomstrand osteochondrodysplasia (215045), AR;

Eiken syndrome (600002), AR; activating muta-
tions result in hypercalcemia and Murk-Jansen 
metaphyseal chondrodysplasia (156400), AD

PRKAR1A: Protein kinase, 
cAMP-dependent regula-
tory, type 1, alpha 

17q24.2 
188830 

Component of PKA response to cyclic 
AMP that leads to cascade of intracel-
lular signal transduction signals in  
response to Gas that regulate cell 
division, differentiation, metabolism, 
apoptosis

Gain-of-function mutation leads to acrodysostosis 
(101800) and peripheral resistance to the  
biologic effects of PTHrP, PTH, and TSH;  
(de novo)

POR: Cytochrome P450 
oxidoreductase 

7q11.2 
124015

Flavoprotein cofactor that donates elec-
trons to microsomal 17a-hydroxylase, 
21-hydroxylase, and aromatase

Inactivating mutations lead to congenital adrenal 
hyperplasia usually with genital ambiguity in 
both 46XX and 46XY subjects (613571), AR; at 
times in association with skeletal abnormali-
ties (Antley-Bixler syndrome: craniosynostosis, 
midface hypoplasia, choanal stenosis, femoral 
bowing, radioulnar synostosis, 201750, AR)

RMRP: Mitochondrial RNA-
processing endoribonucle-
ase, RNA component of 

9p13.3 
157660

Untranslated RNA subunit of the  
mitochondrial RNA-processing  
endoribonuclease: RNase MRP 

Dependent on the severity of the biallelic loss- 
of-function mutation(s) the spectrum of anaux-
etic dysplasia (607095), cartilage hair hypopla-
sia (250250) emerges

INPPL1: Inositol polyphos-
phate phosphatase like-1 

11q13.4 
600829

Enzyme that hydrolyzes inositol-1,4,5- 
trisphosphate to inositol-4,5-bisphos-
phate: transducer of intracellular  
signaling 

Inactivating mutations result in opsismodysplasia 
(258480); associated with increased skeletal  
synthesis of FGF23, AR

Adapted from Warman, M. L., Cormier-Daire, V., Hall, C., et al. (2011). Nosology and classification of genetic skeletal disorders: 2010 
revision. Am J Med Genet (Part A), 155A, 943–968.

TABLE 18-14 Genetic Variants Associated with Osteochondrodystrophies (Selected)—cont’d

syndrome). Interestingly, loss-of-function mutation in 
FGFR1 have also been associated with hypogonadotropic 
hypogonadism (MIM 147950), as FGFR1 is an essential 
neuronal migration factor.516 Mutations in FGFR4 have 
not been associated with osteochondrodysplasias to date.

Defective formation of several types of collagen due to 
mutations in COL2A1, COL9A1, COL9A2, COL10A1, 
COL11A1, and COL11A2 result in a large number of 
skeletal malformations depending on the site and devel-
opmental timing of the synthetic error (see Table 18-14). 
Mutations in several different collagen-encoding genes 
(COL2A1, COL9A1, COL9A2, COL11A1, COL11A2) 

mice expressing the gain-of-function mutation in Fgfr3 as-
sociated with achondroplasia, there is enhanced bone de-
velopment but decreased bone mass and increased osteo-
clastic activity.514 Thus, FGFR3 normally functions as a 
negative regulator of cartilage and bone formation. As a 
single gene disorder, it is possible to identify a mutation in 
FGFR3 in an affected fetus by analysis of fetal cell-free 
DNA in maternal plasma, if the mother is unaffected.515 
Activating mutations in FGFR1 and FGFR2 have been as-
sociated with chondrodysplasias complicated by prema-
ture craniosynostosis (Pfeiffer, Apert, Crouzon, Jackson-
White, Antley-Bixler, and Beare-Stevenson cutis gyrata 
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result in variants of Stickler syndrome characterized by 
abnormalities of the skeleton (epiphyseal dysplasia), face 
(micrognathia, cleft palate), and vision (myopia, retinal 
detachment), as well as impaired hearing that may be 
transmitted as autosomal dominant or recessive traits. 
Atelosteogenesis is a skeletal disorder characterized by 
absent, short, or distally tapered femora and humeri, 
short bowed tibiae and ulnae, absent fibulae, vertebral 
hypoplasia, and subnormal metacarpal ossification; this 
disorder has several variants; it is the result of monoal-
lelic loss-of-function mutations in FLNB encoding a cy-
toplasmic protein that binds actin, thereby enabling actin 
to form the cytoskeleton, and it also facilitates intracel-
lular communication between the cell membrane and its 
cytoskeleton. Abnormalities of sulfate transport, collagen 
matrix protein sulfation, and sulfatase activity result in 
several chondrodysplasias. SLC26A2 encodes a sulfate 
transporter that is mutated in patients with diastrophic 
dysplasia (DTD) and achondrogenesis type IB. Spon-
dylepimetaphyseal dysplasia/brachyolmia type 4 is due to 
biallelic loss-of-function mutations (Thr48Arg, Ser438Ter) 
in the gene (PAPSS2) encoding 39-phosphoadenosine-
59-phosphosulfate synthase 2, an enzyme with dual 
activities; it catalyzes both the synthesis of adenosine 
59-phosphosulfate and its phosphorylation to 39-phospho-
adenosine 59-phosphosulfate, the universal sulfate donor 
necessary for sulfation of cartilage and bone matrix pro-
teins. Clinical manifestations of this disorder include 
short limbs, kyphoscoliosis, brachydactyly, and enlarged 
knee joints. Inactivating mutations in ARSE, encoding a 
member of the sulfatase enzyme family, lead to X-linked 
recessive brachytelephalangic chondrodysplasia punctata 
type 1.517 This disorder is marked clinically by compro-
mised stature attributable to rhizomelic shortening of the 
limbs, stippling of the epiphyses, craniofacial defects, 
atrophic and pigmented ichthyosiform skin lesions, alo-
pecia, cataracts, and developmental delay. Loss-of-function 
mutations (insertions, missense, nonsense) in SOX9—a 
transcription factor that is expressed in both developing 
chondrocytes where it is coexpressed with COL2A1 and 
in the genital ridges during gonadal differentiation—
cause both campomelic dysplasia (MIM 114290) and 
male-to-female sex reversal in 75% of affected 46XY 
subjects. Inasmuch as SOX9 is essential for normal ex-
pression and function of COL2A1 during chondrogene-
sis, its absence leads to impaired cartilage formation and 

malformation of bones embryologically derived from 
endochondral bone. In the developing bipotential gonad 
of the 46XY fetus, the expression of SOX9 is governed by 
SRY; SOX9 expression is essential for normal differentia-
tion and development of Sertoli cells and other compo-
nents of the testis. Clinically, campomelic dysplasia is 
characterized by prenatal onset of bowing of tubular 
bones, hypoplastic scapulae, 11 ribs, cleft palate, and mi-
crognathia leading often to neonatal death as well as 
failure of masculinization of the 46XY conceptus.

The X- and Y-linked pseudoautosomal gene SHOX 
(Short stature HOmeoboX-containing gene) encodes two 
nuclear proteins: SHOXa with 292 amino acids and 
SHOXb with 225 amino acids. SHOX is a transcription 
factor expressed in late proliferative, prehypertrophic, 
and hypertrophic chondrocytes one of whose target 
genes is NPPB encoding natriuretic peptide precursor 
B.518 Absence of one SHOX functional gene is the proxi-
mate cause of the short stature of girls with Turner syn-
drome and some children with “idiopathic” short stature. 
Heterozygous microdeletions and intragenic inactivating 
mutations (Leu 132Val, Ala170Pro, Arg195Stop) of 
SHOX resulting in haploinsufficiency are present in 
patients with Leri-Weill dyschondrosteosis typified by 
mesomelic limb shortening and growth retardation, 
Madelung deformity of the wrist, bowing of the radius, 
and ulnar dislocation. The Leri-Weill phenotype has 
been recorded in patients with intact SHOX but with 
microdeletions of downstream segments of the X chro-
mosome pseudoautosomal region, implying the presence 
of modifying genes in this region.519 Biallelic loss (X and 
Y chromosomes) of SHOX leads to Langer mesomelic 
dysplasia typified by severe hypoplasia of the ulna and 
fibula and a thickened, curved radius and tibia.

Both gain- and loss-of-function mutations of PTH1R 
lead to abnormalities of bone formation and growth. 
Blomstrand chondrodysplasia is an autosomal recessive 
disorder lethal in utero that may be identified in the fetus 
with short, extremely dense long bones and markedly 
advanced skeletal maturation as well as somatic anomalies 
such as aortic coarctation and facial anomalies. Patho-
logically, epiphyseal cartilage is reduced, and there are 
irregular columns and erratic distribution of chondro-
cytes within matrix. The abnormality is the result of  
inactivating mutations (deletions, missense mutations—
Pro132Leu, Arg383Gln) of the gene encoding the  
PTH/PTHrP receptor. The Eiken syndrome of severely 
delayed ossification of the epiphyses and pelvis is also  
due to a biallelic loss-of-function mutation (Arg485Stop) 
in PTH1R. Patients with Murk-Jansen metaphyseal chon-
drodysplasia have short limbs and fingers, micrognathia, 
and deformities of the spine and pelvis, but they survive  
to adulthood where the average adult height is 125 cm 
and childbearing is possible. Characteristically, these  
patients have hypercalcemia, hypophosphatemia, and low 
or undetectable serum levels of both PTH or PTHrP. 
The disorder is due to monoallelic activating mutations 
(His223Arg, Thr410Pro) of PTH1R and is associated with 
extraordinary delay in chondrocyte differentiation and 
decreased mineralization due to excessive bone resorp-
tion. Both disorders reflect the altered functional effects 
of PTHrP acting through PTH1R in developing cartilage 
where it normally acts to slow differentiation and decrease 
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FIGURE 18-16 n  Mutations in fibroblast growth factor receptor-3 
leading to achondroplasia (ACH), hypochondroplasia (HYP), 
thanatophoric dysplasia (TD) types I and II, and severe achon-
droplasia-developmental delay-acanthosis nigricans (SAD-
DAN). (From Horton, W. A. (2006). Molecular pathogenesis of 
achondroplasia. Growth Genet Horm, 22, 49–54.)
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the rate of chondrocyte apoptosis, thus prolonging chon-
drocyte proliferation and enhancing long bone growth.

Anauxetic dysplasia (MIM 607095) is a spondylome-
taepiphyseal dysplasia transmitted as an autosomal re-
cessive disorder characterized by intrauterine growth 
retardation (birth length , 40 cm), severely compro-
mised adult height (, 85 cm), hypodontia, and mild 
mental retardation. All bones are malformed; there are 
few chondrocytes in the cartilage growth plates. It is due 
to loss-of-function mutations (insertions) in RMRP 
(RNA component of Mitochondrial RNA-Processing 
endoribonuclease), a gene that encodes the untranslated 
RNA subunit of the mitochondrial RNA-processing 
endoribonuclease, RNase MRP.520,521 This enzyme is 
involved in (1) the assembly of ribosomes (the structural 
units in which translation and protein synthesis take 
place), (2) the generation of RNA primers for replication 
of mitochondrial DNA, and (3) the regulation of the 
cyclin-dependent cell cycle. The mutations that result  
in anauxetic dysplasia impair ribosome assembly and 
protein synthesis exclusively. Inactivating mutations  
(duplications, insertions) in RMRP that modestly impair 
both ribosomal assembly and regulation of the cell cycle 
are present in patients with cartilage hair hypoplasia 
(MIM 250250) and metaphyseal dysplasia without hypo-
trichosis (MIM 250460). Thus, cartilage hair hypoplasia 
and anauxetic dysplasia represent different manifesta-
tions and the functional severity of inactivating muta-
tions of RMRP.

Errors in the biosynthesis of cholesterol have been 
associated with a number of disorders that adversely  
affect bone development as well as many other systems 
(Table 18-15) (Figure 18-17).522 Cholesterol is a constituent 
of the cell’s plasma membrane as well as the membranes 
of intracellular organelles; it covalently binds to the 
amino terminal and is essential for the function of Indian 
hedgehog, Sonic hedgehog, and Desert hedgehog, in-
ductive factors necessary for the normal development  
of cartilage and bone, brain, and testes, respectively. It  
is a precursor of steroids and bile acids. It is likely that 
lack of cholesterol exerts its teratologic effects through 
many pathways—by impairing membrane function or 
the intracellular signaling response(s) to normal stimuli. 
Additionally, accumulation of precursors of cholesterol 
may be toxic to the developing fetus. In patients with  
the Smith-Lemli-Opitz syndrome, inactivating muta-
tions of the microsomal enzyme D7-dehydrocholesterol 
reductase (DHCR7) impair the final step in the synthetic 
pathway of cholesterol from 7-dehydrocholesterol and 
lead to intrauterine and postnatal growth retardation, 
short limbs, syndactyly and polydactyly, characteristic 
facial features (blepharoptosis, anteverted nares, broad 
alveolar ridges, cleft palate), congenital malformations 
of the heart and central nervous system, microcephaly, 
incomplete virilization of male external genitalia, hypo-
plastic thumbs, developmental delay, autism, and com-
promised adrenocortical function, a malformation syn-
drome with an incidence of 1/15,000 to 1/40,000 births.523 

Gene Chromosome MIM Pathophysiology Clinical Disorder (MIM)

DHCR7: 7-Dehydrocholesterol 
reductase 

11q12-q13
602858

3b-Hydroxysteroid D7 reductase converts 
7-dehydrocholesterol to cholesterol

Smith-Lemli-Opitz syndrome (270400), AR

DHCR24: 24-Dehydrocholes-
terol reductase 

1p32.3 
606418

3b-Hydroxysterol D24 reductase converts 
desmosterol to cholesterol

Desmosterolosis (602398), AR

SC5DL: Sterol C5-desatu-
rase-like 

11q23.3 
602286

Microsomal enzyme (3b-hydroxysteroid-D5-
desaturase) that converts lathosterol to  
7-dehydrocholesterol, precursor of cholesterol 
and cholecalciferol (vitamin D)

 Lathosterolosis (607330), AR

EBP: Emopamil-binding 
protein 

Xp11.23 
300205 

Dual function protein: binding protein;  
3b-Hydroxysteroid D7,D8 isomerase converts 
cholest-8(9)-en-3b-ol to lathosterol

Chondrodysplasia punctata type 2 
(302960), X-linked dominant

NSDHL: NAD(P)H steroid de-
hydrogenase-like protein 

Xq28 
300275

3b-Hydroxysteroid C4 demethylase complex con-
verts 4,4-dimethylcholest-8(9)-en-3b-ol to cho-
lest 8(9)-en-3b-ol; other members of complex 
are SC4MOL (607545) and HSD17B7 (606756) 

CHILD (congenital hemidysplasia, ichthyo-
siform erythroderma, limbs defects) 
syndrome (308050), X-linked dominant

LBR: Lamin B receptor 
1q42.12 
600024

Dual function protein: promotes heterochromatin 
binding to inner nuclear membrane;  
3b-Hydroxysteroid D14 reductase important 
for synthesis of cholesterol

HEM (hydrops-ectopic calcification- 
”moth-eaten” or Greenberg) dysplasia 
(215140), AR

POR: Cytochrome P450 
oxidoreductase 

1q11.2 
124015

Flavoprotein electron donor to all P450  
enzymes including P450c17, P450c21, 
P450arom

Antley-Bixler syndrome with genital anom-
alies and disordered steroidogenesis, 
(201750), AR

(ABS with exclusively skeletal anomalies 
[207410] due to mutation in FGFR2, AD)

TABLE 18-15  Osteochondrodystrophies Attributable to Genetic Variants of Proteins Essential 
for Cholesterol Synthesis

Adapted from Forbes, F. D., & Herman, G. E. (2011). Malformation syndromes caused by disorders of cholesterol synthesis. J Lipid Res, 
52, 6–34.
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Stippled epiphyses are detected by radiologic examina-
tion. Serum concentrations of cholesterol are depressed, 
whereas those of 7-dehydrocholesterol are elevated.  
The 7-dehydrocholesterol/cholesterol ratio is related to 
the clinical severity of the Smith-Lemli-Opitz pheno-
type under usual circumstances.524 Anecdotal reports 
suggest that cholesterol supplementation may improve 
the health, behavior, and growth of children with the 
Smith-Lemli-Opitz syndrome.

Desmosterolosis is an autosomal recessive disorder 
with diverse clinical manifestations that include im-
paired growth, osteosclerosis, shortened limbs, macro- 
or microcephaly, cleft palate, micrognathia, thick alveo-
lar ridges, developmental delay, and spasticity. Cranial 
magnetic resonance imaging reveals little white matter 

and a thinned to almost complete agenesis of the corpus 
callosum. Desmosterolosis is due to biallelic inactivating 
mutations of the gene (DHCR24) encoding 3b-
hydroxysterol-D24 reductase, an enzyme that converts 
desmosterol to cholesterol.522,525,526 Lathosterolosis is 
characterized by microcephaly, bitemporal narrowing of 
the skull, cataracts, anteverted nostrils, and other physi-
cal anomalies recorded in patients with the Smith-Lemi-
Opitz syndrome.522 It is the result of loss-of-function 
mutations in the gene (SC5DL) encoding 3b-hydroxyster-
oid-D5-desaturase, an enzyme that converts lathosterol 
to 7-dehydrocholesterol. Chondrodysplasia punctata 2 is 
an X-linked dominant disorder (Conradi-Hünermann-
Happle syndrome) that is ordinarily (but not always)  
lethal in the affected male. It is characterized clinically 
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FIGURE 18-17 n  Biosynthesis of cholesterol depicting the sites of enzyme activity lost by inactivating mutations that lead to skeletal, 
genital, and systemic malformations. The conversion of lanosterol to cholesterol may proceed through two pathways as depicted 
(see text for details). (From Forbes, F. D., & Herman, G. E. (2011). Malformation syndromes caused by disorders of cholesterol synthesis. 
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in the affected female by short stature with asymmetric 
short proximal limbs (rhizomelic dwarfism), frontal 
bossing, scaly and erythematous skin lesions that re-
semble ichthyosis in children and atrophic pigmentary 
lesions in adults, coarse hair with alopecia, and cataracts; 
reflecting functional X-chromosomal mosaicism in  
females, the phenotype may vary from stillborn to mildly 
affected.522 Radiographic examination reveals general-
ized osteosclerosis, irregular punctate calcification (stip-
pling) of epiphyses of the long bones, vertebrae, and 
tracheal cartilage in children. This disorder is due  
to loss-of-function mutations in EBP (Emopamil-
Binding Protein), the gene encoding 3b-hydroxysteroid-
D8,D7isomerase, an enzyme that converts cholesta-
8(9)-en-3b-ol to lathosterol; in the serum of subjects 
with chondrodysplasia punctata 2 plasma concentrations 
of 8-dehydrocholesterol cholest-8(9)-en-3b-ol are ele-
vated. This protein also binds many unrelated molecules; 
its genetic designation derives from its ability to bind 
emopamil (i.e., EBP), a calcium ion antagonist. X-linked 
recessive and autosomal recessive forms of the Conradi-
Hünermann-Happle syndrome have also been reported, 
suggesting genetic heterogeneity for this phenotype. 
The CHILD syndrome of congenital hemidysplasia 
with ichthyosiform erythroderma or nevus and limb 
defects is remarkable for its unilateral distribution of 
anomalies that are confined to half of the body.522 It is an 
X-linked disorder due to loss-of-function mutations in 
NSDHL (NADPH steroid dehydrogenase-like) encoding 
a sterol dehydrogenase or decarboxylase that is part of 
the 3b-hydroxysteroid C-4 sterol demethylase complex 
that also includes the products of SC4MOL and 
HSD17B7. This complex converts 4,4-dimethylcholesta-
8-en-3b.ol to cholesta-8(9)-en-3b-ol.

The often-lethal Greenberg dysplasia of hydrops- 
ectopic calcification-moth-eaten (HEM) skeletal dyspla-
sia is transmitted as an autosomal recessive trait associ-
ated with short-limbed dwarfism, polydactyly, and 
irregularly decreased calcification of the long bones  
together with calcification of the larynx and trachea. It is 
due to a loss-of-function mutation in the gene (LBR) 
encoding the lamin B receptor, a nuclear envelope inner 
membrane protein that not only binds lamin B but also 
has 3b-hydroxysteroid-D14 reductase activity, an enzyme 
that converts 4,4-dimethylcholesta-8(9)-dien-3b-ol to 
4,4-dimethylcholesta-8-en-3b-ol, a necessary step for 
normal cholesterol biosynthesis. 3b-hydroxysteroid-D14 
reductase activity is also encoded by DHCR14, an endo-
plasmic reticular enzyme that too catalyzes reduction of 
unsaturated C14-C15 intermediate sterols.522,527 The 
HEM dysplasia is considered to be a laminopathy rather 
than an inborn error in cholesterol biosynthesis. The 
Antley-Bixler syndrome (MIM 207410) of craniosynos-
tosis, humeroradial synostosis, femoral bowing midface 
hypoplasia, choanal stenosis/atresia, and joint contrac-
tures has been associated with heterozygous mutations in 
FGFR2 (MIM 176943). When these skeletal anomalies 
coexist with genital malformations and defects in ste-
roidogenesis (MIM 201750), biallelic loss-of-function 
mutations have been identified in POR (MIM 124015), 
encoding P450 oxidoreductase, a donor of electrons for 
the P450 enzymes required for synthesis of adrenocortical 

and gonadal steroids. Thus, when POR activity is de-
creased, function of the enzyme encoded by CYP51A1 
MIM601637)) that converts dihydrolathosterol to 4, 
4-dimethylcholesta-8(9).14-dien-3b-ol is depressed.

CONCLUDING REMARKS

Deciphering of the complex mechanisms that underlie 
the pathophysiology of illnesses that adversely affect 
the regulation of calcium, phosphate, and magnesium 
metabolism; chondrocyte differentiation and growth, 
and bone formation, mineralization, and strength has 
been further informed by the insights that advances  
in genetics, epigenetics, and proteomics have brought 
to these clinical problems. It may be anticipated that 
further clarification of the basic mechanisms that un-
derlie these disorders will enable translation of these 
findings into the care of many disorders that affect 
young patients.

ADDENDUM

Loss-of-function mutations in GNA11 encoding guanine 
nucleotide-binding protein alpha 11 (chromosome 
19p13.3, MIM 139313) have been identified in patients 
with autosomal dominant familial hypocalciuric hyper-
calcemia type 2 (MIM 145981).534 Gain-of-function mu-
tations in GNA11 have been found in patients with auto-
somal dominant hypoparathyroidism.534,535

Inactivating mutations in AP2S1 encoding adaptor 
protein-2a subunit (chromosome 19q13, MIM 602242) 
involving solely the Arg15 residue of AP2S1 have been 
identified in patients with autosomal dominant familial 
hypocalciuric hypercalcemia type 3 (MIM 600740) clini-
cally associated with hypophosphatemia, elevated serum 
levels of PTH, and decreased bone mineralization.536 
AP2S1 is one subunit of a heterotetrameric protein criti-
cal for clathrin-related endocytosis of G protein-coupled 
receptors. Inactivating variants of AP2S1 decrease sensi-
tivity of CASR to Ca21

0, reduce its rate of endocytosis, 
and decrease intracellular signal transduction.

Kenny-Cafey syndrome 2 (MIM 127000) has been  
attributed to monoallelic loss-of-function mutations in 
FAM111A (MIM 615292, chromosome 11q12.1), a protein 
with sequences common to trypsin like proteinases. 537,538

Osteogenesis imperfecta type XV (MIM 615220) has 
been assigned to mutations in WNT1539,540. WNT1 en-
codes the ligand of the osteoblast membrane receptor 
Frizzled; binding of WNT1 to Frizzled and its co-recep-
tors LRP 5/6 regulates intracellular signaling through 
the b-Catenin, Gaq-protein, and PLC signal transduc-
tion pathways resulting in both osteoblastogenesis and 
osteoblast function. Biallelic loss-of-function in WNT1 
have been identified in several families whose members 
have had fractures at a young age, bone deformities,  
decreased bone mineralization, growth retardation,  
and occasionally blue sclerae. Dental development and 
hearing have been normal in these patients but some  
affected subjects have had developmental delay and brain 
malformations.541
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Abbreviations

ADHR Autosomal dominant hypophosphatemic 
rickets

AHO Albright hereditary osteodystrophy
AMP Adenosine monophosphate
APECED Autoimmune polyendocrinopathy-candidiasis-

ectodermal dystrophy
APS Autoimmune polyendocrine syndrome
ARHR Autosomal recessive hypophosphatemic 

rickets
ASARM Acidic serine aspartate-rich MEPE-associated 

motif
ATP Adenosine triphosphate
BCE Bovine cartilage equivalent
BMC Bone mineral content
BMD Bone mineral density
BMP Bone morphogenetic protein
Ca21

e Calcium-ionized, extracellular
CaSR Calcium sensing receptor
CBP Collagen binding protein (HSP)
CKD-MBD Chronic kidney disease-mineral and bone 

disorder
COL1A1 Bone collagen subunit a1 (I)
CRTAP Cartilage-associated protein
CTx Carboxyl terminal cross-link telopeptide of 

collagen type I
DEXA Dual-energy x-ray absorptiometry
DGCR DiGeorge syndrome critical region
DGS DiGeorge syndrome
DMR Differentially methylated region
Dpd Deoxypyridinoline
FGF Fibroblast growth factor
FGFR FGF receptor
FIHP Familial isolated primary hyperparathyroidism
FISH Fluorescent in situ hybridization
FOP Fibrodysplasia ossificans progressiva
GDNF Glial-derived neurotrophic factor
GDP Guanosine diphosphate
GH Growth hormone
GLP-2 Glucagon-like peptide 2
GPCR G-protein coupled receptor
Gsa a Subunit of stimulatory G-protein (Gsa)
GTP Guanosine triphosphate
H1 Hydrogen ion
HDR Hypoparathyroidism, deafness, renal disease 

syndrome (Barakat disease)
HHC Hereditary hypocalciuric hypercalcemia
HRD Hypoparathyroidism, retardation,  

dysmorphism syndrome
HSP Heat shock protein (CBP)
ICTP Carboxyl telopeptide of collagen type I
IFITM5 Interferon-induced transmembrane protein-5 

or bone-restricted ITIFM5-like protein
IGF Insulin-like growth factor
IL Interleukin
IOF International Osteoporosis Foundation
ISCD International Society for Clinical Densitometry
KCS Kenny-Caffey syndrome
LBW Low birth weight
MAPK Mitogen-activated protein kinase
M-CSF Macrophage-colony stimulating factor
MCT Medullary carcinoma of thyroid

MEN Multiple endocrine neoplasia
MEPE Matrix extracellular phosphoglycoprotein
Mg21 Magnesium
MIM Mendelian Inheritance in Man*
MPA Medroxyprogesterone acetate
NFkB Nuclear factor kB
NHERF1 Sodium hydrogen exchanger regulatory  

factor 1
NSHPT Neonatal severe hyperparathyroidism
NTx Amino terminal telopeptide of collagen type I
OIC Osteogenesis imperfecta congenita
OSTM1 Osteopetrosis-associated transmembrane 

protein-1
P3H1 Prolyl 3-hydroxylase 1
PDDR Pseudovitamin D–deficiency rickets
PEDF Pigment epithelium derived factor
PHEX Phosphate-regulating endopeptidase  

homologue, X-linked
PHP Pseudohypoparathyroidism
PICP Carboxyl terminal propeptide of collagen 

type I
PIIINP Amino terminal propeptide of collagen  

type III
POH Progressive osseous heteroplasia
PPHP Pseudopseudohypoparathyroidism
PTG Parathyroid gland
PTH Parathyroid hormone
PTHrP PTH related protein
PTHR1 PTH/PTHrP receptor 1
Pyr Pyridinoline
QCT Quantitative computed tomography
QUS Quantitative ultrasound
RANK Receptor activator of nuclear factor kB
RANKL RANK-ligand
SDS Standard deviation score
SERM Selective estrogen receptor modulator
sFRP4 Serum frizzled related protein-4
SIBLING Short integrin-binding ligand-interacting  

glycoprotein
SOS Speed of sound
TALH Thick ascending limb of the loop of Henle
TGFb Transforming growth factor b
TNF Tumor necrosis factor
TNSALP Tissue nonspecific alkaline phosphatase
TRAP Tartrate resistant acid phosphatase
TSH Thyroid-stimulating hormone
VDDR1A Vitamin D–dependent rickets type 1A
VDR Vitamin D receptor
VDRE Vitamin D response element
VEGF Vascular endothelial growth factor
VLBW Very low birth weight
WBS Williams-Beuren syndrome
WINAC WSTF including nucleotide assembly  

complex
WHO World Health Organization
WSTF Williams syndrome transcription factor
XLHR X-linked dominant hypophosphatemic rickets
XLRH X-linked recessive hypophosphatemic rickets
1,25(OH)2D3 1,25-Dihydroxyvitamin D3 (calcitriol)
25OHD3 25-Hydroxyvitamin D3 (calcidiol)

*www3.ncbi.nlm.nih.gov/Omim.
A, adenine; C, cytidine; G, guanine; T, thymine.

http://www3.ncbi.nlm.nih.gov/Omim
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QUESTIONS

 5. Which of the following describes the Williams-Beuren 
syndrome of infantile hypercalcemia?
 a. It is characterized by mitral valve prolapse, extremely 

fine facial features, and overgrowth.
 b. It is related to loss-of function of BAZ1B (encoding 

the Williams syndrome transcription factor).
 c. It is the result of increased functional activity of 

WINAC (WSTF including nucleoside assembly 
complex).

 d. It is dependent on increased activity of hepatic 
25-hydroxylase.

 e. It is transmitted as a sex-linked recessive trait.
Answer: b

 6. Which of the following is true about phosphopenic 
rickets due to loss-of-function mutations in PHEX 
(encoding phosphate-regulating endopeptidase homo-
logue, X linked)?
 a. It is manifested radiographically by extremely fragile 

long bone with decreased cortical width.
 b. It is pathogenetically related to a functional abnor-

mality of the vitamin D nuclear receptor.
 c. It is associated with decreased production of  

fibroblast growth factor-23 (FGF23).
 d. It adversely affects membrane bone formation  

primarily.
 e. It is due to failure to prevent the release and degrada-

tion of phosphorylated acidic serine aspartate-rich 
MEPE-associated motif (ASARM).

Answer: e

 7. What causes the metabolic bone disease that develops 
in children with chronic renal insufficiency?
 a. Decreased secretion of FGF23
 b. Excessive osteoblast synthesis of collagen type I
 c. Impaired renal excretion of phosphate
 d. Increased renal tubular calcium reabsorption in 

response to a-klotho
 e. Subnormal activity of the parathyroid chief cells

Answer: c

 8. Which of the following is true about bisphosphonates?
 a. In excess, they paradoxically decrease bone density.
 b. They are administered by deep intramuscular  

injection.
 c. They act by incorporating into bone marrow pre-

cursor cells, thus prolonging their life span.
 d. They augment bone mineralization by increasing 

osteoblastogenesis.
 e. They are retained in bone for many years.

Answer: e

845.e1

 1. Pathophysiologically, what causes hypocalcemia?
 a. Abnormalities in the packaging of parathyroid hor-

mone (PTH) within the Golgi apparatus of the 
parathyroid chief cell

 b. A subnormal rate of transit of parathyroid hormone 
(PTH) through the endoplasmic reticulum to the 
plasma membrane

 c. Inhibition of PTH transcription
 d. Increased sensitivity of the calcitonin receptor to 

its endogenous ligand
 e. Impaired release of PTH from the parathyroid 

chief cell
Answer: e

 2. Pseudohypoparathyroidism type IA is the result of 
monoallelic variations in which of the following?
 a. Paternal transcript of PTH1R (PTH/PTHrP re-

ceptor)
 b. Maternal genes encoding both adenylyl cyclase 

(ADC1) and protein kinase B (AKT1)
 c. Product of paternal MAP2K1 (encoding mitogen-

activated protein kinase kinase 1)
 d. Maternal Gas transcript of GNAS (guanine 

nucleotide-binding protein, alpha-stimulating ac-
tivity polypeptide)

 e. Maternal transcript of TBCE (encoding tubulin 
specific chaperone E)

Answer: d

 3. In the majority of patients, neonatal severe hyperpara-
thyroidism is the result of which genetic variation?
 a. Biallelic insertion of the amino acid glycine at  

codon 73 of paternal CASR (encoding the calcium 
sensing receptor)

 b. Monoallelic paternal activating mutation in CASR
 c. Biallelic loss-of-function mutations in CASR
 d. Monoallelic deletion of the entire maternal CASR 

gene
 e. Mutations in the 59 regulatory region of CASR

Answer: c

 4. What results from a loss of renal 24-hydroxylase activity?
 a. Hypophosphatemia
 b. Hypercalcemia
 c. Osteopenia
 d. Rickets
 e. Osteosclerosis

Answer: b
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INTRODUCTION

Diabetes mellitus (DM) is best defined as a syndrome 
characterized by inappropriate fasting or postprandial 
hyperglycemia, caused by absolute or relative insulin 
deficiency and its metabolic consequences, which include 
disturbed metabolism of protein and fat. This syndrome 

results from a combination of deficiency of insulin secre-
tion and its action. Diabetes mellitus occurs when the 
normal constant of the product of insulin secretion  
times insulin sensitivity, a parabolic function termed the 
“disposition index” (Figure 19-1), is inadequate to 
prevent hyperglycemia and its clinical consequences  
of polyuria, polydipsia, and weight loss. At high degrees 
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normal disposition index. At a critical point in the dispo-
sition index curve (see Figure 19-1), a further small dec-
rement in insulin sensitivity requires a large increase in 
insulin secretion; those who can mount these higher rates 
of insulin secretion retain normal glucose metabolism, 
whereas those who cannot increase their insulin secretion 
because of genetic or acquired defects now manifest 
clinical diabetes as occurs in type 2 diabetes (T2DM).

By simultaneously considering insulin secretion and 
insulin action in any given individual, it becomes possible 
to account for the natural history of diabetes in that per-
son (e.g., remission in a patient with T1 diabetes or keto-
acidosis in a person with T2DM). Thus, diabetes mellitus 
may be the result of absolute insulin deficiency, or of 
absolute insulin resistance, or a combination of milder 
defects in both insulin secretion and insulin action.1 Col-
lectively, the syndromes of diabetes mellitus are the most 
common endocrine/metabolic disorders of childhood 
and adolescence. The application of molecular biologic 
tools continues to provide remarkable insights into the 
etiology, pathophysiology, and genetics of the various 
forms of diabetes mellitus that result from deficient  
secretion of insulin or its action at the cellular level.

Morbidity and mortality stem from the metabolic 
derangements and from the long-term complications 
that affect small and large vessels, resulting in retinopa-
thy, nephropathy, neuropathy, ischemic heart disease, 
and arterial obstruction with gangrene of extremities.2 
The acute clinical manifestations can be fully understood 
in the context of current knowledge of the secretion  
and action of insulin.3 Genetic and other etiologic 
considerations implicate autoimmune mechanisms in 
the evolution of the most common form of childhood 
diabetes, known as type 1a diabetes.4,5 Genetic defects 
in insulin secretion are increasingly recognized and  
understood as defining the causes of monogenic forms 
of diabetes such as maturity-onset diabetes of youth 
(MODY) and neonatal DM and contributing to the 
spectrum of T2DM.6

There is strong evidence that the long-term complica-
tions are related to the degree and duration of metabolic 
disturbances.2 These considerations form the basis of 
standard and innovative therapeutic approaches to this 
disease that include newer pharmacologic formulations 
of insulin, delivery by traditional and more physiologic 
means, and evolving methods to continuously monitor 
blood glucose to maintain it within desired limits by link-
ing these features to algorithm-driven insulin delivery 
pumps for an “artificial pancreas.”

CLASSIFICATION

Diabetes mellitus is not a single entity but a heteroge-
neous group of disorders in which there are distinct 
genetic patterns as well as other etiologic and patho-
physiologic mechanisms that lead to impairment of 
glucose tolerance.1,7 Box 19-1 outlines an etiologic clas-
sification of diabetes mellitus in children, based on the 
“Report of the Expert Committee on the Classification 
and Diagnosis of Diabetes Mellitus,” published by the 
American Diabetes Association in January of 2013.7

of insulin sensitivity, small declines in the ability to  
secrete insulin cause only mild, clinically imperceptible 
defects in glucose metabolism. However, irrespective  
of insulin sensitivity, a minimum amount of insulin is 
necessary for normal metabolism. Thus, near absolute 
deficiency of insulin must result in severe metabolic  
disturbance as occurs in type 1 diabetes mellitus (T1DM). 
By contrast, with decreasing sensitivity to its action, 
higher amounts of insulin secretion are required for a 

FIGURE 19-1 n This figure shows the hyperbolic relationship of 
insulin resistance and beta cell function. On the y-axis is beta cell 
function as reflected in the first-phase insulin response during 
intravenous (IV) glucose infusion; on the x-axis is insulin sensi-
tivity and its mirror image resistance. In a subject with normal 
glucose tolerance (NGT) and beta-cell reserve, an increase in 
insulin resistance results in increased insulin release and normal 
glucose tolerance. In an individual for whom the capacity to  
increase insulin release is compromised, increasing insulin  
resistance with partial or no beta-cell compensation results in 
progression from normal glucose tolerance, to impaired glucose 
tolerance (IGT), and finally to diabetes (T2D). Differences be-
tween these categories are small at high insulin sensitivity, 
which may be maintained by weight reduction, exercise, and 
certain drugs. At a critical degree of insulin resistance, due to 
obesity or other listed factors, only a further small increment in 
resistance requires a large increase in insulin output. Those that 
can increase insulin secretion to this extent retain normal glu-
cose tolerance; those who cannot achieve this degree of insulin 
secretion (e.g., due to a mild defect in genes regulating insulin 
synthesis, insulin secretion, insulin action, or an ongoing im-
mune destruction of beta cells) now unmask varying degrees of 
carbohydrate intolerance. The product of insulin sensitivity (the 
reciprocal of insulin resistance) and acute insulin response  
(a measurement beta-cell function) has been called the “disposi-
tion index.” This index remains constant in an individual with 
normal beta cell compensation in response to changes in insulin 
resistance. IGT, impaired glucose tolerance; NGT, normal  
glucose tolerance; T2D, type 2 diabetes. (From Ize-Ludlow, D., & 
Sperling, M. A. (2005). The classification of diabetes mellitus: a  
conceptual framework. Pediatr Clin North Am, 52, 1533–1552.)

FIGURE 19-1 n This figure shows the hyperbolic relationship of 
insulin resistance and beta cell function. On the y-axis is beta cell 
function as reflected in the first-phase insulin response during 
intravenous (IV) glucose infusion; on the x-axis is insulin sensi-
tivity and its mirror image resistance. In a subject with normal 
glucose tolerance (NGT) and beta-cell reserve, an increase in 
insulin resistance results in increased insulin release and normal 
glucose tolerance. In an individual for whom the capacity to  
increase insulin release is compromised, increasing insulin  
resistance with partial or no beta-cell compensation results in 
progression from normal glucose tolerance, to impaired glucose 
tolerance (IGT), and finally to diabetes (T2D). Differences be-
tween these categories are small at high insulin sensitivity, 
which may be maintained by weight reduction, exercise, and 
certain drugs. At a critical degree of insulin resistance, due to 
obesity or other listed factors, only a further small increment in 
resistance requires a large increase in insulin output. Those that 
can increase insulin secretion to this extent retain normal glu-
cose tolerance; those who cannot achieve this degree of insulin 
secretion (e.g., due to a mild defect in genes regulating insulin 
synthesis, insulin secretion, insulin action, or an ongoing im-
mune destruction of beta cells) now unmask varying degrees of 
carbohydrate intolerance. The product of insulin sensitivity (the 
reciprocal of insulin resistance) and acute insulin response  
(a measurement beta-cell function) has been called the “disposi-
tion index.” This index remains constant in an individual with 
normal beta cell compensation in response to changes in insulin 
resistance. IGT, impaired glucose tolerance; NGT, normal  
glucose tolerance; T2D, type 2 diabetes. (From Ize-Ludlow, D., & 
Sperling, M. A. (2005). The classification of diabetes mellitus: a  
conceptual framework. Pediatr Clin North Am, 52, 1533–1552.)
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Our classification is modified to reflect more accu-
rately the major categories in childhood, including the 
emergence of type 2 diabetes mellitus, cystic fibrosis-
related diabetes, and drug-induced diabetes—largely 
from the antirejection agents cyclosporine, sirolimus, 
and tacrolimus (formerly FK-506). Table 19-1 presents 
a summary of the classification originally proposed in 
1979 but incorporates the newer criteria for blood glu-
cose values used to diagnose diabetes, impaired glucose 
tolerance, and gestational diabetes.

Among the insulin-dependent forms, severe lack of 
insulin secretion results most commonly from pre-
sumed autoimmune destruction of islets in genetically 
predisposed hosts. This form is synonymous with type 
1a diabetes, formerly called juvenile-onset diabetes.4,5,8,9 
Severe insulin-dependent diabetes mellitus, clinically 

indistinguishable from the autoimmune form, may, 
however, not have any evidence of autoimmunity and 
can result from mitochondrial or other gene defects that 
interfere with normal insulin secretion or rarely from 
pancreatic agenesis.10-13

The more severe forms of the MODY syndromes, 
subsequently detailed, also may require insulin.12,13 
Clinically similar forms of diabetes may occur second-
ary to cystic fibrosis14,15 from toxic drugs such as the 
immunosuppressive agents cyclosporine, sirolimus and 
tacrolimus,16,17 the rodenticide Vacor,18 or streptozoto-
cin as used for certain pancreatic islet cell tumors19; 
with the hemolytic uremic syndrome20; or after pancre-
atectomy, such as for persistent hyperinsulinemic hypo-
glycemia in infancy.21 Childhood insulin-dependent 
diabetes is generally type 1a diabetes mellitus.

BOX 19-1 Etiologic Classification of Diabetes Mellitus

I. TypE 1 DIabETES (bETa-CEll DESTruCTION 
ulTImaTEly lEaDINg TO COmplETE INSulIN  
DEfICIENCy)
 A. Immune mediated
 B. Idiopathic

II. TypE 2 DIabETES (VarIablE COmbINaTIONS 
Of INSulIN rESISTaNCE aND INSulIN DEfICIENCy)
 A. Typical
 B. Atypical

III. gENETIC DEfECTS Of bETa-CEll fuNCTION

 A. MODY syndromes
 1. MODY 1 chromosome 20, HNF-4a
 2. MODY 2 chromosome 7, glucokinase
 3. MODY 3 chromosome 12, HNF-1a, TCF-1 
 4. MODY 4 chromosome 13, IPF-1
 5. MODY 5 chromosome 17, HNF-1b, TCF-2
 6. MODY 6 chromosome 2q32, neuro-D1/beta-2

 B. Mitochondrial DNA mutations (includes one form of 
Wolfram syndrome, Pearson syndrome, Kearns-Sayre, 
diabetes mellitus, deafness)

 C. Wolfram syndrome—DIDMOAD (diabetes insipidus, 
diabetes mellitus, optic atrophy, deafness): WFS1-
Wolframin—chromosome 4p
 1. Wolfram locus 2—chromosome 4q22-24
 2. Wolfram mitochondrial

 D. Thiamine responsive megaloblastic anemia and  
diabetes

IV. Drug Or ChEmICal INDuCED

 A. Antirejection—cyclosporine, sirolimus
 B. Glucocorticoids (with impaired insulin secretion;  

e.g., cystic fibrosis)
 C. l-Asparaginase
 D. b-Adrenergic blockers
 E. Vacor (rodenticide)
 F. Phenytoin (dilantin)
 G. Alfa-interferon
 H. Diazoxide
 I. Nicotinic acid
 J. Others

V. DISEaSES Of ExOCrINE paNCrEaS

 A. Cystic fibrosis–related diabetes
 B. Trauma—pancreatectomy
 C. Pancreatitis—ionizing radiation
 D. Others

VI. INfECTIONS

 A. Congenital rubella
 B. Cytomegalovirus
 C. Hemolytic-uremic syndrome

VII. VarIaNTS Of TypE 2 DIabETES

 A. Genetic defects of insulin action
 1. Rabson-Mendenhall syndrome
 2. Leprechaunism
 3. Lipoatrophic diabetes syndromes
 4. Type A insulin resistance—acanthosis

 B. Acquired defects of insulin action
 1. Endocrine tumors—rare in childhood

 C. Pheochromocytoma
 D. Cushing
 E. Others

 1. Anti-insulin receptor antibodies

VIII. gENETIC SyNDrOmES wITh DIabETES aND 
INSulIN rESISTaNCE/INSulIN DEfICIENCy

 A. Prader-Willi syndrome, chromosome 15
 B. Down syndrome, chromosome 21
 C. Turner syndrome
 D. Klinefelter syndrome
 E. Others

 1. Bardet-Biedel
 2. Alstrom
 3. Werner

IX. gESTaTIONal DIabETES

X. NEONaTal DIabETES

 A. Transient—chromosome 6q24, KCNJ11, ABCC8, 
INS, HNF1b, others

 B. Permanent—agenesis of pancreas—glucokinase defi-
ciency, homozygous, KCNJ11, ABCC8, others (see 
Table 9-1)
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Type 1 Diabetes Mellitus
This condition is characterized by severe insulinopenia 
and dependence on exogenous insulin to prevent keto-
sis and to preserve life. Thus, it was termed insulin-
dependent diabetes mellitus (IDDM). The natural  
history of this disease indicates that there are preke-
totic non–insulin-dependent phases before and after 
the initial diagnosis. Although the onset is predomi-
nantly in childhood, the disease may occur at any age.1 
Therefore, such names as “juvenile diabetes,” “ketosis-
prone diabetes,” and “brittle diabetes” were abandoned 
in favor of the term type 1 diabetes.

Type 1a diabetes is generally distinct by virtue of its 
association with certain histocompatibility locus antigens 
(HLAs) and other genetic markers the majority of which 
determine the response to self (or exogenous) antigens; 
by the presence of circulating antibodies to cytoplasmic 
and cell-surface components of islet cells; of antibodies to 
insulin in the absence of previous exposure to exogenous 
injection of insulin, of antibodies to glutamic acid decar-
boxylase (GAD, the enzyme that converts glutamic acid 
to g-aminobutyric acid found abundantly in the innerva-
tion of pancreatic islets), of antibodies to IA-2 (an islet 
cell-associated phosphatase and antibodies to the zinc 
transporter molecule ZnT8); by lymphocytic infiltration 
of islets early in the disease; and by coexistence with 
other autoimmune diseases.4,5 Occasionally, markers of 
autoimmunity are not found and yet there is profound 
insulinopenia and dependence on insulin without  

evidence of a mitochondrial or other genetic defect. In 
these cases, type 1 diabetes is considered idiopathic (type 
1b). With the exceptions noted, diabetes in children is 
usually insulin dependent and fits the type 1a category.1

Type 2 Diabetes
Persons with this subclass of diabetes (formerly known as 
“adult-onset diabetes,” “maturity-onset diabetes” [MOD], 
or “stable diabetes”) may not be permanently insulin depen-
dent and only occasionally develop ketosis. Some may, how-
ever, need insulin to correct symptomatic hyperglycemia—
and ketosis may develop in some during severe infections 
or other stress. Therefore, this was previously called  
non–insulin-dependent diabetes mellitus (NIDDM).1 This 
form of diabetes is becoming an increasing problem in 
overweight adolescents, especially those from vulnerable 
groups such as Africans, Mexicans, Native Indians, and 
other susceptible ethnic groups.22,23

Type 2 diabetes (T2DM) is not a single entity.1 T2DM 
may be a primary disorder, with inadequate insulin secre-
tion caused by mutations in one of several genes encoding 
enzymes or transcription factors important to islet cell 
development and insulin secretion. Several of these defects 
are now part of the spectrum of the syndromes commonly 
associated with maturity onset diabetes of youth (MODY), 
which has a dominant mode of inheritance.12,13,24 
However, some patients with MODY defects, which we 
term monogenic diabetes of youth, may require insulin from 

Category Criteria

Diabetes Mellitus
Type 1 Typical symptoms: glucosuria, ketonuria; 

random plasma glucose . 200 mg/dL
Type 2 Fasting plasma glucose . 126 mg/dL with 

2-hour intervening value . 200 mg/dL 
on OGTT more than once and in the  
absence of precipitating factors

Other types Type 1 or 2 criteria with genetic syndrome, 
drug therapy; pancreatic disease or 
other known causes or associations

Impaired fasting glucose Glucose . 110 mg/dL but , 126 mg/dL
Impaired glucose tolerance Fasting plasma glucose , 126 mg/dL with 

2-hour . 140 mg/dL but , 200 mg/dL 
on OGTT

Gestational diabetes Two or more abnormal fasting plasma 
glucose levels . 105 mg/dL, 1-hour 
. 180 mg/dL, 2-hour . 155 mg/dL, 
3-hour . 140 mg/dL on OGTT

Statistical Risk Classes

Previous abnormality of glucose tolerance Normal OGTT with previously abnormal 
OGTT, spontaneous hyperglycemia, or 
gestational diabetes

Potential abnormality of glucose tolerance Genetic propensity (e.g., identical twin with 
diabetes mellitus); islet cell antibodies

TABLE 19-1  Summary of Classification of Diabetes Mellitus in Children 
and Adolescents
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the outset or as they grow older and become insulin resis-
tant, exceeding their ability to compensate by increasing 
insulin secretion (see Figure 19-1). A defect in the gene 
regulating glucose transport into the pancreatic beta cell, 
the GLUT2 transporter, may be responsible for another 
form of type 2 diabetes.24

Defects in glycogen synthase have also been impli-
cated.25,26, A primary defect in insulin receptors—often 
associated with acanthosis nigricans,27 postreceptor 
defects (including Rad [Ras associated with diabetes]),28 
and milder mitochondrial gene defects10—also may result 
in type 2 diabetes. Secondary causes of type 2 diabetes 
mellitus include excessive counterregulatory hormones, 
especially pharmacologic doses of glucocorticoids, anti-
bodies to the insulin receptor, and obesity with impaired 
insulin secretion.29-40

In type 2 diabetes mellitus, the serum concentration of 
insulin may be increased, normal, or moderately depressed 
depending on whether the defect is one of insulin action 
or secretion.27-40 The onset of type 2 diabetes mellitus 
occurs in children generally around the time of puberty  
or shortly thereafter, but it is recognized, that it may occur 
at any age and is becoming increasingly frequent in  
childhood and adolescence.22,23 In some instances, there 
appears to be adequate secretion of insulin but resistance 
to its actions, and in some individuals it may represent 
slowly evolving type 1 diabetes mellitus.38 As an initial 
approach, weight reduction is indicated in children who 
are obese. In type 2 diabetes, there is no association with 
specific HLA antigens, autoimmunity, or various islet cell 
antibodies (ICAs).40 However, several genetic abnormali-
ties regulating insulin secretion are increasingly implicated 
in T2DM.40

TYPE 1 DIABETES MELLITUS
Epidemiology
The prevalence of diabetes mellitus is highly correlated 
with increasing age. Available data indicate a range of 1 
case per 1430 children at 5 years of age to 1 case in 360 
children at 16 years.41-45 Data on incidence in relation to 
racial or ethnic backgrounds indicate a range of more 
than 50 new cases annually per 100,000 population in 
Finland and Sardinia to about 1 per 100,000 in China and 
parts of South America42-46 (Figure 19-2). In all examined 
areas there appears to be an increasing incidence of 
T1DM of about 2% to 3% per year. However, the inci-
dence of T1DM in Finland was reported to have peaked 
and slightly decined.41

In the United States, the occurrence of type 1 in 
blacks had previously been reported to be only between 
one third and two thirds of that in whites.46 More recent 
data suggest that the incidence of diabetes mellitus in 
African Americans is increasing.46,47 It is not clear, how-
ever, whether this increase in incidence among African 
Americans is exclusively type 1 or includes cases of type 
2 presenting in ketoacidosis and thus misclassified.46 
The annual incidence in the United States is 20 to  
25 cases per 100,000 of the childhood population44 (see 
www.cdc.gov/diabetes/projects/diabetes/children.htm 
and Figure 19-2).

Males and females appear to be almost equally  
affected. There is no apparent correlation with socioeco-
nomic status. Peaks of presentation occur in two age 
groups: at 5 to 7 years of age and at the time of puberty. 
The first peak corresponds to the time of increased expo-
sure to infectious agents coincident with the beginning of 
school. The latter corresponds to the pubertal growth 
spurt induced by increased pubertal growth hormone 
secretion that antagonizes insulin action. The incidence 
of type 1 diabetes is increasing worldwide, most promi-
nently in certain populations (e.g., Finland) and in  
certain age groups (especially those younger than age  
5 years).44,45 As mentioned, there appears to be a plateau 
in incidence reported from Finland.41 In younger pa-
tients, onset appears to be more abrupt and the extent of 
immune markers is less apparent than in older children.48 
Type 1b diabetes with abrupt onset, less evidence of au-
toimmunity, and indicators of viral infection (including 
evidence of pancreatitis) has been described in Japan.49,50

Seasonal and long-term cyclical variations have been 
noted in the incidence of type 1 diabetes. Newly recog-
nized cases appear to occur with greater frequency in 
the autumn and winter in the northern and southern 
hemispheres.51 Seasonal variations are most apparent in 
the adolescent years.51 There is no consistent pattern 
linking long-term cyclicity with the incidence of viral 
infections; however, there is a definite increased inci-
dence of diabetes in children with congenital rubella.52,53 
These changing patterns in incidence and associations 
with viral infections suggest a potential role for viruses 
or other microbial agents or their products as direct or 
indirect triggering mechanisms for inducing T1DM in 
a susceptible host.52-57

Etiology, Pathogenesis, and Genetics
The cause of the initial clinical findings in this pre-
dominant form of diabetes in childhood is the sharply 
diminished secretion of insulin.58 Although basal insulin 
concentrations in plasma may be normal in newly  
diagnosed patients, insulin production in response to a 
variety of potent secretagogues is blunted and usually 
disappears over a period of months to years. In certain 
individuals considered at high risk for the development 
of type 1 diabetes, such as the nonaffected identical twin 
of a diabetic, a progressive decline in insulin-secreting 
capacity has been noted for months to years before the 
clinical appearance of symptomatic diabetes that usually 
manifests when insulin-secreting reserve is 20% or less 
than normal for that individual (Figure 19-3).4,5,58

The mechanisms that lead to failure of the function of 
pancreatic beta cells point to autoimmune destruction of 
pancreatic islets in predisposed individuals. Type 1 diabe-
tes has long been known to have an increased prevalence 
among persons with such disorders as Addison disease 
and Hashimoto thyroiditis, in whom autoimmune mech-
anisms are known to be pathogenic.58 These conditions, 
as well as type 1 diabetes mellitus, are known to be as-
sociated with an increased frequency of genes involved in 
the regulation of immunity including the autoimmune 
regulator gene AIRE, PTPN22, CTLA4, and INS gene 
itself as well as certain histocompatibility loci antigens 

http://www.cdc.gov/diabetes/projects/diabetes/children.htm
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(HLAs)—in particular, DR3 and DR4.58,59 Located on 
chromosome 6, the HLA system is the major histocom-
patibility complex—consisting of a cluster of genes that 
code transplantation antigens and play a central role in 
immune responses.58-70

Increased susceptibility to a number of diseases has 
been related to one or more of the identified HLA an-
tigens. The inheritance of HLA DR3 or DR4 confers  
a twofold to threefold increased risk for developing 
type 1 diabetes. When both DR3 and DR4 are inherited, 
the relative risk for developing diabetes is increased 
sevenfold to tenfold. Application of newer molecular 
genetic techniques has revealed further heterogeneity 
in the HLA D region among individuals with and without 
diabetes despite possessing the DR3 or DR4 markers, 

suggesting the participation of other susceptibility loci 
within these markers.58-70

Extensive genome-wide scans of markers associated 
with type 1 diabetes mellitus have uncovered more than 
a 40 loci considered to confer susceptibility (Table 19-2). 
Some of these loci are confirmed and replicated by at 
least three different data sets. Others are suggestive but 
as yet not definitively linked. The strongest markers are 
those on chromosomes 6 and 11 (IDDM1 and IDDM2), 
respectively, linked to the HLA DQ b chain and the 
insulin gene itself.

In IDDM1, the homozygous absence of aspartic acid 
at position 57 of the HLA DQ b chain (non-Asp/non-
Asp) confers an approximately 100-fold relative risk for 
developing type 1 diabetes. Those who are heterozygous 
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FIGURE 19-2 n Age-standardized incidence (per 100,000/year) of type 1 diabetes in children younger than 14 years of age in 100 popu-
lations. Data for boys and girls have been pooled. Countries are arranged in descending order according to the incidence. (Puerto 
Rico and the Virgin Islands are presented separately from other populations in the United States.) (From Diamond Project Group (2006). 
Incidence of trends of childhood type1 diabetes worldwide 1990-1999. Diabet Med, 23, 857–866.)



SECTION III  Endocrine Disorders in Children and Adolescents852

with a single aspartic acid at position 57 (non-Asp/Asp) 
are less likely to develop diabetes and are no more  
susceptible than individuals who contain aspartic acid on 
both DQ b chains (i.e., homozygous Asp/Asp; Table 19-3). 
Some studies suggest that type 1 diabetes mellitus is  
proportional to the gene frequency of non-Asp alleles  
in that population.69 In addition, arginine at position 52 
of the DQ a chain confers marked susceptibility to type 
1.63 Position 57 of the DQ b and position 52 of the DQ 
a chains are at critical locations of the HLA molecule 
that permit or prevent antigen presentation to T-cell  
receptors and activate the autoimmune cascade (Figure 
19-4).60-63

IDDM2 is a polymorphic marker near the transcrip-
tion start site of the insulin gene, giving rise to variable 
numbers of tandem repeats (VNTR) at the promoter end 
of the insulin gene on chromosome 11. Each tandem 
repeat element consists of an approximately 14-bp DNA 
segment with a consensus nucleotide sequence. The 
number of repeats ranges from about 25 to about 200, 
and the three classes of alleles are based on overall size. 
Class I insulin VNTR consists of 26 to 63 repeats and 
confers susceptibility, whereas class III consists of 140 to 
200 or more repeats and is protective of diabetes. To-
gether, the gene markers on chromosomes 6 and 11 (i.e., 
IDDM1 and IDDM2) account for 50% to 60% of the 
heritability of type 1 diabetes. However, combinations of 
certain DQ alleles in association with certain DR alleles 
may confer susceptibility or protection to the develop-
ment of type 1 diabetes (see Table 19-3).

In addition, other as yet undefined genetic factors play 
a role because the same high-risk genotypes are about 
sixfold more likely to develop diabetes in an individual 
with a positive family history than in one without a family 
history without type 1 diabetes (Table 19-4). Investiga-
tion of four genome-wide linkage scans in close to 1500 
families with more than one affected member having 

FIGURE 19-3 n Proposed scheme of natural history of the evolution of insulin-dependent diabetes mellitus with progressive beta-cell 
failure. (From Sperling, M. A. (Ed.) (1988). Physician’s guide to insulin-dependent (type 1) diabetes mellitus: diagnosis and treatment. 
Alexandria, VA: American Diabetes Association.)

Loci Approx. Relative Risk Effect on

HLA 6.5 Immunity
INS 2.3 Insulin production 

and metabolism
PTPN22 2.0 Immunity
ILR2A 1.5 Immunity
SH2BE 1.3 Immunity
ERBB3 1.3 Insulin production 

and metabolism
PTPN2 1.25 Immunity
CLEC16A 1.20 Unknown function
CTLA4 1.20 Immunity
IL18RAP 1.20 Immunity
PTPN2 1.20 Immunity
OCR5 1.20 Immunity
IFIHI 1.20 Immunity
CTSH 1.20 Unknown
CD226 1.10 Immunity
IL2RA 1.10 Immunity
PRKCQ 1.10 Immunity
IL2 1.10 Immunity
BACH2 1.10 Immunity
UBASH3A 1.10 Immunity
RGS1 1.10 Immunity
IL7RA 1.10 Immunity
CITNF6 1.10 Unknown
TNFAIP3 1.10 Beta-cell apoptosis 

protection
TAGAP 1.10 Immunity

TABLE 19-2  Genome-Wide Association Study 
and Meta-Analysis Find More Than 
40 Loci Affect Risk of Type 1 
Diabetes

Adapted from Barrett, J. C., Clayton, D. G., Concannon, P., et al. for 
the Type 1 Diabetes Genetics Consortium (2009). Genome-wide 
association study and meta-analysis find that over 40 loci affect 
risk of type 1 diabetes. Nat Genet, 41, 703–707.
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population and non-Asp/non-Asp is found in approxi-
mately 20% of white nondiabetics in the United States. 
However, the risk for type 1 diabetes in these subjects  
is only one tenth that in an HLA-identical sibling of  
an index case with type 1 diabetes possessing these  
markers.70 Even siblings sharing only one haplotype have 
a sixfold to tenfold greater risk of developing type 1 com-
pared with the normal population (see Table 19-4).

Importantly, approximately 10% to 15% of patients 
with type 1 do not have HLA DR3 or DR4 (see  
Table 19-3).58 Most compelling is the fact that the con-
cordance rate among identical twins of whom one has 
insulin-dependent diabetes is only about 50%, suggesting 
the participation of environmental triggering factors or 
other genetic factor such as the postnatal selection of 
certain autoreactive T-cell clones that bear receptors 
recognizing “self.” This postnatal process occurs within 
the thymus and implies that identical twins are not 
identical with respect to the T-cell receptor repertoire 
they possess.

Triggering factors might include viral infections.54-57 
In animals, a number of viruses can cause a diabetic  
syndrome, the appearance and severity of which depend 
on the genetic strain and immune competence of the  
species of animal tested. In humans, epidemics of mumps, 
rubella, and coxsackievirus infections have been associ-
ated with subsequent increases in the incidence of type1 
diabetes. The acute onset of diabetes mellitus, presum-
ably induced by coxsackievirus B4, has been described.57 
The viruses may act by directly destroying beta cells, by 
persisting in pancreatic beta cells as slow viral infections, 
or by triggering a widespread immune response to  
several endocrine tissues.57

A superantigen response may be involved in triggering 
T cells, bypassing the classic presentation by antigen- 
presenting cells (APCs) of the processed antigen in the 
context of restricted HLA molecules to T-cell receptors.71 
Some viruses and certain endotoxins or exotoxins are  
capable of inducing a superantigen response. In addition, 
the virus may induce initial beta cell damage—which  

Phenotype Diabetic (%) Nondiabetic Odds Ratio (%)

DR (Serology)
DR3/DR4 33 6 8.3
DR3/DR3 7 1 9.8
DR3/DRX 7 14 0.05
DR4/DR4 26 0 —
DR4/DRX 22 16 1.5
DRX/DRX 4 63 0.02

DQ (Molecular Probes)
Non-Asp/non-Asp 96 19 107.2
Non-Asp/Asp 4 46 0.04
Asp/Asp 0 34 0

TABLE 19-3  HLA DR and DQ Phenotype Frequencies in Patients with 
Type 1 Diabetes Mellitus and Healthy Control Subjects

Based on Morel, P. A., Dorman, J. S., Todd, J. A., et al. (1988). Aspartic acid at position 57 of the 
HLA-DQ beta chain protects against type 1 diabetes: a family study. Proc Natl Acad Sci USA, 
85, 8111.

T1DM identified several susceptibility loci. Of these, 
about 40% can still be attributed to allelic variation of 
HLA loci, and the influence of the VNTR in the insulin 
gene was confirmed.59,64

In addition, the cytotoxic T-lymphocyte antigen 4 
(CTLA4) gene on chromosome 2 and the protein tyro-
sine phosphatase nonreceptor 22 (PTPN22) gene on 
chromosome 1p13 were found to contribute significantly 
to predisposition to T1DM. However, the genome scan 
identified other potential loci conferring susceptibility on 
chromosomes 2q31-q33, 10p14-q11, and 16q220q24 and 
a locus on the long arm of chromosome 6 (6q21) distinct 
from the HLA region on 6p21. The precise genes in these 
regions that may predispose to T1DM have not been 
identified as yet, although some have been excluded59 and 
newer candidate genes—such as CBLB interacting with 
CTLA4,66 the decay-accelerating factor gene (DAF, a 
complement inhibitor),67 and the interleukin 2A receptor 
IL2RA—are under scrutiny.63

These considerations provide a rational framework for 
the long-recognized association of type 1 diabetes with 
genetic factors on the bases of the increased incidence in 
some families, of the concordance rates in monozygotic 
twins, and of ethnic and racial differences in preva-
lence.59,63,70 From multiple family pedigrees and HLA 
typing data, it has been estimated that if a sibling shares 
both HLA D haplotypes with an index case the risk for 
that individual is 12% to 20%; for a sibling sharing only 
one haplotype, the risk for IDDM is 5% to 7%; and with 
no haplotypes in common, the risk is only 1% to 2%.70 
HLA typing is not recommended for routine practice, 
but for purposes of genetic counseling it can be safely 
assumed that in whites the overall recurrence risks to 
siblings is approximately 6% if the proband is younger 
than 10 years of age and 3% if older at the time of diag-
nosis. The risk to offspring is 2% to 5%, with the higher 
risk in the offspring of a diabetic father. 63,70

Factors other than pure inheritance must also be in-
volved in evoking clinical diabetes. For example, DR3 or 
DR4 is found in approximately 50% of the general 
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M. M., & Piganelli, J. D. (2011). Oxidative stress and redox modulation potential in type 1 diabetes. Clin Dev Immunol, 2011. 
doi: 10.1155/2011/593863.)

http://dx.doi:%2010.1155/2011/593863


19  Diabetes Mellitus 855

results in the presentation of previously masked or altered 
antigenic determinants. It is also possible that the virus 
shares some antigenic determinants with those present on 
or in beta cells, including GAD, such that antibodies 
formed in response to the virus may interact with these 
shared determinants of beta cells, resulting in their  
destruction, an example of molecular mimicry.72-79

Nitrosamines and early exposure to cow’s milk have 
been suggested as factors that may trigger diabetes in 
those genetically at risk, thus explaining the reported 
lower incidence of diabetes among exclusively breastfed 
infants. This is the basis for one ongoing primary pre-
vention study: the Trial to Reduce Insulin-dependent 
Diabetes in Those Genetically at Risk (TRIGR).72-79 
Antecedent stress and exposure to certain chemical tox-
ins have been implicated in the development of type 1 
diabetes. Although the rodenticide Vacor has been a 
cause of diabetes in individuals deliberately or inadver-
tently poisoned by this agent, some of these patients  
had islet cell antibodies (ICAs), suggesting that such 
antibodies are secondary to islet damage or that evolving 
type 1 disease preceded the drug ingestion. Nitrosa-
mines in cured meat have also been implicated in type 1 
diabetes, as have other environmental toxins.72,80

Evidence supports an autoimmune basis for the devel-
opment of type 1 diabetes. but why the beta cell is the 
specific target remains a mystery.43,81 Is the pancreatic 
beta cell the sole target of immune destruction (homi-
cide) or a contributor to its own demise (suicide)? 43,81 
Histologic examination of pancreas from patients with 
type 1 who die of incidental causes has revealed lympho-
cytic infiltration around the islets of Langerhans. Later 
the islets become progressively hyalinized and scarred, a 
process suggesting an ongoing inflammatory response 
that is possibly autoimmune.82 However, these changes 
are often patchy in distribution, so that areas that appear 
to contain normal beta cells are interspersed with areas  
of beta-cell destruction, similar to the patchy distribution 
of depigmentation found in vitiligo.58,83 Eighty percent 
to 90% of newly diagnosed patients with type 1 diabetes 
have ICA directed at cell surface or cytoplasmic determi-
nants in their islet cells. The prevalence of these antibod-
ies decreases with the duration of established disease.  
In contrast, after pancreatic transplantation ICA may 
reappear in patients whose sera had become negative  

for ICA before transplantation. Taken together, these 
findings suggest that ICA disappears as the antigens  
intrinsic to pancreatic islets are destroyed and reappear 
when fresh antigen (transplanted islets) is presented.

Studies in identical twins and in family pedigrees dem-
onstrate that the existence of ICA may precede by months 
to years the appearance of symptomatic type 1 diabetes.4 
In vitro, ICA may impair insulin secretion in response to 
secretagogues and can be shown to be cytotoxic to islet 
cells—especially in the presence of complement or T cells 
from patients with type 1 diabetes. About 80% of patients 
may have antibodies to GAD, and 30% to 40% of newly 
diagnosed patients have spontaneous anti-insulin anti-
bodies at initial diagnosis. These antibodies may be de-
tected months to years before clinical diabetes becomes 
apparent.4,60,75,81 A more recently described antibody, the 
zinc transporter, ZnT8, appears to be a major marker for 
progressive impairment of beta-cell function.4 There is 
also evidence of abnormal T-cell function with an altera-
tion in the ratio of suppressor (regulatory) to killer T cells 
at the onset of the disease.4,5,8 Thus, the ability of Treg to 
modify the activity of T effector cells in causing beta-cell 
destruction is an area of investigation. These findings  
suggest that type 1 diabetes (akin to other autoimmune 
diseases such as Hashimoto thyroiditis) is a disease of 
“autoaggression” in which autoantibodies in cooperation 
with complement, T cells, cytokines, FAS, and FAS’s  
ligand, and other factors, induce apoptosis or destruction 
of the insulin-producing islet cells.5-8 Thus, the inheri-
tance of certain genes (such as those associated with the 
HLA system on chromosome 6 or other immunoregula-
tory or immunomodulatory genes) appears to confer a 
predisposition for autoimmune disease—including diabe-
tes—when triggered by an appropriate stimulus such as  
a virus.4,5,9 Evidence of superantigen-triggered T-cell 
receptor activation was discussed earlier.71

Although it is understood that some insulin-dependent 
diabetic patients have none of the frequently associated 
HLA antigens, the evidence for an immune basis of islet 
cell destruction is sufficiently compelling to have fostered 
several studies of different immunosuppressive agents in 
the treatment of newly diagnosed diabetics (Table 19-5). 
None of these immunosuppressive or immunomodula-
tory agents has had long-term positive outcome, and 
some (e.g., cyclosporine) have proven toxic to beta cells. 

High-Risk Genotypes Risk in an Individual with This Genotype

DQB1p0302 (DQ3.2) 1 in 60
DQ3.2/DQ2 (DR3) 1 in 25
DQB1p03021 family history of IDDM 1 in 10
DQ3.2/DQ2 (DR3)1 family history of IDDM 1 in 4
Complete sharing of both HLA haplotypes 1 in 2*

TABLE 19-4  Genetic Risk Estimates for HLA Class II in Type 1 Diabetes 
Mellitus

Adapted from Nepom, G. T. (1995). Class II antigens and disease susceptibility. Ann Rev Med, 46, 17; 
Aly, T. A., Ide, A., Jahromi, M. M., et al. (2006). Extreme genetic risk for type 1A diabetes. Proc Natl 
Acad Sci U S A, 103, 14, 10474–10479.

*Individual is a sibling of patient with T1DM.
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Intervention Outcome Study Status

Prevention Trials
Cow’s milk protein avoidance 

(TRIGR)
Pilot, promising Fully powered trial enrolled, results 

pending
Gluten avoidance Pilot, inconclusive
 Omega-3 fatty acid supplemen-

tation (NIP)
Pilot, did not reach primary outcome

Vitamin D supplementation Pilot, promising
Parenteral insulin (DPT-1) No effect
Oral insulin (DPT-1) Did not reach primary outcome; 

promising in subset of subjects
Enrolling confirmatory study

Intranasal insulin Finnish study, no effect Study enrolling in Australia (INIT II)
Nicotinamide (ENDIT) No effect
Anti-CD3 mAb Currently enrolling
CTLA-4 lg Currently enrolling

Preservation Trials
Anti-CD3 mAb Series of phase 2 and 3 studies, 

promising
CTLA-4 lg Phase 2, promising
LFA-3 lg Phase 2, promising, under-enrolled 

and just missed primary endpoint
ATG, cyclophosphamide, G-CSF Three phase 1 studies, promising  

efficacy but safety concerns
ATG Phase 2, did not meet primary  

endpoint
G-CSF Small phase 2 Fully enrolled with results pending
ATG 1 G-CSF Small phase 2 Fully enrolled with results pending
IL-2 1 rapamycin Phase 1, transient decrease in  

C-peptide
Study discontinued

IL-2, low dose Fully enrolled with results pending
Polyclonal regulatory T cells Two phase 1 studies, promising North American study currently 

enrolling
Umbilical cord blood Phase 1, no effect
Anti-CD20 mAb Phase 2, promising
Anti-IL - 1 mAb Phase 2, no effect
Anti-IL - 1 receptor Phase 2, no effect
Alpha - 1 antitrypsin Pilot, promising Phase 2, fully enrolled with results 

pending
GAD-alum vaccine Phase 2, 3 studies, no effect
Diapep277 vaccine Phase 2, 3 studies, mixed results
Sitagliptin 1 lansoprazole Phase 2 Fully enrolled with results pending
Intense metabolic control Phase 2, no effect

TABLE 19-5 Partial List of Past and Ongoing Trials in Type 1 Diabetes*

ENDIT, European Nicotinamide Diabetes Intervention Trial; DPT-1, Diabetes Prevention Trial; GAD, glutamic acid decarboxylase; INIT II, Intranasal 
Insulin Trial II; mAb, monoclonal antibody; NIP, Nutritional Intervention to Prevent Type 1 Diabetes; TRIGR, Trial to Reduce Insulin-Dependent 
Diabetes Mellitus in the Genetically at Risk.

From Thomas, H. R., & Gitelman, S. E. (2013). Altering the course of type 1 diabetes: an update on prevention and new-onset clinical trials. 
Pediatr Diabetes, 14, 311–321.

Although newer approaches are being attempted, all 
must be considered as experimental and not be viewed as 
established or recommended therapy.82-89 The Diabetes 
Prevention Trial for T1DM (DPT1) was a multicenter 
randomized but nonblinded study using daily subcutane-
ous insulin and an annual admission for intravenous  
insulin infusion in first-degree relatives with proven  
risk factors for developing T1DM. Whereas prediction 
was highly accurate in identifying those most likely to 
develop T1DM within 5 years of entering the study, in-
sulin injections had no protective effect to prevent the 

appearance of T1DM.82-89 Figures 19-3 and 19-4 sum-
marize current concepts of the cause of type1 diabetes as 
an autoimmune disease, the tendency for which is inher-
ited and in which autoimmune destruction of beta cells is 
triggered by an as yet unidentified agent (possibly a virus). 
The slope of decline in insulin varies, and there may be 
periods of partial recovery such that the course of decline 
in insulin secretion is bumpy rather than smooth. The 
point at which clinical features appear corresponds to ap-
proximately 80% destruction of insulin secretory reserve. 
This process may take months to years in adolescent and 
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older patients, and weeks in the very young patient  
in whom acute destruction by non-autoimmune mecha-
nisms may play a significant role. Higher titers of sponta-
neous anti-insulin antibodies and ICA are characteristic of 
more active islet cell destruction, typically in the younger 
patient, and may prove useful in predicting evolving  
diabetes.82-89

Prediction and Prevention
Although no presently available single marker or test can 
accurately predict type 1 diabetes mellitus, evidence sug-
gests that a combination of immune and genetic markers 
for type1 diabetes may provide predictability.82-89 Some 
authorities suggest that type1 diabetes is a predictable dis-
ease, but other authorities have raised objections because 
predictability is not as robust in their studies. Definitive 
preventive therapy is not available, thereby raising ethical 
dilemmas, and the majority of new cases occur sporadically 
in the absence of a positive family history in a first-degree 
relative.

Most predictive studies have been performed in first-
degree relatives of patients with new-onset type 1 diabetes.74 

Nevertheless, there is increasing evidence that the presence 
of high titers of islet cell, GAD, IA2, ZnT8, and insulin 
autoantibodies combined with a consistently diminished 
first-phase response of insulin to a pulse of intravenous glu-
cose (corresponding to the fifth percentile or less for age in 
insulin response) can be used to reliably predict the onset of 
type 1 disease.82-89

Figure 19-5 demonstrates that in a set of first-degree 
relatives, conversion to type1 diabetes was highly depen-
dent on the number of antibodies detected in their sera. 
Of those with three antibodies, about half developed 
clinical diabetes within 5 years of follow-up. First-phase 
insulin response and genetic (HLA) markers may be used 
to augment the predictability. For example, Table 19-6 
demonstrates that the relative risk of developing clinical 
diabetes within 4 years of detecting ICA is almost 230 
among those who possess all four heterodimers in HLA 
DQ b that predispose to diabetes (i.e., Asp57 2/2 and 
Arg52 1/1).

As technologic improvements continue, it is likely that 
population-wide screening for antibody markers (alone or 
combined with specific genetic markers) will be available 
to identify those at risk for developing type 1 diabetes. 
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FIGURE 19-5 n Survival analysis showing conversion to insulin-dependent diabetes mellitus (IDDM) in a subset of first-degree relatives 
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ICA Negative ICA Positive

Diabetic heterodimers (dH) 0 1 2 4 0 1 2 4
Developed IDDM after 4 years 12 16 37 12 12 18 29 15
Relative risk 1.0 2.9 8.6 25.4 9.0 26.5 78.0 229.3

TABLE 19-6  Influence of Diabetic Heterodimers (ASP57neg Arg52pos) 
and Islet Cell Antibody (ICA) Status on Relative Risk for 
Developing Diabetes after 4 Years

Adapted from Friday, R. P., Trucco, M., & Pietropaolo, M. (1999). Genetics of type 1 diabetes mellitus. 
Diabetes Nutr Metab, 12, 3.
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Such population-wide screening would be ethically justi-
fied if prevention could be proven effective. Presently, the 
data are sufficiently persuasive to have fostered national 
trials in Europe and the United States to predict and pos-
sibly prevent the clinical onset of type 1 diabetes through 
immune intervention strategies (see Table 19-5).

The European Nicotinamide Diabetes Intervention 
Trial (ENDIT) was a multicenter trial that screened  
approximately 22,000 first-degree relatives of patients 
with type 1 diabetes to identify 500 considered to be at 
high risk for developing this disease.86-89 These at-risk 
individuals were treated with nicotinamide or a placebo 
in a double-blind fashion. The purported advantage of 
nicotinamide was that it was not known to be toxic or 
harmful in humans at the recommended doses; its major 
disadvantage was that the proposed protective effects in 
delaying diabetes were based on a small sample cohort. 
The results of ENDIT were disappointing, with positive 
protection not apparent.

The U.S. Diabetes Prevention Trial for T1DM 
(DPT1) was based on promising pilot data that suggested 
preservation of insulin secretion and prevention of pro-
gression to diabetes mellitus in at-risk individuals treated 
with insulin.85 Daily subcutaneous insulin, coupled with 
intensive intravenous insulin every 9 months, prevented 
diabetes for at least 3 years in five subjects considered  
to be at risk because of genetic markers, islet cell and  
insulin autoantibodies, and diminished first-phase insulin 
response. Among seven similar at-risk subjects who chose 
not to be treated, six developed insulin-dependent diabe-
tes within 3 years. DPT-1 was concluded in 2001, and 
there was no difference in the rates of developing diabetes 
among the placebo and insulin-treated groups. However, 
the ENDIT and DPT1 studies proved that large-scale 
multicenter studies could be successfully undertaken and 
that the prediction of progression to clinical diabetes was 
remarkably accurate. Thus, in those at highest risk (such 
as first-degree relatives of patients with T1DM) predic-
tion is feasible and the discovery of a successful means of 
arresting or reversing progression to clinical diabetes is 
the subject of intense research.

Another study (TRIGR) involves 3000 families in 
whom half will avoid cow’s milk for the first 9 months of 
life to test the hypothesis that the ingestion of breast milk 
and avoidance of cow’s milk formula (with its bovine  
serum albumin [BSA]) may protect participants from the 
appearance of diabetes.78 Several other studies are exam-
ining the utility of antibodies to the IL2 receptor, CD3 
antibodies, immune suppressors such as mycophenolate 
mofetil, and immune modulators in preventing diabetes, 
including oral insulin. These studies are conducted by 
worldwide consortia of participating institutions (see 
www2.diabetestrialnet.org).

In animal models, oral insulin or oral GAD has been 
successfully used to prevent diabetes.90 It is postulated 
that ingestion of T lymphocyte–dependent antigens can 
establish immunologic tolerance. Such oral strategies 
have been proposed and oral insulin is being tested in 
humans.90 The subjects of primary prevention trials and 
secondary intervention trials to preserve residual insulin 
secretion at initial diagnosis are of major interest to  
investigators and clinicians alike. Progress is likely, but at 

present all of these strategies must be viewed as experi-
mental and not currently in the domain of daily clinical 
practice.

Insulin Biosynthesis
Insulin is synthesized on the ribosomes of pancreatic islet 
beta cells and released into the circulation as a molecule 
composed of two separate straight polypeptide chains 
linked by disulfide bridges between and within these 
chains.91-98 The two chains are not synthesized separately 
but are derived from a larger precursor, proinsulin, a 
single coiled chain in which the NH2 terminus of the A 
chain is linked to the COOH terminus of the B chain by 
a connecting peptide, known as C-peptide (Figure 19-6). 
An even larger precursor (preproinsulin, containing an 
additional peptide chain on the NH2 terminus of the 
A chain) is first synthesized, but this additional piece (im-
portant to the initiation of synthesis) is rapidly excised. 
Further processing of proinsulin within the beta cell 
cleaves the C-peptide, consisting of 31 amino acids, from 
the insulin molecule at the sites indicated in the figure.

Defects in these cleavage sites are inherited in an  
autosomal-dominant manner and result in insulin mole-
cules with less-than-normal biologic activity that can give 
rise to two types of familial hyperproinsulinemia. One 
defect yields B-C proinsulin, cleaved at site 1 but not  
at site 2 (see Figure 19-6). This intermediate has 50% of 
the biologic activity of insulin, which is sufficient to pre-
vent any abnormality in carbohydrate metabolism. The 
defect at site 1 yields A-C proinsulin, cleaved at site 2 but 
not at site 1, which has inadequate biologic activity to 
prevent carbohydrate intolerance. A structural mutation 
in the proinsulin molecule, between the C-peptide and 
insulin, has been confirmed.90-96 In addition, a defect also 
occurs in the enzymatic conversion of a normal proinsu-
lin molecule to insulin—yielding hyperproinsulinemia 
and mild carbohydrate intolerance.91

The proconvertases responsible for correct conver-
sion of proinsulin to insulin are also involved in the 
processing of other hormones. Thus, impaired prohor-
mone processing may lead to obesity and secondary 
hypocortisolism owing to defective processing of pro-
opiomelanocortin (POMC) and to hypogonadotropic 
hypogonadism.97-98 Native proinsulin has less than 5%, 
whereas C-peptide has none, of the biologic activity  
of insulin. During synthesis, the role of C-peptide  
appears to be the provision of the spatial arrangement 
necessary in the formation of the disulfide bonds. Other 
defects have been described in insulin biosynthesis in-
volving substitution of amino acids in the B chain that 
lead to impaired glucose tolerance in the presence of 
hyperinsulinemia. 91-99

The insulin gene has been cloned and localized to 
chromosome 11, and genetic defects in insulin synthesis 
may be associated with diabetes—especially the syn-
dromes MODY1, -3, -5, and -6 with candidate genes for 
MODY7.12,13 By some estimates, MODY syndromes 
may constitute 2% to 5% of all lean persons developing 
clinical diabetes between the ages of 10 and 30 years. The 
association of VNTRs in the insulin gene with genetic 
predisposition for diabetes was described earlier.

http://www2.diabetestrialnet.org
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Under normal circumstances, only small quantities of 
proinsulin are released into the circulation—amounting 
to less than 15% of total insulin as measured by radioim-
munoassay (RIA). Even smaller quantities of proinsulin 
intermediates are also released. However, during insulin 
secretion induced by all stimuli, one molecule of C-peptide 
is released with each molecule of insulin. Thus, the 
plasma of normal individuals contains small amounts of 
proinsulin, proinsulin intermediates, and almost equimo-
lar amounts of insulin and C-peptide. The plasma meta-
bolic half-life of C-peptide is, however, longer than  
that of insulin. Therefore, the molar ratio of C-peptide 
to insulin in peripheral plasma is always greater than  
1 and the peak of C-peptide secretion or the nadir after 
suppression of release appears to occur later than that  
of insulin. Although standard RIA of insulin will also 
measure proinsulin, C-peptide will not be measured  
because it is immunologically distinct.

Separation of proinsulin from insulin can be achieved 
by chromatography to separate the larger proinsulin be-
fore assay. This is done with the use of an enzyme that 
degrades insulin but not proinsulin, or with the use of a 
C-peptide assay that will also measure proinsulin but not 
insulin. Because C-peptide is immunologically distinct, 
RIAs for this substance can be used to assess beta cell 
secretory reserve even in the presence of insulin antibod-
ies formed in response to injections of bovine-porcine or 
human insulin.

Endogenous insulin secretion is accompanied by  
C-peptide release, whereas exogenous insulin adminis-
tration suppresses endogenous insulin (and therefore  
C-peptide) secretion in all circumstances except insulin-
oma. Results of standard RIA with double-antibody  
precipitation are high in both circumstances. These  

attributes are important in distinguishing abuse of indi-
viduals by injection of exogenous insulin (high insulin, 
low C-peptide) from insulinomas or dysregulated insulin 
secretion (high insulin, high C-peptide) in cases of hypo-
glycemia. Measurements of C-peptide kinetics or of  
urinary excretion of C-peptide can be used as an index  
of endogenous insulin secretion.29

Insulin Secretion
Insulin secretion is governed by the interaction of nutri-
ents, hormones, and the autonomic nervous system. 
Glucose, as well as certain other sugars metabolized by 
islets, stimulates insulin release. Basal and peak insulin 
levels are closely related to the glucose concentration, 
and prolonged fasting will further reduce glucose and 
insulin levels—which, however, remain in the measurable 
range at 2 to 5 mU/mL. There is evidence that a product 
or products of glucose metabolism may be involved  
in maintaining insulin secretion and that sugars not  
metabolized by islet cells do not promote insulin  
release.100-102

The initial steps of glucose-stimulated insulin release 
are depicted in Figure 19-7 and discussed in detail 
in Chapter 6 in connection with mutations in the sulfo-
nylurea receptor (SUR)-Kir6 (inward-rectifying potas-
sium channel) complex of the adenosine triphosphate-
regulated potassium channel KATP, along with the 
subsequent steps that may cause activation of glucose or 
amino acid-stimulated insulin secretion.103 This schema 
involves glucose transport into the beta cell through the 
GLUT2 glucose transporter and phosphorylation of glu-
cose by means of glucokinase. Defects in the former are 
associated with type 2 diabetes, whereas heterozygous 

FIGURE 19-6 n Structure of proinsulin. Arrows 1 and 2 indicate the two sites of normal cleavage that yield insulin and C-peptide when 
the amino acid residues indicated in the open circles are removed. These cleavage points are known mutation sites, are inherited in 
an autosomal-dominant manner, and can yield two types of familial hyperproinsulinemia. During insulin secretion, equimolar 
amounts of insulin and C-peptide are released.
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mutations in the latter are associated with MODY. Ho-
mozygous mutations in glucokinase result in permanent 
neonatal diabetes mellitus (as described in detail in 
Chapter 9). Glucokinase defects are generally associated 
with normal insulin release at higher glucose concentra-
tions, and therefore with a milder type of diabetes.12,13After 
intravenous glucose infusion in normal persons, insulin 

secretion is biphasic—with an initial spike followed by a 
sustained plateau. It is proposed that the initial spike 
represents preformed insulin, whereas the sustained  
plateau represents newly synthesized insulin.

Cyclic adenosine monophosphate (AMP) is involved in 
stimulating insulin release. Therefore, agents that inhibit 
phosphodiesterase and reduce cyclic AMP destruction 
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ATP-sensitive potassium channels—neonatal diabetes mellitus and beyond. New Engl J Med, 355, 507–510.)
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(such as theophylline) augment insulin release. Transloca-
tion of calcium ions into the cytoplasm from the exterior, 
as well as from the intracellular organelles (see Figure 19-7) 
plays a key role in the contractile forces that propel insu-
lin to the cell surface.103 There, the membrane of the 
insulin vesicle fuses with the cell membrane—allowing 
extrusion of insulin granules into the surrounding vascu-
lar space, a process known as emiocytosis. Other ions, 
including potassium and magnesium, are involved in the 
insulin secretion.103-106 The sulfonylurea receptor is 
closely linked to potassium channels in the beta cell.103-106 
Amino acids also stimulate insulin release, although the 
potency of individual amino acids varies.107 A group of 
amino acids is more potent than any single one, and the 
insulin-secretory response is potentiated in the presence 
of glucose.107 Free fatty acids and ketone bodies may 
also stimulate insulin release.107 Insulin responses to oral 
glucose administration are always greater than responses 
to intravenous administration of glucose that result in the 
same blood glucose profile a finding that led to the con-
cept that gut factors (incretins) modulate and increment 
insulin secretion.108 Although a variety of gut hormones 
participate in promoting insulin release,108 gastrointestinal 
polypeptide (GIP) pancreatic glucagon and the glucagon-
like peptides (GLP) play a major role in stimulating insu-
lin release.108 These properties have found application 
as agents, collectively named incretins, in augmenting 
insulin secretion in persons with T2DM and in some 
persons with T1DM. Somatotropin release-inhibiting 
factor (somatostatin), produced in the delta cells of islets, 
inhibits insulin and glucagon release and reduces splanch-
nic blood flow. These properties have found application 
to reduce insulin secretion in neonates with hyperinsulin-
emic hypoglycemia of infancy (see Chapter 6). Together, 
these factors may finely regulate nutrient intake and its 
disposition and form an enteroinsular axis for metabolic 
homeostasis.108 In addition to these gut hormones, several 
other hormones modulate insulin secretion. Growth  
hormone is involved in insulin synthesis and storage.  
Persons with congenital growth hormone deficiency have 
subnormal basal and stimulated insulin responses, whereas 
in acromegaly basal and stimulated insulin levels are  
increased. Human chorionic somatomammotropin (also 
known as human placental lactogen), structurally related 
to growth hormone, likewise affects insulin release. The 
stimulatory effect of each hormone on insulin secretion is 
antagonized by the anti-insulin effect at the peripheral 
level, however. Similarly, glucocorticoids and estrogens 
evoke greater insulin secretion while inducing peripheral 
insulin resistance—in part by decreasing insulin receptors 
on target cells.

Insulin secretion is constantly modulated by the auto-
nomic nervous system.102,109 The parasympathetic arm, 
through the vagus, directly stimulates insulin release. 
Modulation of insulin secretion by the sympathetic arm 
depends on whether a- or b-adrenergic receptors are 
activated. Activation of b2 receptors by agents such as 
isoproterenol stimulates insulin secretion by a process 
that involves cyclic AMP generation. Blockade of b-
adrenergic receptors by propranolol blunts basal and 
stimulated insulin release. Conversely, activation of  
a-adrenergic receptors blunts insulin secretion, and 

blockade of these receptors by agents such as phentol-
amine augments basal and glucose-stimulated insulin 
release. Epinephrine and norepinephrine stimulate pre-
dominantly a-adrenergic receptors in islets, resulting in 
impaired insulin secretion—as observed during stress or 
in patients with pheochromocytoma.102

In summary, in normal humans insulin secretion is 
constantly modulated by the quantity, quality, and fre-
quency of nutrient intake; by the hormonal milieu; and  
by autonomic impulses. The ingestion of nutrients,  
principally carbohydrate and protein, produces intestinal 
hormonal signals that prime and initiate insulin release. 
The entry of glucose into the beta cell, the phosphoryla-
tion of glucose, and the generation of adenosine triphos-
phate (ATP) by this or other nutrients result in insulin 
release. This sequence involves cyclic AMP, b-adrenergic 
receptors, and ions—principally calcium and potassium. 
Glucose metabolism within the beta cell provides energy 
for further synthesis and release of insulin.103

Insulin Action
Insulin action on target cells in tissues such as liver,  
adipocytes, and muscle begins by binding to specific  
insulin receptors located on the cell membrane. Binding 
to these receptors is saturable, occurs with a high energy 
of association (affinity), and is pH and temperature de-
pendent.110-114 The insulin receptor is a heterodimeric 
glycoprotein consisting of two a and two b subunits 
linked by disulfide bonds (Figure 19-8). The a subunit, 
with a molecular mass of approximately 125,000 kd,  
acts as the binding site—whereas the b subunit, with a 
molecular mass of approximately 90,000 kd, possesses 
tyrosine kinase activity for endogenous and exogenous 
substrates (see Figures 19-8 and 19-9).

This ability to phosphorylate proteins may underlie 
some of the manifold actions of insulin. Among the 
classes of proteins phosphorylated are insulin receptor 
substrates 1 through 3 (considered an important insulin-
signaling effector molecule) and pp 185, another substrate 
of the insulin receptor (see Figure 19-9). Other insulin 
mediators may be involved in insulin action. This action 
may also be mediated in part by hydrolysis of glycan phos-
phoinositides in the cell plasma membrane. The insulin 
receptor gene has been cloned and localized to chromo-
some 19, whereas the structurally related insulin-like 
growth factor-1 (IGF-1) receptor has been localized to 
chromosome 15.110-114

Under normal conditions, only a small proportion of 
the total available cell receptors need be occupied to 
achieve maximal biologic response. Thus, ordinarily there 
are spare receptors. Insulin receptors display two phenom-
ena: down-regulation, in which high ambient insulin con-
centrations reduce the number of available receptors, and 
negative cooperativity, in which the occupancy of a recep-
tor reduces the affinity of adjoining receptor sites. 
Scatchard analysis of insulin-binding data in in vitro  
systems reveals curvilinear plots compatible with negative 
cooperativity or with two classes of receptors: high-affinity/
low-capacity and low-affinity/high-capacity. Total recep-
tor number and the affinities of both classes of receptor 
sites can be calculated with use of these Scatchard plots.
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After binding to the cell surface, the receptor-insulin 
complex is internalized within the cell and processed by 
lysosomal enzymes, with release of free insulin and poten-
tial recycling of the receptor back to the cell membrane. 
Binding of insulin to the cell surface receptor, perhaps 
with the participation of internalization that permits insu-
lin action at the level of the nucleus, leads to the complex 
biochemical processes characteristic of insulin action in a 

given tissue. The ultimate mechanism or mechanisms by 
which insulin exerts its effects beyond receptor binding 
and phosphorylation remain unknown.

With postreceptor events assumed to be normal, how-
ever, the biologic response to insulin in a tissue is a function 
of the number of receptor/insulin complexes formed—
which in turn is directly related to the circulating insulin 
concentration and to the receptor concentration. Thus, a 
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FIGURE 19-9 n Schema of insulin receptor signal transduction pathways. ERK, extracellular regulated kinase; Glut-4, glucose transporter 
4; Grb-2, growth factor receptor binding protein 2; Ins, insulin; IRS, insulin receptor substrate; MAPK, mitogen-activated protein kinase; 
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reduction in receptor number could be compensated for by 
an increase in insulin concentration as long as the critical 
number of receptors necessary to produce maximal biologic 
response remains. Conversely, reduced insulin concentra-
tion could be compensated for by an increase in receptor 
number, provided the minimum amount of insulin neces-
sary to produce a maximal biologic response is present.

Insulin receptors and their signaling proteins (see 
Figures 19-8 and 19-9) are widely distributed in various 
tissues. Using targeted deletions of individual compo-
nents or various combinations of components of the  
insulin receptor pathway has provided remarkable in-
sight into the contribution of liver, muscle, fat, the beta 
cell, and brain to overall glucose homeostasis.110-114 Key 
concepts that have emerged are that the insulin receptor 
signal cascade on beta cells is critically important in 
maintaining normal insulin secretion. Thus, mutations 
causing insulin resistance at the beta cell eventually lead 
to relative hypoinsulinemia that can interact with the 
insulin resistance in peripheral tissues to produce  
the hallmark of type 2 diabetes (i.e., peripheral insulin 
resistance plus relative insulinopenia).

In addition, studies with targeted deletion of the  
insulin receptor in the brain—the so-called NIRKO 
mouse (neuron-specific insulin receptor knockout)—
demonstrate that these animals developed obesity,  
increased body fat, insulin resistance with modest  
hyperinsulinemia, and elevated levels of triglycerides. 
Reproductive function in both males and females is  
impaired as a result of abnormal regulation of luteiniz-
ing hormone secretion, and serum leptin levels are  
elevated.114 Thus, insulin signaling in the brain joins the 
emerging list of factors important in regulating energy 
homeostasis and reproduction.114

Primary defects in insulin receptor number or affinity 
may produce the same profound derangements in inter-
mediary metabolism as deficient insulin secretion, and 
similar disturbances may result despite normal insulin 
concentration and normal receptor characteristics if 

postreceptor steps are defective.115 Insulin signaling for 
the regulation of metabolism has been the subject of 
considerable research and is extensively reviewed.113,115 
Examples of each type of defect in the individual compo-
nents of this integrated system that comprises insulin 
biosynthesis, secretion, and action exist and can account 
for the metabolic abnormalities that characterize diabetes 
mellitus. An approach based on the principles of insulin 
biosynthesis secretion and action also permits a rational 
classification of diabetes mellitus.

Pathophysiology
Normal insulin secretion in response to feeding is exqui-
sitely modulated by the interplay of neural, hormonal, 
and substrate-related mechanisms to permit controlled 
disposition of ingested foodstuff as energy for immediate 
or future use. Mobilization of energy during the fasted 
state depends on low plasma levels of insulin. Thus, in 
normal metabolism there are regular swings between the 
postprandial high-insulin anabolic state and the fasted 
low-insulin catabolic state that affect three major tissues: 
liver, muscle, and adipose tissue (Table 19-7).

Insulin is the key anabolic hormone that promotes the 
synthesis and storage of carbohydrates, lipids, and pro-
teins while simultaneously restraining their degradation. 
The uptake of glucose, fatty acids, and amino acids is 
stimulated—as is the activity or expression of enzymes 
that promote glycogen, fat, and protein synthesis. Con-
versely, the activity or expression of enzymes that break 
down these metabolites is restrained. All of these anabolic 
actions of insulin are reversed during the low-insulin state 
of starvation. Type 1 diabetes mellitus, as it evolves, be-
comes a permanent low-insulin catabolic (starvation) state 
in which feeding cannot reverse but rather exaggerates 
these catabolic processes.

It is important to emphasize that liver is more sensi-
tive than muscle or fat to a given concentration of insulin. 
That is, endogenous glucose production from the liver 

High Plasma Insulin  
(Postprandial State)

Low Plasma Insulin  
(Fasted State)

Liver Glucose uptake Glucose production
Glycogen synthesis Glycogenolysis
Absence of gluconeogenesis Gluconeogenesis
Lipogenesis Absence of lipogenesis
Absence of ketogenesis Ketogenesis

Muscle Glucose uptake Absence of glucose uptake
Glucose oxidation Fatty acid and ketone oxidation
Glycogen synthesis Glycogenolysis
Protein synthesis Proteolysis and amino acid release

Adipose tissue Glucose uptake Absence of glucose uptake
Lipid synthesis Lipolysis and fatty acid release
Triglyceride uptake Absence of triglyceride uptake

TABLE 19-7  Influence of Feeding (High Insulin) or Fasting (Low Insulin) 
on Some Metabolic Processes in Liver, Muscle, and Adipose 
Tissue*

*Insulin is considered the major factor governing these metabolic processes. Diabetes mellitus may 
be viewed as a permanent low-insulin state that if untreated results in exaggerated fasting.
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by means of glycogenolysis and gluconeogenesis can be 
restrained at insulin concentrations that do not fully  
augment glucose utilization by peripheral tissues. Conse-
quently, with progressive failure of insulin secretion the 
initial manifestation is postprandial hyperglycemia. Fast-
ing hyperglycemia is a late manifestation that reflects 
severe insulin deficiency and indicates excessive endoge-
nous glucose production. 116

Although insulin deficiency is the primary defect, 
several secondary changes that involve the stress hor-
mones (i.e., epinephrine, cortisol, growth hormone, 
and glucagon) accelerate and exaggerate the rate and 
magnitude of metabolic decompensation.

Increased plasma concentrations of these counter-
regulatory hormones magnify metabolic derangements 
by further impairing insulin secretion (e.g., epineph-
rine), by antagonizing its action (e.g., epinephrine, 
cortisol, and growth hormone), and by promoting  
glycogenolysis, gluconeogenesis, lipolysis, and keto-
genesis (e.g., glucagon, epinephrine, growth hormone, 
and cortisol) while decreasing glucose utilization and 
glucose clearance (e.g., epinephrine, growth hormone, 
and cortisol).117 With progressive insulin deficiency, 
especially with concurrently elevated stress hormones, 
excessive glucose production and impairment of its 
utilization result in hyperglycemia with glucosuria 
when the renal threshold of approximately 180 mg/dL 
is exceeded.

The resultant osmotic diuresis produces polyuria, uri-
nary losses of electrolytes, dehydration, and compensa-
tory polydipsia. These evolving manifestations, especially 
dehydration, represent physiologic stress—resulting in 
hypersecretion of epinephrine, glucagon, cortisol, and 
growth hormone that amplifies and perpetuates metabolic 
derangements and accelerates metabolic decompensation. 
The acute stress of trauma or infection may likewise  
accelerate metabolic decompensation to ketoacidosis in 
evolving or established diabetes. 117

Hyperosmolality, commonly encountered as a re-
sult of progressive hyperglycemia, contributes to the 
symptomatology—especially to cerebral obtundation 
in diabetic ketoacidosis. Serum osmolality can be esti-
mated with the following formula.

Serum osmolality (mOsm/kg) 5 (serum Na [mEq/L] 1 
K [mEq/L] ) 3 2 1 Glucose mmol/L (Note that 

 1 mmol/L of glucose is equivalent to 18 mg/dL.)

Consideration of serum osmolality has important im-
plications in the treatment of diabetic ketoacidosis. The 
combination of insulin deficiency and elevated plasma 
values of the counterregulatory hormones is also respon-
sible for accelerated lipolysis and impaired lipid synthe-
sis, with resulting increased plasma concentrations of 
total lipids, cholesterol, triglycerides, and free fatty acids. 
The hormonal interplay of insulin deficiency and gluca-
gon excess shunts the free fatty acids into ketone body 
formation. The rate of formation of these ketone bodies, 
principally b-hydroxybutyrate and acetoacetate, exceeds 
the capacity for peripheral utilization and for their renal 
excretion. Accumulation of these ketoacids results in 
metabolic acidosis and in compensatory rapid deep 

breathing in an attempt to excrete excess carbon dioxide 
(Kussmaul respiration).

Acetone, formed by nonenzymatic conversion of aceto-
acetate, is responsible for the characteristic fruity odor of 
the breath. Ketones are excreted in the urine in association 
with cations and thus further increase losses of water and 
electrolytes (Figure 19-10 and Tables 19-8 and 19-9). 
With progressive dehydration, acidosis, hyperosmolality, 
and diminished cerebral oxygen utilization, consciousness 
becomes impaired—with the patient ultimately becoming 
comatose. Thus, insulin deficiency produces a profound 
catabolic state—an exaggerated starvation in which all of 
the initial clinical features can be explained on the basis of 
known alterations in intermediary metabolism mediated 
by insulin deficiency in combination with counterregula-
tory hormone excess. Because the counterregulatory  
hormonal changes are usually secondary, the severity  
and duration of the symptoms reflect the extent of primary 
insulinopenia. 116,117

Clinical Manifestations of Diabetes 
Mellitus
The classic presentation of diabetes in children is a  
history of polyuria, polydipsia, polyphagia, and weight 
loss. Polyuria may be heralded by the recurrence of  
bedwetting in a previously toilet trained child and poly-
dipsia by a child constantly requesting fluids to drink. 
Unexplained weight loss should raise suspicion of the 
existence of diabetes that should be confirmed or ex-
cluded by measurement of blood glucose concentration 
first in the postprandial and later in the fasting state. The 
urine should also be checked for the presence of glucos-
uria. The duration of these symptoms varies but is often 
less than 1 month. Most children who are diagnosed with 
T1DM have been seen by a physician within a week or  
so of diagnosis. However, diabetes was not considered, 
and a glucose measurement in blood or urine was not 
performed.118,119

An insidious onset with lethargy, weakness, and weight 
loss is also quite common. The loss of weight despite  
increased dietary intake is readily explicable by the follow-
ing example. The average healthy 10-year-old child has a 
daily intake of 2000 or more calories, of which approxi-
mately 50% are derived from carbohydrates. With the 
development of diabetes, daily losses of water and glucose 
may be as much as 5 L and 250 g, respectively. This rep-
resents 1000 calories lost in the urine, or 50% of average 
daily caloric intake. Therefore, despite the child’s com-
pensatory increased intake of food and water, the calories 
cannot be utilized, excessive caloric losses continue, and 
increasing catabolism and weight loss ensue.

Pyogenic skin infections and candidal vaginitis in girls 
or candidal balanitis in uncircumcised boys are occasion-
ally present at the time of diagnosis of diabetes. They are 
rarely the sole clinical manifestations of diabetes in chil-
dren, and a careful history will invariably reveal the coex-
istence of polyuria, polydipsia, and perhaps weight loss. 
Ketoacidosis is responsible for the initial presentation of 
many (about 25% to 40%) diabetic children. Ketoacidosis 
is likely to be present more often in children younger than 
5 years of age because the diagnosis may not be suspected 
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and a history of polyuria and polydipsia may be difficult to 
elicit.118-126 The early manifestations may be relatively 
mild and consist of vomiting, polyuria, and dehydration.

In more prolonged and severe cases, Kussmaul respira-
tion is present—and there is an odor of acetone on the 
breath. Kussmaul respiration may be confused with bron-
chiolitis or asthma and be treated with steroids or adren-
ergic agents that worsen diabetes. Abdominal pain or  
rigidity may be present and may mimic appendicitis or 
pancreatitis. Cerebral obtundation and (ultimately) coma 
ensue and are related to the degree of hyperosmolarity. 
Laboratory findings include glucosuria, ketonuria, hyper-
glycemia, ketonemia, and metabolic acidosis. Leukocytosis 
is common, and nonspecific serum amylase levels may be 
elevated. The serum lipase level is usually not elevated. In 
those with abdominal pain, it should not be assumed that 
these findings are evidence of a surgical emergency before 
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FIGURE 19-10 n The pathophysiology of diabetic ketoacidosis is illustrated as a function of absolute insulin deficiency or insufficient 
insulin in the presence of major stress such as an infection, which leads to increases in the four major counterregulatory hormones. 
Together, these changes increase glucose production via glycogenolysis and gluconeogenesis, which together result in hyperglycemia, 
osmotic diuresis, and dehydration. Simultaneously increased lipolysis leads to ketone body production and acidosis in combination 
with increased lactic acid from dehydration. See text for greater detail.

Approximate Daily  
Maintenance  
Requirements*

Approximate  
Accumulated  
Losses†

Water 1500 mL/m2 100 mL/kg (range, 60-100 mL/kg)
Sodium 45 mEq/m2 6 mEq/kg (range, 5-13 mEq/kg)
Potassium 35 mEq/m2 5 mEq/kg (range, 4-6 mEq/kg)
Chloride 30 mEq/m2 4 mEq/kg (range, 3-9 mEq/kg)
Phosphate 10 mEq/m2 3 mEq/kg (range, 2-5 mEq/kg)

TABLE 19-8  Fluid and Electrolyte Maintenance 
Requirements and Estimated 
Losses in Diabetic Ketoacidosis

*Maintenance is expressed in surface area to permit uniformity 
because fluid requirements change as weight increases.

†Losses are expressed per unit of body weight because the losses 
remain relatively constant in relation to total body weight.
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a period of appropriate fluid, electrolyte, and insulin 
therapy to correct dehydration and acidosis. The abdomi-
nal manifestations frequently disappear after several hours 
of such treatment.

Diagnosis
The diagnosis of diabetes mellitus must be considered in 
children who have the following manifestations: those who 
have a history suggestive of diabetes, especially symptoms 
of polyuria with polydipsia, and failure to gain weight or a 
weight loss despite a healthy appetite; those who have 
confirmed glucosuria; and those who have clinical mani-
festations of metabolic acidosis with or without stupor or 
coma. In all instances, the diagnosis of diabetes mellitus  
is dependent on the demonstration of hyperglycemia in 
association with glucosuria with or without ketonuria. 
When classic symptoms of polyuria and polydipsia are  
associated with hyperglycemia and glucosuria that meet 
the criteria for diagnosing diabetes mellitus as defined by 
the American Diabetes Association (ADA) or World 

Health Organization (WHO), a glucose tolerance test is 
contraindicated.

Renal glucosuria may be an isolated congenital disor-
der or a manifestation of the Fanconi syndrome and 
other renal tubular disorders owing to severe heavy metal 
intoxication, ingestion of certain drugs (e.g., outdated 
tetracycline), or inborn errors of metabolism (e.g., cysti-
nosis). When vomiting, diarrhea, and inadequate intake 
of food are complicating factors in any of these condi-
tions, starvation ketosis may ensue and simulate diabetic 
ketoacidosis. The absence of hyperglycemia eliminates 
the possibility of diabetes. It is also important to recog-
nize that not all urinary sugar is glucose, and infrequently 
galactosemia, pentosuria, and the fructosuria will require 
consideration as diagnostic possibilities.

The discovery of glucosuria, with or without a mild 
degree of hyperglycemia, during a hospital admission for 
trauma or infection (or even during the associated emo-
tional upheaval) may herald the existence of diabetes.  
In most of these instances, the glucosuria remits dur-
ing recovery.1 Because this circumstance may indicate a 

Replacement Fluids

Approximate  
Accumulated Losses with 

10% Dehydration

Approximate Requirements 
for Maintenance  

(36 Hours)

Approximate Totals for  
Replacement and  

Maintenance (36 Hours)

Water (mL) 3000 2250 5500
Sodium (mEq) 180 65 250
Potassium (mEq) 150 50 200
Chloride (mEq) 120 45 165
Phosphate (mEq) 90 15 100

Replacement Schedule (Continuous Intravenous Infusion)

Approximate Duration Fluid (Composition)
Sodium 
(mEq)

Potassium 
(mEq)

Chloride 
(mEq)

Phosphate 
(mEq)

Hour 1 500 mL of 0.9% NaCl  
(isotonic saline)

75 — 75 —

Hour 2p 500 mL of 0.45% NaCl  
(0.5 isotonic saline) plus 
20 mEq of KCl

35 20 55 —

Hour 3-12 (200 mL/hr for  
10 hours)

2000 mL of 0.45% NaCl with 
30 mEq/L of potassium 
phosphate

150 60 150 40

Subtotal initial 12 hours 3000 mL 260 80 280 40
Next 24 hours 100 mL/hr 2400 mL of 5% glucose in 

0.2% NaCl with 40 mEq/L 
of potassium phosphate

75 100 75 60

Total over 36 hours 5400 mL 335 180 355 100

TABLE 19-9  Fluid Electrolyte Therapy for Diabetic Ketoacidosis: Recommendations for Replacement 
of Fluid

Note: Maintenance requirements remain the same. Losses and for maintenance of a 30-kg (surface area, 1.0 m2) child with assumed 
10% dehydration (duration of treatment, 36 hours). All replacement values should be halved if dehydration is estimated to be 5%.

Additional guidelines:
• A diabetic flow sheet with laboratory data appropriately recorded must be maintained in the patient’s chart.
• Insulin therapy by continuous low-dose intravenous method: priming dose—bolus injection of 0.1 U/kg of regular insulin IV followed 

immediately by continuous IV infusion of 0.1 U/kg/hr of regular insulin beginning with second hour.
• Directions for making insulin infusion: Add 50 units of regular insulin to 500 mL of isotonic saline. Flush 50 mL through the tubing to saturate 

insulin-binding sites. For 30-kg patient, infuse at rate of 30 mL/hr. When the blood glucose concentration approaches 300 mg/dL, continue 
the insulin infusion at a reduced rate or add glucose to the infusate until acidosis is resolved and then start insulin therapy by subcutaneous 
injections of 0.2 to 0.4 U/kg of insulin at intervals of 6 hours.

• Bicarbonate therapy: For pH $ 7.10, no therapy is necessary. For pH 7.00 to 7.10, 40 mEq/m2 of bicarbonate over 2 hours; then reevaluate. 
For pH # 7.00, 80 mEq/m2 of bicarbonate over 2 hours; then reevaluate. For new diabetics younger than 2 years of age with diabetic 
ketoacidosis and 10% dehydration or any diabetic with pH # 7.00, coma or blood glucose $ 1000 mg/dL should be managed in an 
intensive care unit or equivalent setting.
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limited capacity for insulin secretion, which is unmasked 
by elevated plasma concentrations of stress hormones, 
these patients should be rechecked at a later date for the 
possibility of hyperglycemia, clinical features of diabetes 
mellitus, and family history of diabetes.

A family history of diabetes mellitus in two preceding 
generations should suggest the possibility of a MODY 
syndrome; absence of the common antibodies to beta cells 
such as IA2, GAD65, or ICA, strengthens the possibility of 
a diagnosis of MODY.12,13 Under these circumstances, a 
glucose tolerance test may be useful to establish a diagno-
sis. Glucose tolerance testing should be performed several 
weeks after recovery from the acute illness, with a glucose 
loading dose adjusted for weight. Evidence indicates that 
the test is most likely to be abnormal in those with HLA 
DR3 and DR4, in whom ICA or insulin autoantibodies  
are detected, or who have MODY.12,13 Transient hypergly-
cemia is common in patients with asthma treated with 
epinephrine and steroids. Further testing in such patients 
is not indicated. Screening procedures, such as postpran-
dial determinations of blood glucose or oral glucose toler-
ance tests, have yielded low detection rates in children—
even among those considered at risk, such as siblings of 
diabetic children. Accordingly, such screening procedures 
are not recommended in children.

Diabetic Ketoacidosis
Diabetic ketoacidosis (DKA) is a medical emergency and 
represents a life-threatening decompensation of metabo-
lism that requires prompt recognition and appropriate 
treatment, with careful monitoring of clinical and bio-
chemical indices. DKA must be differentiated from acido-
sis and coma from other causes. These include hypoglyce-
mia, uremia, gastroenteritis with metabolic acidosis, lactic 
acidosis, salicylate intoxication, encephalitis, and other 
intracranial lesions. Diabetic ketoacidosis exists when 
there is hyperglycemia (glucose 300 mg/dL), ketonemia 
(b-OH butyrate . 4 mEq/L) via formal laboratory or 
bedside ketone meter measurement or ketones strongly 
positive at greater than 1:2 dilution of serum, acidosis (pH 
7.30 or less and bicarbonate 15 mEq/L or less), glucosuria, 
and ketonuria in addition to the clinical features of tachy-
pnea (Kussmaul respiration) and cerebral obtundation. The 
severity of DKA is defined by the degree of acidosis; pH 7.2 
to 7.3 or HCO3 10 to 15 mEq/L is defined as mild; pH 7.1 
to 7.2 or HCO3 5 to 10 mEq/L is moderate; pH , 7.1 or 
HCO3 , 5 is defined as severe.

Precipitating factors, even for the initial presentation, 
include stress (e.g., trauma), infections, vomiting, and 
major psychological disturbances. Recurrent episodes of 
ketoacidosis in established diabetics often represent de-
liberate errors in recommended insulin dosage, unusual 
stress responses that indicate psychological disturbances, 
and at times pleas to be removed from a home environ-
ment perceived to be stressful or intolerable. Diabetic 
ketoacidosis should also be distinguished from nonke-
totic hyperosmolar coma. which occurs in children with 
T2DM and is increasingly recognized.118-139

Nonketotic hyperosmolar coma is a syndrome charac-
terized by severe hyperglycemia (blood glucose concentra-
tion of more than 600 mg/dL), absence of or only very 

slight ketosis, nonketotic acidosis, severe dehydration, de-
pressed sensorium or frank coma, and various neurologic 
signs that may include grand mal seizures, hyperthermia, 
hemiparesis, and positive Babinski signs. Respiration is 
usually shallow, but coexistent metabolic (lactic) acidosis 
may be manifested by Kussmaul breathing. Serum osmo-
larity is commonly 350 mOsm/kg or higher. In children, 
this condition is relatively infrequent and when reported 
there has been a high incidence of preexisting neurologic 
damage. The profound hyperglycemia may develop over a 
period of days, and initially the obligatory osmotic polyuria 
and dehydration may be partially compensated for by  
increased fluid intake. With progression, thirst becomes 
impaired—possibly because of alteration of the hypotha-
lamic thirst center by hyperosmolarity and possibly in  
some instances because of a preexisting defect in the hypo-
thalamic osmo-regulating mechanism.118-140 Nonketotic 
hyperglycemia with coma has been a feature of presenta-
tion in youth with T2DM and is often associated with 
morbid obesity. Some of these obese patients may present 
with ketoacidosis as the initial clinical presentation.

The low production of ketones is attributed mainly to 
the hyperosmolarity, which in vitro blunts the lipolytic  
effect of epinephrine, and to the concomitant antilipolytic 
effect of residual insulin. Blunting of lipolysis by the 
therapeutic use of b-adrenergic blockers may also contrib-
ute to the syndrome. The key difference between diabetic 
ketoacidosis and hyperglycemic hyperosmolar nonketotic 
coma appears to be the degree of insulinopenia, which is 
nearly absolute in ketoacidosis but with sufficient residual 
activity in hyperglycemic hyperosmolar nonketotic coma 
to limit lipolysis in adipose tissue but inadequate to permit 
normal peripheral glucose utilization at a time of increased 
glucose production induced by the stress hormones. As 
indicated, prerenal azotemia and decreased thirst contrib-
ute to this syndrome in adults and in children. Depression 
of consciousness is closely correlated with the degree of 
hyperosmolarity in this condition, as well as in diabetic 
ketoacidosis. Hemoconcentration may also predispose to 
cerebral arterial and venous thromboses.126-127

Treatment of nonketotic hyperosmolar coma is di-
rected at repletion of the vascular volume deficit and  
correction of the hyperosmolar state (see “Diabetic Keto-
acidosis” for management). Patients who are hypotensive 
should be started on isotonic saline (0.9% NaCl) until the 
condition is stable. Then, treatment should proceed as for 
DKA with the following caveats: extending the period of 
fluid repair to 36 to 48 hours; Infuse insulin at half the 
amount used in DKA (i.e., 0.05 U/kg/hr).125,126 When 
the blood glucose concentration approaches 300 mg/dL, 
the hydrating fluid should be changed to 5% dextrose in 
0.2 N saline. Approximately 20 mEq/L of potassium chlo-
ride, or more if indicated, should be added to each of these 
fluids to prevent hypokalemia. Serum potassium and plasma 
glucose concentrations should be monitored at 2-hour  
intervals for the first 12 hours and at 4-hour intervals for 
the next 24 hours to permit appropriate adjustments of 
administered potassium and insulin.126-127

Insulin can be given by continuous intravenous  
infusion, beginning with the second hour of fluid ther-
apy. Because blood glucose may decrease dramatically 
with fluid therapy alone, the intravenous loading dose 
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should be 0.05 U/kg of fast-acting insulin followed by 
0.05 U/kg/hr of the same insulin—rather than 0.1 U/kg/hr 
as advocated for diabetic ketoacidosis. Most now advo-
cate that the initial insulin loading dose be omitted. 
During the recovery period, therapy with insulin and 
diet and monitoring of the patient are as described  
for patients recovering from diabetic ketoacidosis (see 
Table 19-9).

Treatment of Diabetes Mellitus
The management of type 1 diabetes may be divided into 
three phases, depending on the initial presentation: keto-
acidosis, the postacidotic transition period for establish-
ment of metabolic control, and the continuing phase of 
guidance of the diabetic child and his or her family for 
daily living with diabetes integrating insulin regimens, 
nutritional intake, exercise, and glucose monitoring to 
achieve as near normal glucose control as is feasible. 
Each of these phases has separate goals, although in prac-
tice they merge into a continuum. For purposes of man-
agement, the transition period corresponds to presentations 
with polyuria, polydipsia, and weight loss but without 
biochemical decompensation to ketoacidosis.

Treatment of Diabetic Ketoacidosis
The pathophysiology and treatment of diabetic ketoacido-
sis were extensively reviewed and published as a consensus 
conference. The views and recommendations are en-
dorsed by the Lawson Wilkins Pediatric Endocrine Soci-
ety, the European Society for Pediatric Endocrinology,  
the International Society of Pediatric and Adolescent  

Diabetes (ISPAD), and others. Similar guidelines for  
management have now also been recommended by the 
American Diabetes Association. These recommendations 
have been incorporated into the guidelines published and 
regularly updated by ISPAD.119

The immediate aims of therapy are expansion of intra-
vascular volume; correction of deficits in fluid, electrolyte, 
and acid-base status; initiation of insulin therapy to correct 
intermediary metabolism; and the exclusion of a treatable 
precipitating event such as infection or trauma. Treatment 
should be instituted as soon as the clinical diagnosis is 
confirmed by the presence of hyperglycemia and ketone-
mia. Determinations of blood pH and electrolytes should 
also be obtained. An electrocardiogram is useful to provide 
a rapid reference for the existence of hyperkalemia.

If sepsis is suspected as a possible precipitating factor, 
a blood culture should be obtained and the urine should 
be examined for the presence of bacteria and leukocytes. 
A flow sheet is essential to record chronologically the 
rate and composition of fluid input and urine output, the 
amount of insulin administered, and the acid-base and 
electrolyte values of the blood. Catheterization of the 
bladder is not routinely recommended in children. Bag 
collection or condom drainage permits an assessment of 
urinary output, but catheterization may be indicated in 
comatose patients.118-139

Fluid and Electrolyte Therapy

The expansion of reduced intravascular volume and  
correction of depleted fluid and electrolyte stores are 
important in the treatment of diabetic ketoacidosis  
(see Table 19-9 and Box 19-2). It must be stressed, however, 

BOX 19-2 Steps in Management of Diabetic Ketoacidosis

 1. Confirm diagnosis.
Obtain:

• Blood glucose
• Serum electrolytes
• Acid-base status: pH, HCO3

2

Consider:
• Urine microscopy/culture
• Chest radiograph
• Blood culture
• Throat culture
• Electrocardiogram

Intensive care–like setting:
• pH # 7.00
• Age 2 years
• Unconscious
• Blood glucose $ 1000 mg/dL

 2. Begin intravenous fluids.
• 20 mL/kg of 0.9% (normal), saline (NaCl) over 1 hour

 3. Reassess the patient: What precipitated this episode?
• Delayed diagnosis
• Infection
• Noncompliance
• Trauma

 4. Follow protocol guidelines in Table 10-11. Begin insulin 
0.1 U/kg/hr with hour 2 of IV therapy as outlined in 
Table 10-11.

 5. Measure glucose every 2 hours; electrolytes/acid-base 
every 2 to 4 hours for the first 24 hours.

 6. Continue treatment with insulin even if glucose ap-
proaches 300 mg/dL (17 mM) as long as acidosis persists. 
Consider adding 5% to 10% glucose in IV line or occa-
sionally reducing insulin to 0.05 U/kg/hr.

 7. If acidosis is not resolving (or improving) despite fluids 
and insulin of 0.1 U/kg/hr, consider:
• Severe sepsis causing lactic acidosis and/or insulin 

degradation
• Error in insulin dose

 8. In children younger than 10 years (especially, 5 years), 
anticipate possible clinical cerebral edema after 4 to  
6 hours of treatment. The following herald evolving edema:
• Headache
• Change in consciousness level/response
• Unequal dilated pupils
• Delirium
• Incontinence
• Vomiting
• Bradycardia

 9. If cerebral edema is clinically apparent:
• Reduce IV rate.
• Give mannitol 1 g/kg IV (10-20 g/m2).
• Repeat in 2 to 4 hours if indicated.
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that exogenous insulin is essential to arrest further 
metabolic decompensation and restore intermediary me-
tabolism.141-145 Dehydration is commonly approximately 
10%. Initial fluid therapy can be based on this estimate, 
with subsequent adjustments to be related to clinical and 
laboratory data. The initial hydrating fluid should be 
isotonic saline (0.9%). Because of the hyperglycemia, 
hyperosmolarity is universal in diabetic ketoacidosis. 
Thus, even 0.9% saline is hypotonic relative to the  
patient’s serum osmolality. Some investigators maintain 
infusion with fluids that are isotonic such as 0.9% saline 
and report low morbidity and mortality with such  
regimens.118-123

A gradual decline in osmolality is desirable because 
too rapid a decline has been implicated in the develop-
ment of cerebral edema, one of the major complications 
of therapy in children. For the same reason, the rate of 
fluid replacement is adjusted to provide the total calcu-
lated deficit plus maintenance requirement over 48 hours 
after the initial rehydration with normal isotonic saline. 
In addition, glucose (5% solution in 0.2 to 0.5 N saline) 
is administered when blood glucose concentration ap-
proaches 300 mg/dL to limit the decline of serum osmolality 
in an attempt to reduce the risk of developing cerebral 
edema (see Box 19-2). Insulin should be continued until 
ketoacidosis is resolved and the pH is equal to or greater 
than 7.3 or until the bicarbonate concentration in plasma is 
equal to or greater than 18 mEq/L, because blood glucose 
corrects more rapidly than ketoacidosis. As long as acidosis 
persists, insulin infusion should be maintained at the same 
rate (and, if necessary, with 5% to 10% glucose added to 
the infusate) to maintain blood glucose at approximately 
300 mg/dL.

Cerebral Edema

Cerebral edema is an unusual but potentially devastating 
complication of diabetic ketoacidosis and its manage-
ment in childhood. There is considerable debate and 
several hypotheses have been proposed, but there is  
presently no consensus as to the precise cause of this 
syndrome. It remains unproved whether cerebral edema 
during treatment of diabetic ketoacidosis can be pre-
dicted on the basis of clinical and biochemical indices and 
whether physicians contribute to it by their mode of 
management through the choice and composition of  
the hydrating fluid, its rate of administration, and the  
controlled rate of decline of blood glucose. 

The incidence of cerebral edema is reported to occur 
in 0.5% to 1.5% of all episodes of diabetic ketoacidosis. 
It is more common in younger children, especially at 
initial presentation.118,137 The duration and severity of 
symptoms and signs before initiating treatment are the 
major identifiable factors.121 If cerebral edema develops 
during treatment for diabetic ketoacidosis, mortality and 
morbidity are high. Although mortality has declined 
from previously reported rates of 40% to 90% to a more 
recently reported rate of 20%, cerebral edema remains 
the cause of about half of all deaths in children with  
diabetes mellitus. Morbidity from cerebral edema also 
remains high. About one fourth of the survivors may have 
permanent neurologic sequelae.119 Prompt recognition 

and intervention with mannitol or other hyperosmolar 
agents, respiratory support by means of endotracheal in-
tubation, and hyperventilation may be lifesaving. Aware-
ness, early recognition, and treatment are responsible  
for the reported decline in mortality cited previously.140 
Subclinical cerebral edema may be more common than 
hitherto appreciated.123 Randomized prospective trials of 
management of diabetic ketoacidosis are not ethically 
feasible, but in the most rigorous and extensive retro-
spective analysis involving some 6000 episodes of  
diabetic ketoacidosis, the following risk factors were 
identified: young age, duration and severity of symptoms 
before starting treatment, low PCO2, high serum urea 
nitrogen, lack of an increase in serum sodium during 
therapy, and treatment with bicarbonate.118 All of the 
biochemical risk factors in this study may reflect the  
initial severity of biochemical derangement. Thus, avoid-
ance of diabetic ketoacidosis (especially in young  
children) by early recognition of the signs and symptoms 
of diabetes mellitus is the best way to prevent cerebral 
edema.

The duration and severity of symptoms before therapy 
may predispose to cerebral ischemia, to which younger 
children would be more prone because of the higher 
metabolic rate and hence higher oxygen requirement of 
a child’s brain relative to an adult’s. In addition, there  
may be a longer time to accumulate so-called idiogenic  
osmoles in the brain. Many children may have evidence 
of raised intracranial pressure on imaging studies (e.g., 
computed tomography), but only a minority develop 
clinical cerebral edema. 134

Moreover, early studies in dogs and in adult men dem-
onstrated that intracranial pressure rose in all during 
fluid replacement therapy for diabetic ketoacidosis.135 
Thus, given the hyperbolic pressure/volume relationship 
of the intracranial space and the likely shift of water into 
the intracellular compartment during therapy, it is  
considered prudent to advocate the use of normal saline 
(or equivalent volume expanders) during initial therapy 
to limit the rate of infusion to no more than twice-daily 
maintenance requirement and not to exceed 4 L/m2/day, 
to carefully monitor the decline in blood glucose not to 
exceed about 100 mg/dL/hr, and to carefully monitor the 
clinical status of the patient. The managing team must be 
prepared to intervene at the bedside with mannitol or 
other volume expanders.

Finally, it should be noted that abnormalities in  
the clotting-fibrinolytic pathway (e.g., protein S and C 
deficiency, factor V Leiden) are not uncommon in the 
general population and may contribute to cerebral 
thrombosis/ischemia in the setting of dehydration,  
hyperviscosity, and increased platelet adhesiveness that 
exists in diabetic ketoacidosis.118,137 There is also evidence 
that the osmotic mechanisms described previously, the so-
called cytotoxic mechanism, may not be the only operative 
theory. Vasogenic mechanisms with disruption of vascular 
permeability in the cerebral blood-brain barrier may also 
be operative. The latter comes from studies via perfusion 
and diffusion magnetic resonance imaging (MRI) that 
show a decrease in the apparent diffusion coefficient after 
recovery (i.e., more pericellular and not intracellular water 
during DKA treatment).122 Moreover, in that study one 
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in five episodes of cerebral edema was evident at initial 
presentation before any fluid or insulin therapy could have 
contributed to water accumulation in the brain. The two 
proposed mechanisms are not mutually exclusive and may 
allow more treatment options in time.

Cerebral edema may be present at initial presentation 
or early in the course of treatment, but it usually becomes 
apparent several hours after therapy has begun and when 
there is improvement in blood glucose level, acid-base 
status, and clinical state of hydration. Both early and late 
appearances of cerebral edema have been reported.124 
A previously alert patient may become drowsy, complain 
of headache, have abnormal neurologic findings (includ-
ing papilledema), progress to coma, and have respiratory 
arrest with herniation of the brainstem. Recovery may 
occur with prompt recognition and treatment with intra-
venous mannitol. Survival and neurologic outcome are 
markedly improved with prompt recognition and inter-
vention as outlined (Table 19-10). Although clinically 
apparent cerebral edema is often fatal, subclinical cere-
bral edema is present in many patients during therapy for 
ketoacidosis.123 A series of bedside clinical observations 
may facilitate the recognition and prediction of those 
developing cerebral edema during therapy for DKA. The 
series of major and minor criteria proposed by Muir and 
colleagues remains uncorroborated.133

Electrolytes

Potassium should be administered early. Total body po-
tassium may be considerably depleted during acidosis, 
even when the serum potassium concentration is normal 
or elevated. Although potassium moves from intracellu-
lar to extracellular sites during acidosis, the reverse  
occurs during correction of acidosis—particularly when 
exogenous insulin and glucose are available in the circu-
lation. This shift of potassium back to the intracellular 
compartment may result in life-threatening hypokalemia. 
Therefore, after the initial fluid replacement of approxi-
mately 20 mL/kg of isotonic saline (0.9%) has been pro-
vided, potassium should be added to subsequent infusates 
if urinary output is adequate. Serum potassium concen-
tration should then be monitored, initially at 1 to 2 hours 

intervals and periodically thereafter. Complete replace-
ment of body potassium stores may not occur until after 
the patient has resumed oral feeding.

An electrocardiogram provides a rapid assessment of 
serum potassium concentration. T waves are peaked in 
hyperkalemia and are low and associated with U waves in 
hypokalemia. Because the total potassium deficit cannot 
be replaced within the initial 24 hours of treatment,  
potassium supplementation should continue as long as 
fluids are administered intravenously (see Table 19-9).

It is almost inevitable that the patient will receive an 
excess of chloride, which may aggravate acidosis. The 
extent of acidosis, however, can be reduced by substitu-
tion of phosphate—which is also significantly depleted  
in diabetic ketoacidosis. Moreover, phosphate in con-
junction with glycolysis is essential to the formation  
of 2,3-diphosphoglycerate (2,3-DPG)—which governs  
the oxygen dissociation curve. During deficiency of  
2,3-DPG, the oxygen dissociation curve is shifted to the 
left (i.e., more oxygen is retained by hemoglobin and less 
is available to tissues, a situation that predisposes to lactic 
acidosis).

Acidosis per se tends to shift the oxygen dissociation 
curve toward the right (Bohr effect) and thus partially 
“compensates” for 2,3-DPG deficiency. As acidosis re-
sulting from the accumulation of ketones is corrected by 
the provision of insulin, with or without administration 
of bicarbonate, the effects of 2,3-DPG deficiency may no 
longer be compensated for and the release of oxygen to 
tissues may again be impaired. Exogenous phosphate, by 
contributing to the formation of 2,3-DPG, permits the 
oxygen dissociation curve to shift to the right and thus 
facilitates release of oxygen to tissues and aids in the  
correction of acidosis. Furthermore, resistance to insulin 
action is associated with hypophosphatemia. Therefore, 
the use of phosphate is recommended (the administra-
tion of potassium phosphate is outlined in Box 19-2). 
Because the excessive use of phosphate may result in 
hypocalcemia, serum calcium should be measured  
periodically.136 Symptomatic hypocalcemia should be 
corrected with calcium gluconate, and some of the  
potassium chloride should be temporarily substituted 
for potassium phosphate.

Category
Onset 
(Hour)

Peak 
(Hour)

Duration 
(Hour)

Rapid-acting insulin lispro, aspart, and glulisine 0.25-0.5 0.5-1 3-5
Short-acting regular 0.5-1 2-4 4-8
Intermediate-acting NPH 2-4 4-10 12-18
Long-acting insulin glargine and detemir 2-4 N/A 18 . 24
Premixed
Mix 25 (75% NPH/25% lispro) 0.25-0.5 1-2 12-18
NovoLog mix (70% NPH/30% aspart) from living 

with diabetes
0.25-0.5 1-2 12-18

TABLE 19-10  Pharmacodynamic Properties of Common Insulin 
Formulations

NPH, Neutral protamine Hagedorn.
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Alkali Therapy

With provision of fluids, electrolytes, glucose, and insu-
lin, metabolic acidosis is usually corrected through the 
interruption of ketogenesis, the metabolism of ketones 
to bicarbonate, and the generation of bicarbonate by 
the distal renal tubule. Concern regarding the thera-
peutic administration of bicarbonate centers on four 
issues: alkalosis, by shifting the oxygen dissociation 
curve to the left, may diminish the release of oxygen to 
tissues and therefore predispose to lactic acidosis; alka-
losis accelerates the entry of potassium into cells and 
therefore may produce hypokalemia; the provision of 
bicarbonate according to the calculated base deficit 
overcorrects and may result in alkalosis; and perhaps 
most important, bicarbonate may lead to worsening  
of cerebral acidosis during the time when the plasma 
pH is being restored to normal because HCO3

2 com-
bines with H1 and dissociates to CO2 and H2O to form 
H2CO3.

Although bicarbonate passes the blood-brain barrier 
slowly, CO2 diffuses freely, thereby potentially exacer-
bating cerebral acidosis and possibly cerebral depres-
sion. On the other hand, severe acidosis (with blood pH 
of about 7.1) diminishes respiratory minute volume, 
may produce hypotension by peripheral vasodilation, 
impairs myocardial function, and may be a factor in in-
sulin resistance. For these reasons, administration of 
bicarbonate is recommended only at pH of about 7.1 or 
less (see Table 19-9). At pH of 7 to 7.1, we recommend 
that 40 mEq of HCO3

2/m2 (at pH of less than 7, 80 
mEq of HCO3

2/m2) should be infused over a period of 
2 hours. Acid-base status should then be reevaluated 
before further alkali therapy. Bicarbonate should not be 
given by bolus infusion because it may precipitate  
cardiac arrhythmias. 118,119,137

Insulin Therapy

The continuous low-dose intravenous infusion method, 
in which a priming dose of 0.1 U/kg of regular insulin is 
followed by a constant infusion of 0.1 U/kg/hr, is out-
lined in Table 19-9. This method is effective, simple, and 
physiologically sound—and has gained acceptance as the 
recommended method for administering insulin during 
diabetic ketoacidosis. It provides a constant steady con-
centration of insulin in plasma that approximates the 
peak attained in normal individuals during an oral  
glucose tolerance test. Some practitioners recommend 
insulin to be given at 0.05 U/kg/hr and claim equal effi-
cacy in correcting acidosis without the rapid decline in  
glucose concentration. Controlled trials comparing the 
0.1 U/kg/hr with the smaller 0.05 U/kg/hr have not been 
performed. Also, the priming dose of insulin is not  
recommended as essential.118

Presumably, the same steady concentration is attained 
at the cellular level and permits a steady metabolic re-
sponse without the fluctuations that must occur with inter-
mittent injections of insulin. Concern that the insulin may 
adhere to glass and tubing has proved to be unfounded, 
and effective delivery of insulin can be provided without 
the addition of albumin or gelatin to the infusate.  
Although insulin infusion can be provided by gravity drip 

without the use of a special pump, such a pump is helpful 
and used in most intensive care unit (ICU) settings. A 
separate infusion set for insulin connected to the infusion 
line used for fluid and electrolyte therapy is recommended 
so that adjustments in the dosage of each can be made  
independently. After the amount of insulin has been calcu-
lated, for the initial 6 to 8 hours this quantity is diluted in 
a 50-mL syringe containing 0.9% saline infused via a 
separate pump but connected to the fluid infusate (see 
Table 19-9 for specific instructions).

When the blood glucose concentration approaches 
300 mg/dL, the ongoing potassium requirement is added 
to 5% glucose in 0.2 to 0.5 N saline (see Table 19-9) and 
the rate of insulin infusion may be reduced from 0.1 to 
0.05 U/kg/hr, provided acidosis is correcting. The rate 
of insulin infusion should, however, be periodically  
adjusted based on recovery of acidosis and the blood 
glucose response of each individual. 118,119,137

In treating diabetic ketoacidosis, it is regularly ob-
served that blood glucose concentration corrects more 
quickly than pH or plasma bicarbonate.137,138 Insulin 
must be provided by infusion or subcutaneous injection 
as long as acidosis persists, even if glucose approaches 
300 mg/dL. It may be necessary to add glucose to the 
infusate while continuing insulin infusion at a rate of  
0.05 to 0.1 U/kg/hr until acidosis is corrected. If acidosis 
persists despite these measures, a cause such as gram-
negative sepsis should be considered.

The essential steps in managing diabetic ketoacidosis 
are summarized in Table 19-9 and Box 19-2. When 
acidosis is corrected, the continuous infusion may be 
discontinued and insulin immediately given by subcuta-
neous injection at a dosage of 0.2 to 0.4 U/kg every 6 to  
8 hours while the glucose infusion is maintained until 
the child can fully tolerate food. Subcutaneous injections 
of regular insulin at dosages of 0.2 to 0.4 U/kg every  
6 to 8 hours before meals should be continued for a full 
24-hour day after the child is eating. The blood glucose 
level should be monitored before and 2 hours after each 
meal, with the insulin dose adjusted to maintain blood 
glucose concentration in the range of 80 to 180 mg/dL. 
The total dose of regular or fast-acting insulin used in 
this representative day serves as a guide for subsequent 
insulin treatment with a combination of intermediate of 
long-acting as well as short-acting insulin, as described 
later in the chapter.

Ketonemia and ketonuria may persist despite clinical 
improvement. The nitroprusside reaction routinely 
used to measure ketones reacts with acetoacetate and 
weakly with acetone but not with b-hydroxybutyrate. 
The usual ratio of b-hydroxybutyrate to acetoacetate 
is approximately 3:1 but is commonly 8:1 or more in  
diabetic ketoacidosis. With correction of acidosis,  
b-hydroxybutyrate dissociates to acetoacetate—which is 
identified by the nitroprusside reaction. Therefore, per-
sistence of ketonuria for 1 or more days may not reliably 
reflect the clinical improvement and should not be  
interpreted as an index of poor therapeutic response. 
Bedside meters for measuring b-OH butyrate in blood 
have been introduced in some units.139 A campaign 
of advertising the symptoms and signs of diabetes  
in childhood to schools and primary care providers  
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was reported to markedly reduce the rates of DKA at 
diagnosis over a period of 8 years.140

TREATMENT OF TYPE 1 DIABETES MELLITUS 
(T1DM)
General Principles
Optimal management of the child with T1 and T2DM 
requires an integrated approach, taking into account the 
overall level of functioning of the child and family, the 
nutritional and lifestyle patterns specific to that child, 
and attention to the overall developmental stages of 
childhood and adolescence. There is no one appropriate 
insulin regimen or meal plan. The overriding principle 
should be that the diabetes care plan should fit wherever 
possible into the surrounding home and school environ-
ments, and that the primary childhood tasks of education, 
socialization, growth, and maturity continue unhindered 
by the extra responsibilities diabetes care entails.

This daunting task of assisting families in managing 
diabetes is best accomplished by a multidisciplinary team, 
consisting of physicians, nurse educators and practitio-
ners, dietitians, and mental health professionals, all 
trained and experienced in the nuances of diabetes care in 
children. Children with diabetes should be seen by the 
team at frequent intervals (usually every 3 months in  
established patients) for assessment of glycemic control, 
growth, and development; evaluation for related disor-
ders and complications; education; troubleshooting; 
problem solving; and screening for adjustment problems 
that may affect diabetes or the overall health of the child.

Goals of Therapy
The Diabetes Control and Complications Trial (DCCT) 
established that intensive glycemic management leading 
to near normal glucose and A1c levels significantly re-
duced the risk of developing long-term complications 
and the benefits of this reduced risk outweighed the 
threefold increase in the risk of severe hypoglycemia. 141 
Slowing the development of early retinopathy was ob-
served in the DCCT subgroup of intensively treated  
adolescents, as well as in adults in the study.142 In the 
Epidemiology of Diabetes Interventions and Complications 
(EDIC) Study, the observational follow-up to the DCCT, 
a continued increase in risk of complications was seen in 
the former conventional treatment group years after the 
end of the randomized control trial despite improved 
metabolic control in the former conventional treatment 
group, indicating that near normal glucose and A1c levels 
should be achieved and maintained in patients with T1D 
as early in the course of the disease as possible.143 As 
a result of this evidence, current recommendations man-
date that youth with T1DM should aim to achieve 
plasma glucose and HbA1c levels as close to normal as 
possible, as early in the course of the disease as possible, 
and with as few severe hypoglycemic events as possible.

With respect to specific targets, the American Diabetes 
Association treatment guidelines indicate that HbA1c 
targets should be adjusted based on the age of the child: 
namely , 8.5% in children , 8 years of age, , 8% in 

7- to 12-year-olds, and , 7.5% in teenagers.144 Higher 
HbA1c levels were suggested for very young children 
because of the potential risk of recurrent hypoglycemia on 
the developing brain. There are many problems with this 
approach, including the emerging evidence that chronic 
hyperglycemia is also detrimental to the developing brain. 
In contrast, the International Society for Pediatric and 
Adolescent Diabetes (ISPAD) guidelines recommend a 
target HbA1c of , 7.5% for all pediatric patients with 
strong emphasis placed on individualizing glucose targets 
to promote normoglycemia while preventing severe or 
frequent hypoglycemia.145

Types of Insulin
Currently available insulins are classified based on their 
duration of action as rapid, short, intermediate, and long 
acting, and each is available in a concentration of 100 U/mL 
(U-100). A higher concentration (U-500) of human regular 
insulin is available for the patient who has severe insulin 
resistance. Appropriate dilutions can be prepared for 
younger patients requiring low doses. The development 
of recombinant DNA technology to synthesize human 
insulin and human insulin analogs has changed the face 
of insulin treatment.

The aim of insulin replacement therapy is to simulate the 
normal pattern of insulin secretion as closely as possible 
(Figure 19-11 and 19-12). This aim can best be achieved 
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FIGURE 19-11 n A and B, Representation of the normal relation-
ships among food intake, blood glucose, and serum insulin 
concentration. Note that glucose concentration is maintained 
between 80 and 140 mg/dL. Note also the precise release of  
insulin that has passed through the portal circulation synchro-
nous with and proportional to the food-induced glycemic excur-
sions. Compare and contrast these patterns with the time pat-
tern of insulin action after subcutaneous injection of Aspart/
glulisine/lispro, Regular, NPH, and glargine/detemir insulins.



19  Diabetes Mellitus 873

through the use basal-bolus therapy using multiple daily 
injections (MDI) or continuous subcutaneous insulin infu-
sion (CSII) pump therapy. Until recently, options for insulin 
formulations were limited. Today, there are more than  
10 varieties of biosynthetic human and analog insulins, in-
cluding human regular insulin, human NPH insulin, long-
acting insulin analogs, rapid-acting insulin analogs, and 
several kinds of premixed insulins (see Table 19-10).

Human Regular Insulin

Human regular insulin was a mainstay of insulin man-
agement of youth with T1D until the early 2000s when 
the advent of rapid-acting insulin analogs virtually elim-
inated its use in children and adolescents, except for in-
travenous administration. The delayed absorption and 
prolonged duration of action of the large premeal bolus 
doses of regular insulin that are required by adolescents 
with T1D to overcome the insulin resistance of puberty 
contributed to problems with hyper- and hypoglycemia 
in this age group.142 Regular insulin remains the insulin 
of choice for intravenous infusion in the treatment of 
diabetic ketoacidosis. A special U-500 (500 units/mL) 
formulation of regular insulin as is available for use in 
patients with severe insulin resistance who require very 
large daily doses of insulin.

Rapid-Acting Analogs

Lispro (Eli Lilly), aspart (Novo Nordisk), and glulisine 
(Sanofi) insulins are produced by amino acid substitutions 
in the C-terminal region of the B-chain that reduce the 
affinity of insulin molecules to self-aggregate into hexam-
ers. These modifications allow more rapid absorption of 
the analog into the bloodstream after subcutaneous  
injection. In comparison to regular insulin, the faster  
absorption of rapid-acting analogs results higher and 
sharper peaks and shorter duration of action, pharmaco-
kinetic and pharmacodynamic effects that reduce the  
risk of late postprandial hypoglycemia and temper early 

postmeal hyperglycemia.146,147 Puberty does not appear 
alter the pharmacokinetics of premeal boluses of rapid 
analogs, but the insulin resistance of puberty reduces  
the ability of these insulins to stimulate glucose metabo-
lism.148 Rapid-acting insulin may be safely mixed with 
intermediate-acting insulins, but mixing with long-acting 
insulin is not recommended, as such mixing markedly  
attenuates the peak action of the rapid-acting analog.149,150 
All three rapid-acting analogs may be used in an insulin 
pump, and studies have shown them to be safe and effec-
tive.151,152 Lispro and aspart insulin may be diluted to 
concentrations less than U-100 such as U-50 or U-25  
using diluents obtained from the manufacturer. Diluted 
insulin is used in very young children and others who are 
sensitive to insulin and could benefit from the more  
accurate dosing. Rapid-acting insulin analogs can be given 
intravenously, but they have not been shown to be supe-
rior to regular insulin.153

Intermediate-Acting Insulin

Neutral protamine Hagedorn (NPH) is now the only 
available intermediate-acting insulin. Although the delay 
in peak action of NPH given before breakfast provides a 
means to cover lunchtime glucose excursions, NPH is 
less than satisfactory for overnight basal insulin replace-
ment.154 As with regular insulin, the advent of long-
acting insulin analogs has largely replaced NPH in 
basal-bolus MDI treatment in pediatrics. However, the 
combination of NPH in the morning before breakfast 
and long-acting insulin before dinner has been shown  
to be an effective initial treatment of newly diagnosed 
children and adolescents with T1DM.155

Long-Acting Insulin Analogs

Glargine (Lantus manufactured by Sanofi) and detemir 
(Levemir manufactured by Novo Nordisk) were the 
first two commercially available long-acting insulin  
analogs that were developed to meet the body’s basal 
insulin requirements for regulating hepatic glucose  
production. Insulin glargine is an analog of human  
insulin with C-terminal elongation of the beta chain by 
two arginine residues and replacement of asparagine in 
position A21 by glycine. This analog is soluble in the 
acidic solution in which it is packaged but relatively 
insoluble in the physiologic pH of the extracellular 
fluid. Consequently, microprecipitates of glargine insu-
lin are formed following subcutaneous injection, which 
markedly delays its absorption into the systemic circula-
tion. The action of insulin detemir is prolonged by the 
addition of a fatty acid side chain that promotes revers-
ible binding with albumin in the interstitial fluid and in 
the circulation.

Pharmacokinetic and pharmacodynamic studies have 
demonstrated that these long-acting insulin analogs have 
flat and prolonged time-action profiles. However, com-
pared to glargine, detemir has been shown to have a 
more consistent pharmacokinetic profile in children and 
a more consistent pharmacodynamic profile in adults 
with T1DM.156,157 Anecdotal evidence suggests that basal 
insulin replacement with insulin detemir is more likely  
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FIGURE 19-12 n Three-dose insulin regimen. The morning dose 
is composed of a combination short- and intermediate-acting 
insulin of one half to two thirds of the total daily dose. The 
short-acting dose before supper covers the anticipated glyce-
mic elevation with dinner. The long-acting insulin is not given 
until bedtime so that the peak effect is delayed. (Redrawn from 
Schade, D. S., et al. (1983). Intensive insulin therapy. Belle Mead, 
NJ: Excerptal Medica.)
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to require two daily injections more frequently than 
treatment with insulin glargine.

Insulin degludec is a new, ultra-long-acting insulin 
that is a product of coupling of Des-B30 threonine insu-
lin to fatty acid side chains. After injection, degludec 
self-associates, forming long chains of insulin that dis-
sociate very slowly. Plasma insulin levels rise reach peak 
concentrations 10 to 12 hours after an injection and  
the half-life is between 17 to 21 hours, roughly double  
the duration of action of insulin glargine. There is little 
information regarding the use of this insulin in pediatrics 
at this time.

Premixed Insulin

Various premixed insulin formulations, combining either 
rapid-acting insulin analogs or regular insulin with NPH 
or intermediate-acting insulin analogs, are currently avail-
able. The percentage of rapid acting/regular to interme-
diate acting varies with the formulation. The practical 
advantage of premixed insulins to cover both short- and 
intermediate-term insulin needs in a single shot is also 
their greatest limitation. There is less flexibility when  
using premixed insulin for adjusting the individual insulin 
components, and this can be particularly problematic in 
young children or those with variable food intake. Use of 
premixed insulin has been generally limited to patients 
and families who have difficulties managing more compli-
cated treatment regimens.

Syringes versus Pens

Insulin syringes come in a variety of sizes that are  
particularly useful in young children. In addition to the 
traditional 100-unit (1-mL) syringe marked in 2-unit 
increments, 50-unit (0.5-mL) and 30-unit (0.3-mL)  
syringes are available that are marked in single-unit in-
crements, and 30-unit syringes with 1⁄2-unit markings 
can also be ordered. These syringes are available with 
needle lengths from 8 to 13 mm. Insulin pens are also 
available, both in as disposable pens and a reusable pens 
with disposable cartridges. Currently, the disposable 
pens only allow for 1-unit doses, which may be problem-
atic for very young children who might need 1⁄2-unit 
dosing. On the other hand, there are reusable cartridge 
pens that allow for 1⁄2-unit dosing.

Initiating Insulin Therapy

Most newly diagnosed patients who present with symp-
toms of diabetes or are in diabetic ketoacidosis (DKA) 
require upward of 1 U/kg/day at the start of insulin treat-
ment. For asymptomatic patients who are “incidentally” 
diagnosed with diabetes during a routine sports physical 
or a well-child exam, starting doses may only need to be 
,0.5 U/kg/day. The goal of initial insulin therapy in 
children with T1D should be to achieve near normogly-
cemia over the first few weeks of treatment in order to 
give the child the opportunity to enter the “honeymoon,” 
or partial remission phase. The honeymoon period results 
from a combination of improved function of residual  
beta cells and reversal of the insulin resistance that  

accompanies uncontrolled diabetes. Prompt achievement 
of optimal control rather than the methods used to 
achieve good control appears to be the most important 
factor in obtaining these outcomes.158 The ability to 
achieve target A1c levels with little or no severe hypogly-
cemia is greatly enhanced in T1D patients with residual 
beta-cell function.159

Some centers admit all newly diagnosed patients to 
the hospital for initial diabetes education and insulin dose 
titration, but others have effective outpatient treatment 
protocols. During the 2 to 3 weeks following discharge, 
insulin doses are titrated toward target premeal glucose 
values of 70 to 130 mg/dL during daily telephone contact; 
patients are seen in follow-up clinic visits, approximately 
2, 6, 13, 26, 39, and 52 weeks following diagnosis.

INSULIN REGIMENS

Plasma insulin levels in nondiabetic individuals are charac-
terized by relatively low basal levels on which are superim-
posed meal-stimulated spikes in insulin concentrations. 
Current intensive treatment regimens attempt to simulate 
this pattern of plasma insulin fluctuations by employing a 
basal-bolus approach to insulin replacement. Because  
exogenous insulins are injected or infused subcutaneously 
rather than directly into the portal vein, their rates of  
absorption may be variable. Also, the dose that is injected 
is determined empirically, so it lacks the precision of en-
dogenously secreted insulin. Thus, no insulin replacement 
regimen will precisely duplicate the pattern of normal in-
sulin secretion; there will be periods of increased plasma 
insulin concentrations that may produce hypoglycemia 
and periods of low insulin levels that lead hyperglycemia. 
Therefore, the goal of current insulin regimens is to mini-
mize the frequency and severity of excursions into the 
hyper- and hypoglycemic range.

The DCCT and EDIC studies established basal-bolus 
therapy using either MDI or CSII as the gold standard of 
treatment of T1D. However, insulin only works if the 
youngster receives it, and other factors must be addressed 
when determining the best insulin regimen for an indi-
vidual patient. These factors include the availability of an 
adult parent/guardian to supervise insulin administra-
tion, the ability to count carbohydrates and monitor 
blood glucose (BG) levels, and the willingness to wear a 
pump or take four or more injections of insulin daily.

Multiple Daily Injection (MDI) Regimens
MDI regimens attempt to replicate normal insulin secre-
tion through the use of a long-acting insulin analog to 
replace basal insulin needs along with bolus injections of 
rapid-acting insulin analog to cover food intake and to 
correct elevations in blood glucose levels. Either once or 
twice daily glargine or detemir may be used for basal  
insulin coverage. Typically, basal insulin accounts for  
approximately 40% to 50% of the insulin total daily dose 
(TDD). However, children younger than 5 years of age 
often require basal insulin doses that are 30% to 40% of 
TDD, and there is considerable variability between  
patients. Once-daily glargine or detemir may be given 
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either in the morning or in the evening. Although this 
has not been well studied in pediatric patients, patients 
treated with detemir may be more likely to need twice-
daily injections than those treated with glargine. Some 
pediatric practitioners mix long- and rapid-acting insulin 
in order to reduce the number of injections, but studies 
indicate that such mixing markedly blunts and delays the 
absorption and action of the rapid-acting insulin compo-
nent of the mixture.149,150

Any one of the rapid-acting insulin analogs may be 
used to cover bolus insulin needs. Ideally, the rapid- 
acting insulin bolus is given 10 to 15 minutes before eat-
ing, but this is a difficult goal to achieve in many youth 
with T1D. For the most precise dosing of bolus insulin, 
it is necessary to use an insulin-to-carbohydrate (ICR) 
ratio and insulin sensitivity or correction factor, as well as 
the rate and direction of change in sensor glucose levels 
in patients using continuous glucose monitoring devices. 
The ICR is defined as the grams of carbohydrate that  
1 unit of insulin will cover. This ratio may be determined 
using the 500 rule; namely, dividing 500 by the total daily 
insulin dose (TDD) will give a starting point for the car-
bohydrate ratio. For example, in a teenager with a TDD 
of 50 units, 1 unit of insulin will cover 10 grams of car-
bohydrate (500/50 5 10). It should also be noted that the 
ICR frequently differs by time of day, as more insulin is 
often needed per gram of carbohydrate before breakfast 
and less may be given to cover bedtime snacks. Accuracy 
in determining the carbohydrate content of meals is of 
utmost importance but often a problem in adolescents. 
Teens tend to underestimate the number of carbohy-
drates in their meal, and refresher meetings with a dietitian 
can reinforce the importance of maintaining mastery of 
this skill.

In addition to meal coverage, a correction dose of 
rapid-acting insulin should be given at meal times in or-
der to “fix” an elevated blood glucose levels. Correction 
doses may also be given at other points in the day for the 
same reason. Traditional “sliding scale” insulin doses 
based on blood glucose levels have given way to a more 
sophisticated dosing algorithms based on an insulin sen-
sitivity factor (ISF); namely, how much will blood glucose 
be lowered by 1 unit of insulin. The ISF may be deter-
mined using the 1800 rule: divide 1800 by the TDD. The 
correction dose can then be calculated according to the 
following equation:

(Actual BG 2 Target BG)/ISF 5 
 Number of units of insulin

No matter how they are initially calculated, ICRs and 
ISFs are subsequently adjusted based on glucose moni-
toring results.

Particular advantages of basal-bolus MDI regimens 
are that they try to mirror the physiologic model of insu-
lin secretion, increase flexibility in the timing and size of 
meals, and provide more opportunities to “course  
correct” throughout the day in response to abnormal 
glucose excursions. A particular disadvantage of these 
regimens is that they require a large number of daily in-
jections. Indeed, because of the flat time-action profile of 
the long-acting basal insulin analogs, basal-bolus MDI 

treatment puts a premium on compliance with premeal 
bolus dosing. Without bolus doses of rapid-acting insu-
lin, long-acting basal insulin alone cannot prevent marked 
postprandial hyperglycemia. However, strict adherence 
to premeal bolus dosing is difficult for teenagers with 
T1D, even when it is made as easy as possible to accom-
plish with an insulin pump. These are some of the  
reasons why mean A1c levels in pediatric patients, espe-
cially adolescents, with T1DM, remain well above the 
target levels recommended by the ADA and ISPAD  
(Box 19-3).160

Insulin Pump Therapy
The first successful studies of effectiveness of CSII were 
carried out in children in the 1980s,161 but it was not 
until the early 2000s that the use of CSII in pediatrics 
took hold.162 Since then, CSII has been shown to be 
more effective in lowering A1c compared to injection 
therapy in randomized and nonrandomized pediatric 
studies and to be associated with improved patient satis-
faction and reduced frequency of hypoglycemia.163 Some 
of the practical benefits of CSII compared to MDI are 
listed in Box 19-4. From the pediatric practitioner 
perspective, the memory function that records all pump-
related activities is especially important. A specific risk of 
pump therapy is that prolonged accidental or purposeful 
interruption of insulin delivery over several hours can 
lead to the development of ketones and DKA because the 
patients are only receiving rapid-acting insulin.164 This 
risk can be reduced or eliminated by regular blood glu-
cose testing and standard patient protocols for managing 
hyperglycemia.

Indications for Pumps in Pediatrics
In 2006, an international consensus conference of lead-
ing pediatric diabetes specialists was convened to develop 

BOX 19-3 Levels of Treatment: Biochemical 
and Clinical Characteristics

mINImal

• HbA1c 11%-13%, GHb 13%-15%
• Many SMBG values of 300 mg/dL
• Almost constantly positive urine glucose tests
• Intermittent spontaneous ketonuria

aVEragE

• HbA1c 8%-9%, GHb 10%-11%
• Premeal SMBG 160-200 mg/dL
• Intermittent positive urine glucose
• Rare ketonuria

INTENSIVE

• HbA1c 6%-7%, GHb 7%-9%
• Premeal SMBG 70-120 mg/dL; postmeal SMBG, 

180 mg/dL
• Essentially no positive urine glucose or ketones

GHb, glycosylated hemoglobin; HbA1c, glycohemoglobin; SMBG, 
self-monitored blood glucose.
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treatment guidelines for the use of CSII in children  
and adolescents.165 These experts agreed that CSII was 
indicated for pediatric patients who had the following 
conditions:

• Elevated A1c levels on injection therapy
• Frequent severe hypoglycemia
• Widely fluctuating glucose levels (regardless of A1c)
• A treatment regimen that compromises lifestyle
• The presence of microvascular complications or risk 

factors for macrovascular complications
CSII was also thought to be beneficial in athletes, 

very young children, adolescents with eating disorders, 
patients with a pronounced dawn effect, ketosis-prone 
patients, pregnant teens (ideally preconception), and 
children with pronounced needle phobia.165

Ideal candidates for CSII include motivated families 
who are committed to monitoring the BG at least four 
times per day and have a working understanding of basic 
diabetes management, especially carbohydrate counting 
and using ICR and ISF to calculate insulin doses. HbA1c 
level also plays a role in determining readiness for CSII, 
although it is less important than the factors listed earlier. 
We generally prefer to have A1c levels below 8.5% be-
fore transition to pump treatment. The age of the patient 
and duration of diabetes should not be factors in deter-
mining when patients will transition from injections to 
CSII. In fact, it is increasingly clear that infants, toddlers, 
and preschoolers are probably the ideal pediatric patients 
for CSII, because it lowers A1c, reduces the frequency of 
severe hypoglycemic episodes, and improves the quality 
of life of parents.166,167 Moreover, starting newly diag-
nosed patients immediately on pump therapy is an  
increasingly common practice.

Pump Features
Insulin pump therapy uses only a rapid-acting insulin 
analog to deliver 24/7 insulin coverage. A reservoir for 
the pump is filled with several days’ worth of insulin. In 
conventional pumps, the reservoir attaches to a variable 
length of tubing, which in turn attaches to a small  
catheter or steel needle that is inserted into the subcuta-
neous tissue. Most common sites for insertion include 
the buttocks, abdomen, upper leg/hip, and some children 
use their arms. Insertion of the infusion set is done by 

either the child or caregiver and should be done every  
2 to 3 days or whenever persistently high BG values indi-
cate a potential site failure. The Omni Pod is a “patch 
pump” in which both the mechanics to drive the pump 
and the insulin are contained in a disposable “pod.” This 
pod is attached to the surface of the skin and includes  
an integrated catheter, which allows for subcutaneous 
delivery of the insulin. Insulin doses programmed by the 
patient/caregiver throughout the day are delivered by 
way of a hand held device, which wirelessly communi-
cates with the patch.

Most currently available insulin pumps are “smart” 
pumps into which both ICRs and ISFs are programmed 
to create a bolus calculator. Some pumps have the ability 
to receive and integrate blood glucose values into their 
bolus calculator through a wireless link with a specific 
blood glucose meter. Bolus doses can be administered 
over a few minutes or as square-wave and dual-wave 
boluses over a longer period of time. Ideally, bolus doses 
should be delivered 10 to 15 minutes before the meal in 
order to minimize postmeal excursions.168 In young 
children and picky eaters, a small priming bolus of insu-
lin can be given before the meal, followed by additional 
bolus doses depending on how many carbohydrates are 
actually consumed.

Basal insulin needs are covered by the rapid-acting 
insulin, which is delivered through a preprogrammed 
“basal pattern.” This pattern can be made up of multiple 
different rates, which allow for a waxing/waning pattern 
of basal insulin delivery. In addition, most pumps allow 
for multiple 24-hour basal patterns to be preprogrammed 
and stored in the memory. For example, some of our 
adolescents have a basal pattern for school days and one 
for weekends to account for their tendency wake up 
much later on weekends and holidays. Finally, temporary 
changes can be made to the basal insulin pattern, which 
can be an effective tool for dealing with exercise or sick 
day management.

NPH-Based Treatment Regimens
The “split-mixed” regimen consisting of two daily doses 
of NPH and regular insulin that were mixed together in 
the same syringe was a standard approach to insulin re-
placement in pediatrics for decades. The regular insulin 
component was replaced by rapid-acting insulin analogs 
when lispro insulin was introduced. Patients started on 
this approach generally receive two thirds of the total 
daily dose before breakfast and one third before dinner. 
Each injection starts with approximately two thirds of 
NPH and one third of rapid-acting analog. Individual 
components of the regimen are subsequently adjusted 
based on blood glucose testing results.

This conventional treatment regimen is almost al-
ways inadequate for patients with T1DM who have no 
residual endogenous insulin secretion due the limita-
tions of both the pre-breakfast dose of NPH to cover 
lunch and the pre-dinner dose of NPH to provide basal 
insulin replacement during the overnight period. The 
conventional twice a day regimen can still play a role in 
newly diagnosed patients—who frequently go through a 
“honeymoon” or partial remission period of diabetes. 

BOX 19-4 Practical Benefits of CSII

• Basal infusion rates adjustable up to every 30 minutes
• Programmable temporary basal rates
• Preprogrammable alternate basal rate profiles
• One site insertion every 2 to 3 days (versus many injec-

tions each day)
• Dose calculator
• Pump history functions and ability to upload data to 

data management systems
• Customizable square wave and dual wave boluses
• Ability to program temporary basal rates for sick days 

and during and after exercise
• Ability to deliver very small (0.025 to 0.05 units) doses 

of insulin
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During the honeymoon, insulin requirements rapidly 
decrease and the doses of rapid-acting insulin may even 
be discontinued due to low pre-lunch and bedtime glu-
cose levels. A major reason the two daily injections regi-
men is effective during the honeymoon period is that 
stimulation of endogenous insulin secretion curbs post-
meal glucose excursions and it provides much of the 
overnight basal insulin requirements, leading to normal 
fasting blood glucose values. Conversely, increased and 
more labile pre-breakfast glucose levels often herald the 
loss of the relatively small amount of residual endoge-
nous insulin secretion required for overnight glucose 
control. An alternative to the twice-a-day NPH is to 
retain the pre-breakfast mixture of NPH and rapid- 
acting insulin, cover dinner with rapid-acting analog, 
and use glargine or detemir (given before supper or  
bedtime) for overnight basal replacement. This modified 
twice-a-day conventional insulin regimen has been 
shown to be effective in achieving target A1c levels dur-
ing the first year of treatment of T1D.155

Blood Glucose Monitoring
The safety and success of any insulin regimen depend 
on frequent monitoring of blood glucose levels. Inten-
sive diabetes control would have been impossible with-
out the development of accurate and easy-to-use home 
glucose meters and HbA1c levels in adults and children 
with T1DM are inversely correlated with the daily  
frequency of blood glucose monitoring. Many brands 
of glucose meters are commercially available, most of 
which are accurate to within about 5% to 10% of  
laboratory measurements.169,170 Current models utilize 
glucose-oxidase-based electrochemical methods. The 
meters are fast and require very small volumes of blood 
(0.1 mL). The smaller blood volume requirement has 
allowed alternate site testing (e.g., forearm), which  
may minimize discomfort and improve adherence to 
self-monitoring regimens.

A key component of intensive insulin management is 
regular adjustment of insulin doses based on changes  
in glucose control and on daily activity. Frequent blood 
glucose monitoring, with a minimum of four tests per day, 
premeals, and at bedtime, should be the goal. In addition 
to the traditional four blood glucose tests, many patients 
benefit from strategically adding further tests, such as  
2 hours after meals, overnight and before/after exercise in 
order to develop a more robust picture of daily glucose 
trends. Testing should also be done whenever the symp-
toms of hypoglycemia occur.

The special challenge of managing T1D during child-
hood and adolescence is that insulin requirements are 
always changing. Thus, simply measuring blood glucose 
and giving immediate correction doses are insufficient 
for long-term glycemic control in pediatrics. Instead, 
parents and patients need to be instructed on how to 
recognize trends that indicate that patients have out-
grown their insulin dose(s) and how to make their  
own adjustments in the regimen.171 Pattern recognition 
requires maintaining and reviewing an electronic of writ-
ten log of blood glucose levels over time. Unfortunately, 
evidence indicates that too few families are downloading 

and reviewing glucose meter data and making insulin 
self-adjustments.172

Continuous Glucose Monitoring
Even when families regularly test blood glucose levels, 
they only see the “tip of the iceberg” when it comes to 
daily fluctuations in glucose levels.173 Thus, the introduc-
tion of real-time continuous glucose monitoring (CGM) 
systems has the potential to revolutionize insulin man-
agement. Currently available CGM devices are inserted 
subcutaneously and measure interstitial fluid glucose 
concentrations using glucose-oxidase–based electro-
chemical methods. Sensor glucose are reported in real 
time , every 5 minutes with rate of change values 
and 1- to 24-hour retrospective profiles. This wealth of 
information allows for adjustments in insulin doses  
based on a retrospective analysis as well as immediate, in 
the moment adjustments. Web-based data managing  
systems are available to assist patients and clinicians  
in evaluating sensor data alone or in combination with 
insulin pump data.174

JDRF CGM Randomized Control Trials demon-
strated that adults who used CGM the on a nearly daily 
basis significantly lowered HbA1c levels without in-
creasing the risk of hypoglycemia and those who have 
already achieved A1c targets can better maintain this 
level of control with the use of CGM.175 This held true 
for youth who were willing to wear the sensor almost 
every day as well. Unfortunately, far fewer children and 
adolescents were able to achieve the goal of almost daily 
wear. Indeed, in current pediatric practice in the United 
States, , 5% of pediatric patients are currently using 
CGM.172 Thus, improvements in the CGM devices, in-
cluding integration in sensor-augmented pump systems, 
are needed for these devices to fulfill their promise in 
improving clinical outcomes in children and adolescents 
with T1D.

Medical Nutrition Therapy
Proper nutritional management is critical to the short- 
and long-term health of children with diabetes. Gener-
ally, terms such as diet should be avoided in favor of meal 
plan or healthy food choices—both for the negative conno-
tation associated with the former and for the simple fact 
that nutritional requirements for normal growth and 
development are the same in diabetic and nondiabetic 
children. Moreover, reasonably accurate estimations of 
the carbohydrate content of meals are important to opti-
mal glycemic control with current basal-bolus treatment 
regimes. Indeed, the popularity of basal-bolus therapies 
and the use of carbohydrate counting to adjust the dose 
of rapid-acting insulin taken with each meal have funda-
mentally changed the treatment paradigm.

The traditional approach of adjusting the patient’s 
lifestyle around fixed insulin doses and fixed amounts of 
carbohydrate intake with each meal has been replaced by 
a more flexible approach that attempts to adjust the insu-
lin regimen to the patient’s lifestyle. The day-to-day 
variations in appetite in children and adolescents make 
the latter approach more likely to be successful. It is  
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important to note that in some patients and some fami-
lies, the traditional approach of trying to consume con-
sistent carbohydrate servings per meal/snack may be 
more successful because it fits their personalities and 
lifestyle better.

The currently favored model of nutritional therapy is 
carbohydrate counting, based on the conceptual model 
of matching carbohydrate “doses” to insulin doses.176,177 
As the total carbohydrate content of foods (rather than 
the type of carbohydrate) has the greatest impact on 
blood glucose, the amount of carbohydrates ingested per 
meal or snack needs to be estimated as accurately as pos-
sible. Although the protein and fat contents of meals do 
affect the pattern of postmeal glucose excursions,178,179 
they are not usually counted in order to simplify the 
procedure. Food labeling requirements have simplified 
the process, as most foods are clearly labeled with the 
number of carbohydrate grams per serving and the serv-
ing size. Foods less easily quantified may be weighed or 
estimated, and eating out may be a particular problem. 
Although the prohibition of “sweets” has been done 
away with, we still recommend that patients drink diet 
rather than regular sodas.

In the flexible approach to nutrition counseling, 
there is no set intake. Rather, the child and parents de-
cide the meal content. The carbohydrates are counted 
and an insulin dose is calculated based on a ratio of  
the number of insulin units per grams of carbohydrate 
determined by the empirical trial-and-error method. 
Actual insulin-carbohydrate ratios vary from child to 
child and in the same child according to the time of day. 
Breakfast often requires relatively more insulin than 
lunch or dinner. Carbohydrate counting can also be 
used in the traditional approach to dietary treatment  
to provide consistent carbohydrate servings per meal/
snack. Indeed, a simple approach that stresses consis-
tency in the timing and size of meals may be effective at 
the time of diagnosis of diabetes—when parents and 
patients are too overwhelmed to be able to learn more 
advanced nutritional concepts.180

The American Diabetes Association’s recommenda-
tions regarding general nutritional principles in diabe-
tes also take into consideration the long-term goal of 
preventing the macrovascular and microvascular com-
plications of diabetes.180 Consequently, heart-healthy 
diets low in cholesterol and saturated fats are encour-
aged. Long-term goals of nutritional management  
of diabetes include maintenance of nutrient intake  
balance of about 50% carbohydrate, 20% protein, and 
30% fat (of which no more than 10% should be satu-
rated). Most important, growth and weight gain should 
be monitored—and regular follow-up with a dietitian 
trained in diabetes management should be encouraged 
to individualize a meal plan for each child based on his 
or her needs and food preferences. We face an epi-
demic of childhood obesity in developed countries, and 
one of the adverse consequences of intensive insulin 
treatment is that 30% to 35% of pediatric patients with 
T1D in the United States are overweight or obese.172 
Thus, any tendency for body mass index (BMI)  
Z scores to increase excessively needs to be dealt with 
promptly.

Exercise
Establishment and maintenance of an active lifestyle 
should be a goal for all children, but especially children 
with diabetes, in order to enhance cardiovascular health. 
Exercise and increased physical fitness are associated with 
improved insulin sensitivity and glucose utilization, the 
clinical correlates of which are lower insulin requirements, 
lower blood pressures, and better lipid profiles. Improve-
ments in physical fitness are also frequently associated with 
greater self-esteem and increased motivation to participate 
in diabetes care.

Despite its benefits, acute bouts of exercise in children 
with T1DM actually make regulation of blood glucose 
levels more difficult. Hypoglycemia is a common compli-
cation during exercise,181 and excessive snacking to pre-
vent hypoglycemia can result in hyperglycemia and  
negate some of the metabolic and cardiovascular benefits 
of exercise. These difficulties are compounded by the  
irregular pattern of physical activity that characterizes 
most youth who are not participating in organized sports 
or regimented training programs and by conventional 
methods of diabetes management that feature fixed basal 
insulin replacement doses. The Diabetes Research in 
Children Network demonstrated that the risk of noc-
turnal hypoglycemia nearly doubled in youth with 
T1D following antecedent afternoon exercise versus 
sedentary days.182

The effects of exercise must be carefully considered in 
the context of the entire diabetes care plan. Children 
participating in school sports or other programs should 
be counseled to monitor blood glucose before, during, 
and after exercise in order to optimize glycemic manage-
ment. In addition, patients and parents should be aware 
that late hypoglycemic effects of afternoon exercise are 
often observed 7 to 11 hours after the bout of exercise in 
the afternoon,183 a phenomenon that appears to be due to 
an increase in nonoxidative glucose disposal during sleep, 
which may serve to support repletion of muscle glycogen 
stores.183

In pump patients, simply suspending the basal infu-
sion rate can markedly reduce the risk of hypoglycemia 
during exercise181—and similar benefits may accrue from 
reducing the overnight basal rates after very active days. 
Studies that have examined methods of managing glyce-
mia during exercise illustrate that there is an almost infi-
nite number of combinations of conditions that need to 
be considered. Because of this complexity, trial and error 
remains the principal method of managing glucose levels 
during and after exercise in children and adolescents with 
T1DM.184

Residual b-Cell Function 
(The Honeymoon Period)
After the initiation of insulin treatment in newly diag-
nosed patients, secretory function of residual beta cells 
improves and the insulin resistance and glucotoxicity of 
decompensated diabetes are reversed—heralding the 
onset of the partial remission (honeymoon period) of 
T1DM.185 Most patients require a progressive reduc-
tion in their daily dose of insulin from $ 1 to # 0.5 U/kg. 



19  Diabetes Mellitus 879

A minority of children (fewer than 5% of patients) can 
even maintain normoglycemia for a time without any 
administered insulin. Although opinion varies, we do 
not discontinue insulin treatment unless a daily dose of 
0.1 U/kg still causes hypoglycemia.

The duration of the honeymoon phase in children with 
T1DM is variable but the lowest HbA1c levels and total 
daily insulin doses (TDD) are usually observed between  
3 and 6 months postdiagnosis and both often rise between 
9 and 15 months.186 With current MDI and CSII treat-
ment methods, the large majority of youth with T1D  
retain substantial residual insulin secretion, as measured 
by C-peptide responses to mixed meal tolerance tests, 
during the first year of their disease, and this can be ex-
tended for several years thereafter with maintenance of 
optimal glycemic control.187 In comparison to patients 
who are C-peptide negative, patients with residual beta-
cell function have lower HbA1c levels and total daily in-
sulin doses—as well as a reduced risk of hypoglycemia.188 
These clinical and metabolic benefits serve as a strong 
rationale for current research involving immune interven-
tions directed at preserving beta-cell function in newly 
diagnosed patients.189 On the other hand, earlier and 
more aggressive application of sensor-augmented pump 
therapy around the time of diagnosis does not appear to 
confer any advantages over standard MDI and CSII with 
respect to HbA1c levels or C-peptide responsiveness in 
youth with T1DM.158

Hypoglycemia
The dark side of intensive treatment regimens that are  
effective in lowering HbA1c levels is that they also in-
crease the risk of hypoglycemia. In the DCCT, intensive 
therapy was associated with an approximate threefold in-
creased risk for severe hypoglycemia versus conventional 
treatment and, irrespective of treatment group, the rate of 
severe hypoglycemia was about 50% higher for adoles-
cents than for adults.143 Hypoglycemia has become the 
most significant barrier to the pursuit and maintenance of 
tight glycemic control among people with T1DM, and 
effectively managing of the risk for hypoglycemia is espe-
cially important in the treatment of children and adoles-
cents with this disease.

The American Diabetes Association defines biochem-
ical hypoglycemia (with or without symptoms) as any 
plasma glucose level , 70 mg/dL.190 In nondiabetic 
adults, this is the plasma glucose level at which counter-
regulatory hormone responses engage and at which 
awareness of symptoms normally occurs. It should be 
noted, however, that such responses may be triggered at 
higher glucose levels in healthy 8- to 16-year-olds and in 
children and adolescents with T1DM who have poor 
glycemic control.191

The two main mechanisms that cause symptoms and 
signs of hypoglycemia are an outpouring of catechol-
amines (which results in pallor, sweating, apprehension, 
trembling, and tachycardia) and the effects of cerebral 
glucopenia, which include hunger, drowsiness, mental 
confusion, seizures, and coma. Mood and personality 
changes may be more subtle cerebral glucopenic effects 
that provide an early clue that plasma glucose has fallen 

to a dangerous level. Symptomatic episodes in which 
patients are able to treat themselves without the assistance 
of others are considered minor or mild hypoglycemia, 
whereas episodes in which there is sufficient cognitive 
impairment that treatment requires the assistance of an-
other person are considered major or severe hypoglycemic 
events. Hypoglycemic events that cause seizures or coma 
are usually classified as a subset of severe hypoglycemia. In 
severe hypoglycemia, ingestion of carbohydrates may be 
precluded due to loss of consciousness, seizures, or coma—
and treatment may require administration of a glucagon 
injection or IV glucose infusion.

In nondiabetic children, the initial response to falling 
plasma glucose levels is a prompt suppression of insulin 
secretion. If plasma glucose continues to fall and thresh-
old values for release of anti-insulin counterregulatory 
hormones are reached, there are abrupt increases in  
circulating concentrations of glucagon and epinephrine. 
Plasma growth hormone and cortisol levels also increase, 
but these hormones are less important in acutely coun-
teracting the effects of insulin. Defective counterregula-
tion occurs in patients with T1DM because exogenously 
supplied insulin levels do not decrease in response to  
low blood glucose levels and the ability to secrete gluca-
gon in response to hypoglycemia is lost early in the 
course of the disease.185,192 Consequently, patients 
with T1DM depend on sympathetic nervous system  
responses—especially increases in plasma epinephrine 
levels—to prevent hypoglycemia.

The episodes of mild hypoglycemia that frequently 
accompany intensive treatment blunt catecholamine  
responses and symptom awareness to subsequent hypo-
glycemic challenges. This phenomenon has been called 
hypoglycemia-associated autonomic failure (HAAF).193,194 
Studies have shown that such defects in counterregula-
tory hormone responses are common in both young 
children and adolescents with T1DM who are well  
controlled.195 Catecholamine responses to hypoglycemia 
are also impaired during sleep, which is an important 
reason why most of the severe hypoglycemia events occur 
during the night.196 As noted earlier, bouts of exercise in 
the afternoon sharply increase the risk of hypoglycemia 
on the following night.184

The use of basal-bolus therapy with insulin analogs 
and insulin pumps has reduced the frequency of severe 
hypoglycemia somewhat but has by no means elimi-
nated this problem. HbA1c levels can be reduced in 
patients who use CGM with or without integration in 
sensor-augmented pump system without increasing the 
risk of hypoglycemia, but severe hypoglycemia remains 
a significant problem.175 In the T1D Exchange Clinic 
Registry that includes .10,000 children with T1D, 
one in 20 patients reported having at least one seizure 
or coma event related to hypoglycemia in the prior  
12 months.172 It is also noteworthy that the risk of 
severe hypoglycemia in patients with HbA1c levels  
. 9.5% in this cohort was similar to that in patients 
with HaA1c levels , 8%. These data indicate that poor-
control, per se, is not an effective strategy for reducing 
the risk of hypoglycemia.172

It is important that the patient and family recognize 
early symptoms and signs of hypoglycemia and known 
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precipitating factors. Mild episodes should be immedi-
ately treated with 10 to 15 g of carbohydrate (e.g., glu-
cose tablets, juice, or glucose gel). Parents and school 
nurses also need to be instructed on how to perform  
injections of glucagon (0.5 to 1.0 mg) when the patient 
has lost consciousness and is unable to swallow exoge-
nous carbohydrate. If exercise has been the precipitating 
factor, the patient should be instructed about preventive 
measures.

Sick Day Management
Children with intercurrent illnesses, such as infections 
or vomiting, should be closely monitored for elevations 
in blood glucose levels and ketonuria. On sick days, 
blood glucose levels should be checked every 2 hours—
and the urine should be checked for ketones with every 
void. Supplemental doses of rapid-acting insulin (0.1 to 
0.3 U/kg) should be given every 2 to 4 hours for eleva-
tions in glucose or ketones. Even in the absence of 
marked hyperglycemia, the presence of ketones indi-
cates insulin deficiency and therefore the need for 
supplemental insulin.

Adequate fluid intake is essential to prevent dehydra-
tion and hasten the excretion of ketones. Fluids such as 
flat soda, clear soups, popsicles, and gelatin water are 
recommended to provide some electrolyte and carbohy-
drate replacement. In the child tolerating oral rehydra-
tion, a fluid “dose” of 1 ounce per year of age per hour 
serves as a rough guideline, the sugar content of which 
depends on the serum glucose. For blood glucose values 
. 200 mg/dL, sugar-free fluids should be given. For 
those levels between 140 and 200 mg/dL, a mixture of 
sugar-free and sugar-containing fluids should be given. 
For blood sugar , 140 mg/dL, only sugar-containing 
fluids should be given.

If emesis precludes normal oral intake, the inter-
mediate or long-acting insulin should be discontinued 
and small frequent doses of short- or rapid-acting  
insulin should be given. In pump-treated patients, 
higher or lower temporary basal rates may also be 
used, depending on changes in glucose and ketone 
levels. Once the ketones have cleared and the child is 
tolerating an oral diet, the family may resume the 
normal routine. If vomiting is persistent and ketones 
remain moderate or large after several supplemental 
insulin doses, arrangements should be made for  
potential hydration and evaluation in a hospital emer-
gency department.

Special attention should be paid to persistent hyper-
glycemia in patients using pump therapy, as use of this 
modality of insulin administration is a risk factor for 
diabetic ketoacidosis (DKA). Because only rapid- 
acting insulin is administered, an interruption of insu-
lin delivery will result in increases in blood and urine  
ketone levels in 4 to 6 hours.164 These interruptions 
are most commonly caused by problems with the infu-
sion set such as kinking or occlusion of the subcutane-
ous catheter. Thus, assessment of hyperglycemia and 
any symptoms of nausea and vomiting must include  
an evaluation of the integrity of the infusion set and 
infusion site.

Associated Autoimmune Diseases
Patients with T1DM are at increased risk for other auto-
immune diseases. These are detailed in Chapter 20 , in the 
discussion of multiple endocrine deficiency syndromes. 
Chronic lymphocytic thyroiditis is frequently associated 
with T1DM in children, and as many as one in five may 
have thyroid antibodies in their serum. Only a small pro-
portion of these patients develop clinical hypothyroidism, 
however. The interval between the diagnosis of diabetes 
and that of thyroid disease averages about 5 years. Physi-
cians should anticipate the possibility of hypothyroidism  
in patients with T1DM by periodic examination of  
the thyroid gland and measurement of serum thyroid-
stimulating hormone (TSH) concentration.

When diabetes and thyroid disease coexist, the possi-
bility of adrenal insufficiency should be considered. This 
may be heralded by decreased insulin requirements,  
increased pigmentation of the skin and buccal mucosa, 
salt craving, weakness, and postural hypotension. Rarely, 
frank Addisonian crisis is the first evidence of adrenal 
failure. This syndrome generally occurs in the second 
decade of life or later.

Celiac disease affects from 1.5% to 4.5% of children 
with T1DM, and most of them are not aware of any 
gastrointestinal symptoms. Early diagnosis requires 
screening of tissue transglutaminase antibodies, which 
have high degrees of reproducibility, specificity, and 
sensitivity if total circulating IgA concentrations are 
not abnormally low. Antibody-positive children should 
be referred to a pediatric gastroenterologist for confir-
mation by small bowel biopsy, as well as for counseling 
and disease management. When typical signs and 
symptoms of malabsorption are present or the patient 
has frequent hypoglycemia or unexplained behavioral 
mood swings, dietary intervention is indicated. When 
symptoms are minimal or absent, the decision to intro-
duce gluten-free diets with their additional restrictive 
and inconvenient burdens on the patient and family are 
less clear-cut.197 To guide their decision, the parents 
and older children need to be made aware of the risk  
of bowel malignancies in untreated celiac disease in 
later life and of other long-term complications of this 
disease.

Associated Psychosocial Problems
Diabetes in a child affects the lifestyle and interpersonal 
relationships of the entire family. Guidelines for psycho-
social management and support of families with child-
hood diabetes have been published. Feelings of anxiety 
and guilt are common in parents. Similar feelings,  
coupled with denial and rejection, are equally common 
in children—particularly during the rebellious teenage 
years. These issues are not unique to T1DM but are 
observed in families with children who have other 
chronic disorders difficult to treat. These stresses are 
often exaggerated in single-parent low-income families 
and impair their ability to effectively carry out needed 
self-management tasks, resulting in poor metabolic con-
trol.198 Language and cultural barriers are additional 
obstacles in immigrant families.199
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Psychosocial difficulties and conflict between patients 
and parents may result in nonadherence to instructions 
regarding healthy food choices, insulin therapy, and fre-
quency of blood glucose monitoring. In this era of basal-
bolus insulin therapy, missing premeal bolus doses is the 
most common cause of elevated HbA1c levels, especially 
in adolescents. Consequently, one of the major advan-
tages of CSII over MDI in pediatric patients is that the 
bolus history function of current insulin pumps provides 
a record of the number of daily bolus doses that were 
actually administered.200 Deliberate overdosage with in-
sulin resulting in hypoglycemia or omission of insulin to 
limit weight gain (also referred to as “diabolemia”) may 
be pleas for psychological help. Occasionally, they may 
be manifestations of suicidal intent. Frequent admissions 
to the hospital for ketoacidosis or hypoglycemia should 
arouse suspicion of underlying emotional and family 
conflict. Feelings of being different or of being alone are 
also common.

The clinician managing a child or adolescent with dia-
betes should be aware of his or her pivotal role as coun-
selor and advisor and should anticipate the common 
emotional problems of the patient. When emotional 
problems are clearly responsible for poor compliance 
with the medical regimen, referral for psychological help 
is indicated. In pediatric centers, psychologists form part 
of the management team for children with diabetes.  
Although clinical depression is one of the most common 
comorbidities in youth with T1DM, problems in this 
area may not be evident during routine clinic visits,  
especially in preteens who may present as somewhat 
withdrawn rather than rebellious.201 As a result, treat-
ment guidelines suggest that screening questionnaires for 
depressive symptoms should be administered to youth 
with T1DM on a regular basis.202 However, it has been 
difficult to implement this recommendation in most 
clinical practices.

Outpatient Care
The importance of frequent follow-up by the diabetes 
health care team cannot be overemphasized. Children 
and adolescents with T1DM should be routinely cared 
for at a diabetes center that uses a multidisciplinary team 
knowledgeable about and experienced in the manage-
ment of young patients. This team should ideally consist 
of pediatric diabetologists, diabetes nurse specialists,  
nutritionists, and social workers or psychologists.

The American Diabetes Association has published 
guidelines for care of the child and adolescent with dia-
betes.144 Regular follow-up visits with the physician or 
diabetes nurse specialist/practitioner every 2 to 3 months 
are recommended for most patients. The main purpose 
of these visits is to ensure that the patient is achieving 
primary treatment goals. Outpatient visits provide an 
opportunity to review glucose monitoring (and CGM 
profiles), to adjust the treatment regimen, and to assess 
child and family adjustment. At each visit, glucose re-
cords should be reviewed and appropriate dosage or 
schedule changes should be instituted. The nutritionist 
and psychologist or social worker also gives follow-up 
advice and support.

A detailed interim history should include questions 
relating to general health, energy, fatigue, polyuria or 
nocturia, intercurrent illnesses, hypoglycemic episodes, 
and the presence of symptoms such as abdominal pain, 
bloating, or diarrhea. It is important to remember the 
comorbidities of other autoimmune disorders that occur 
with an increased frequency in children with T1DM: 
thyroiditis, adrenal insufficiency, and celiac disease. The 
child should be weighed and measured at each visit, and 
blood pressure documented. Physical examination of the 
child should focus on the general organ systems and on 
examination of the skin and insulin injection/pump inser-
tion sites for signs of lipohypertrophy or pigmentary 
changes, palpation of the thyroid, and determination of 
the stage of sexual development stage.

Lipoatrophy was commonly observed in the past but is 
now a rare complication of insulin therapy.203 A decelera-
tion in growth, delay in sexual development, or finding of 
goiter may herald hypothyroidism. The astute clinician 
should also consider that frequent unexplained hypogly-
cemia or reduction in insulin requirements in the absence 
of exercise or activity might be subtle indicators of hypo-
thyroidism or adrenal insufficiency. Similarly, although  
a history of having frequent foul-smelling greasy stools is 
a more obvious indicator of celiac disease, the majority of 
cases are asymptomatic.

Measurement of glycosylated hemoglobin (HbA1c) 
provides the gold standard by which to judge the ade-
quacy of the insulin regimen and use of point-of-service 
methods that can be performed in the office in a few 
minutes offers the opportunity to make immediate 
changes in the insulin regimen while the patient is being 
seen. Results of point of care measurements compare  
favorably with laboratory methods.204 Even more impor-
tant, the results of this test delivered during face-to-face 
encounters with the clinician serve as the quarterly  
“report cards” for the child and the parents. Teenagers 
may not be able to identify with the concept of working 
hard on their diabetes to be healthier many years in the 
future, but most are able to understand good grades. 
Thus, the HbA1c level provides a tangible outcome with 
which they can identify. The goal of treatment is to 
achieve HbA1c levels as close to normal as possible. 
Based on DCCT results and ISPAD recommendations, 
our general goal of therapy is to try to keep all patients 
under 7.5%. HbA1c levels are determined at least every  
3 months.

Routine screening for associated autoimmune diseases 
with T4, thyroid-stimulating hormone (TSH), and tissue 
transglutaminase IgA every 1 to 2 years is recommended. 
Monitoring of the diabetic child for potential complica-
tions and cardiovascular risk factors is another important 
function of the clinic visit. The normal urinary albumin 
to creatinine ratio is , 30 mg albumin to gm creatinine, 
microalbuminuria is 30 to 300 mg/gm, and macroalbu-
minuria is . 300 mg/gm. Elevated spot samples should 
be confirmed at least a second positive. Preferably this 
would be either a first morning void or a timed overnight 
collection rule out benign orthostatic proteinuria. If the 
confirmatory test also demonstrates microalbuminuria, 
treatment with angiotensin-converting enzyme inhibitor 
or angiotensin receptor blocker therapy or referral to 
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pediatric nephrologist is indicated. All diabetic children 
with hypertension, regardless of albumin excretion  
status, should be considered candidates for these medi-
cations, as well. Although there are no specific guide-
lines for diabetic children,205 current recommendations 
for nondiabetic children are that blood pressures above 
the 90th percentile for age warrant lifestyle intervention 
and those about the 95th merit the use of pharmaco-
logic agents.

Other screening studies for complications of diabetes 
include measurement of serum lipid concentrations. The 
current standards of care for adults with diabetes indicate 
that low-density lipoprotein (LDL) concentrations should 
be maintained below 100 mg/dL, whereas pharmacologic 
therapy for dyslipidemia in children with diabetes is not 
recommended unless dietary interventions fail to lower 
LDL concentrations below 130 mg/dL. The American 
Diabetes Association recommends that annual dilated 
retinal examinations be obtained in patients who are over 
10 years or age and have had T1DM for 3 or more years. 
On the other hand, the yield from such examinations is 
very low in children and adolescents who have normal 
blood pressure, HbA1c levels that meet current targets, 
and who are without microalbuminuria.206 

Management During Surgery
Management objectives during surgery are the prevention 
of hypoglycemia, excessive loss of fluids, and ketosis during 
anesthesia. The regimens described here are generally ap-
plicable, but vigilance and individual adjustments for each 
patient are necessary to achieve these goals. Evidence-
based, controlled studies of perioperative care have not 
been carried out in children, but detailed expert reviews of 
management have been published in the anesthesia and 
pediatric diabetes literature.207,208

The most reliable and straightforward approach to 
achieving management objectives during major elective 
or emergency surgery is to use intravenous infusions of 
glucose and insulin during the perioperative period. For 
surgical emergencies that can be briefly delayed, such as 
acute appendicitis, rehydration and metabolic balance 
should be restored before the operation. Elective major 
operations should be performed first thing in the 
morning, and the glucose and insulin infusions should be 
started 2 hours or more prior to proceeding to the oper-
ating room. For elective surgeries, an infusion of 5% 
glucose in 0.45% or 0.9% saline solution is begun on the 
morning of surgery—and 1 unit of regular insulin is in-
fused intravenously for each 4 to 6 g of administered 
glucose. One unit of regular insulin for every 2 to 4 g of 
exogenous glucose may be required in surgical emergen-
cies due to elevated circulating concentrations of stress 
hormones or in insulin-resistant obese diabetic patients.

The rate at which intravenous fluids are administered 
should be sufficient to provide maintenance fluid re-
quirements plus estimated losses during surgery and 
other fluid deficits. The blood glucose concentration 
should be monitored at periodic intervals before, during, 
and after surgery. Concentrations of 120 to 150 mg/dL 
should be the goal. This can be achieved by varying the 
rate of infusion of the glucose and electrolyte mixture or 

the rate of insulin administration. The intravenous insu-
lin and glucose infusions can be continued until the  
patient is awake and capable of taking regular meals, at 
which time their usual injection or insulin pump regimen 
can be reinstituted. Use of continuous glucose monitor-
ing devices during surgery in children and adolescents 
has not been adequately studied.

In patients who receive NPH insulin in the morning 
and are undergoing surgery of short duration, a standard 
and effective approach is as follows: on the morning of 
surgery, half of the usual morning dose of NPH insulin is 
administered subcutaneously, the usual dose of rapid-
acting insulin is omitted unless needed to correct hyper-
glycemia, and a maintenance intravenous infusion of the 
electrolyte and glucose solution is initiated if needed. 
Similarly, in patients on insulin pump therapy who are 
undergoing short procedures, the continuous subcutane-
ous infusion of insulin (CSII) can be continued at the 
usual or slightly reduced overnight basal rate. Insulin 
pump-treated patients can also be maintained on CSII 
for major procedures as long as the integrity of the infu-
sion and infusion site is ensured.

The nighttime dose of glargine or detemir insulin may 
provide sufficient basal insulin coverage for surgery in 
patients who receive these long-acting insulins before 
dinner or bedtime. A reduction in the glargine or detemir 
dose by 20% to 30% on the night prior to surgery should 
be considered in patients who have had a tendency to low 
pre-breakfast plasma glucose levels. With all three regi-
mens, a correction dose of rapid-acting insulin can be 
given subcutaneously immediately after the procedure if 
needed for hyperglycemia—and repeated as needed to 
balance initial oral intake (e.g., carbohydrate-containing 
clear liquids). When the intravenous infusion is discon-
tinued and the patient is ready to resume regular meals, 
the usual treatment regimen is reinstituted.

THE FUTURE IS NOW: CLOSED-LOOP 
INSULIN DELIVERY

A number of investigator groups and pump and sensor 
manufacturers are developing closed-loop systems that 
combine external insulin pumps with current CGM de-
vices. These systems utilize controller algorithms that 
automatically regulate insulin infusion rates delivered by 
the pump based on sensor glucose readings every 1 to  
5 minutes. These automated insulin infusion systems will 
have to be easily managed by the patient, protected 
against system problems that lead to an overdelivery of 
insulin, and able to respond to challenges of human 
physiology during normal daily activities, such as exercise 
and psychological stress. Although it has already been 
demonstrated that closed-loop systems can control glu-
cose levels effectively in short-term, inpatient, clinical 
research center studies,168 much work needs to be done 
to ensure the safety of these systems before they will be 
ready for outpatient use.

The Paradigm Veo (Medtronic) insulin pump repre-
sents the first small step toward automated control of 
insulin delivery. The low-glucose-suspend feature of this 
sensor-augmented pump system allows the basal rate of 
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the patient’s pump to be suspended for up to 2 hours if 
the patient fails to respond to the sensor’s low-glucose 
alarm. This system has been tested in adults and children 
with T1D and has been found to significantly decrease 
the extent and duration of nocturnal hypoglycemia in 
patients with T1DM.209 Importantly, almost all of the 
study participants reported that they felt safer and less 
anxious at night.209

Because of their increasingly important role in manag-
ing T1DM in childhood, a detailed description and discus-
sion of pump therapy follows this section; Box 19-4 and 
Tables 19-11 and 19-12 summarize several key elements of 
pump therapy.

Non-autoimmune Type 1 Diabetes
Not all forms of apparently classic type 1 diabetes mel-
litus have associated markers of autoimmunity.210 In one 
report, among children presenting with newly diagnosed 
diabetes mellitus, fewer of those younger than 5 years  
of age at diagnosis had positive titers of islet cell and 
GAD antibodies—and fewer had a honeymoon phase 
within 6 months—compared with a group with onset  
at a mean age of 10 years.48 Similarly, Japanese investiga-
tors have reported that some patients with idiopathic 
type 1 diabetes mellitus have a non-autoimmune fulmi-
nant disorder with abrupt onset characterized by absence 

of circulating antibodies, evidence of insulinitis in pan-
creatic biopsies, and high concentrations of pancreatic 
enzymes—suggesting an acute inflammatory process in 
the pancreas.49,50

MODY syndromes may also be initially considered  
to be T1DM.12,13 However, a strong family history of 
vertically transmitted DM in two to three generations, 
absence of autoimmune markers, and relatively milder 
features of diabetes should alert the physician to the  
possibility of a monogenic form of diabetes such as 
MODY.

CSII-Based Treatment Regiments
The use of insulin pumps (continuous subcutaneous 
insulin infusion [CSII]) has increased dramatically in 
children and adolescents with type 1 diabetes (T1D) 
since the 1990s. The T1D Exchange study group has 
reported that 33% of children , 6 years of age, 47% 
of children aged 6 to 12 years, 50% of adolescents aged 
13 to 17 years, and 52% of patients aged 18 to 25 years 
used an insulin pump in the cohort of 20,555 partici-
pants (11,641 younger than age 18 years) from the 
United States.211 This is matched by the 36.6% of 
30,708 children and adolescents with T1D from Germany 
and Austria,212 and with many other countries in the 
European Union and Israel reporting similar insulin 

Pump

Minimal Basal 
Rate Increments 

(U/hr)

Minimal Bolus  
Dose Increments 
(Units) 

Maximum 
Bolus Dose 

(Units)

Insulin  
Reservoir  
Capacity (Units) Additional Features

Accu-Chek Spirit 0.1 0.1 25 315 Reversible display
Includes personal digital assis-

tant (PDA) device to calculate 
boluses and w/ database of 
foods

Comes with backup pump
AA battery
Accu-Chek 360°(not Windows 

7/Mac)
Animas One 

Touch Ping
0.025 0.05 35 200 Meter-remote can wirelessly 

beam blood glucose and  
deliver insulin within 10 feet

CalorieKing database on meter
Waterproof up to 12 feet
AA battery (meter remote  

AAA battery)
ezManager Max software  

(not Windows 7)
Insulet Omnipod 0.05 0.05 30 200 1000 common foods in PDA

Freestyle meter in PDA  
component

Pod is waterproof up to 8 feet
PDM requires AAA battery
Abbott’s CoPilot software (not 

Windows 7/Mac)
Medtronic  

Paradigm 
Revel 523/723

0.025 0.025 (to 0.975)  
then 0.05 

25 180 (523)
or
300 (723)

Available with real-time  
continuous glucose  
monitoring (CGM)

AAA battery
CareLink Personal software 

(not Mac)

TABLE 19-11 Pump Options and Features
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pump use in children and adolescents. Several tertiary 
pediatric centers report the use of insulin pumps as the 
predominant treatment modality in their pediatric  
population.213 CSII has several practical benefits over 
MDI, including programmable basal insulin rates with 
multiple basal rate profiles and the possibility of tempo-
rary basal rates, adjustable “dual-wave” boluses, same 
injection site over 2 to 3 days (versus multiple daily  
injections), dose calculators, and the possibility of data 
upload, all of which facilitate the day-to-day management 
of the disease.

The use of insulin pumps is associated with improved 
metabolic control, lower glycated hemoglobin, or less 
hypoglycemia in many,214,215 but not all,216,217 clinical 
trials. Large cohort studies including several thousand 
pediatric patients have described a significant correla-
tion between better metabolic control and the use  
of insulin pumps.211,212 Additionally, the quality of life 
assessed by PedsQL-T1DM questionnaire is significantly 

associated with the use of insulin pumps,218 and 
preliminary data suggest better cognition, mood, and 
behavior.219,220

Selection criteria for insulin pump therapy221 in the 
pediatric patient population broadened as experience and 
data on its use accumulated.222 Commonly, poor glyce-
mic control, frequent hypoglycemia, increased glucose 
variability regardless of HbA1c, compromised quality of 
life, and increased risk of chronic complications are 
listed. Self-blood glucose monitoring (SBGM) is still an 
important prerequisite, as is parental support. Young age, 
frequent SBGM, and lower HbA1c at pump initiation are 
associated with better long-term metabolic control.223 
Conversely, female gender, age older than 10 years in 
girls, and poor metabolic control at pump initiation are 
associated with higher risk for attrition from insulin 
pump therapy.224 Interestingly, children with inadequate 
metabolic control on MDI may experience the highest 
decrease in their HbA1c when switched to an insulin 
pump.225 In preschool children, initiating the insulin 
pump therapy at the disease onset may help patients to 
maintain lower HbA1c for up to 8 years.226

Insulin pump therapy initialization is a structured 
multistep process involving the whole (extended) pa-
tient’s family and a diabetes team ideally including a 
pediatric endocrinologist, a pediatric diabetes nurse edu-
cator, a specialized dietitian, a child psychologist, and a 
social worker. Additionally, adequate training of day-
care personnel, a nanny, or school personnel is of crucial 
importance.227

Basal Insulin Rates
A continuous sequence of small boluses approximately 
every 10 minutes of a short-acting insulin analog  
provides basal insulin required for suppressing liver 
gluconeogenesis and ketogenesis and maintaining basal 
normoglycemia. Age-specific daily patterns of basal 
rates differ considerably in dose and distribution.228,229 
As insulin resistance increases with age, so does the 
insulin dose. Although preschool children often need 
highest basal rates between 10 p.m. and 2 a.m., this pat-
tern changes as puberty approaches when the highest 
insulin requirement usually starts after 4 a.m. and lasts 
till wakeup.

When switching a patient from MDI to CSII, the total 
basal rate dose usually is calculated based on the previous 
dose of the long-acting insulin analog and is usually  
reduced by 10% to 20% if HbA1c was , 8%. Alterna-
tively, the total daily insulin dose is reduced by 20% to 
30% and then half is administered as the basal rate. Some 
clinicians calculate the basal rate dose arbitrarily as  
approximately 0.4 units of insulin per kilogram body 
weight, especially when the dose of the long-acting insulin 
analog or the total daily insulin dose when treated with 
injections was evidently not appropriate and achieved 
poor metabolic control.

Programming multiple basal rates in the pediatric 
population seems prudent, as this was associated with 
better metabolic control.230 Several initial approaches 
are used231 with likely similar success, as basal rates 
should be subsequently verified and personalized.  

2-6 Weeks before Start
• Review pros/cons of pump therapy
• Determine which model is best
• Initiate insurance process to secure coverage of pump
• Refer patient to on-line training resources or give them 

manual to review

1-2 Weeks before Start
• Have patient (depending on age) and/or caregivers  

complete on-line or written training
• Invite school nurse, baby sitters, other caregivers to 

pump training
• Family is contacted by official trainer from pump  

company to arrange the 1st of 2 visits
• Family receives insulin pump and should take pump out 

of box and start practicing button pushing techniques
• 1st visit with official trainer to review ins/outs of pump 

model, practice button pushing, site insertion and re-
view DM management principles for pump users (may 
be done at family home or nearby site for convenience)

Day of Start
• Typically scheduled for a Monday or Tuesday morning
• Usually done at clinic building
• Hold AM long-acting insulin
• Initiate pump with insulin and family performs first site 

change
• Families instructed to test BG: before meals, 2H PP, HS, 

12A and 3A

Week Following Start
• Daily phone contact with nurse practitioner to titrate 

doses
• Follow-up visit and/or phone contact with official 

trainer for first site change

2-4 weeks after Start
• Clinic visit to review DM management principles for 

pumpers
• Identify any areas for reinforcement
• Return to regular clinic schedule for quarterly follow-up

TABLE 19-12  The Stepwise Initiation of Pump 
Therapy at the Yale Children’s 
Diabetes Program
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In infants and toddlers, a flat initial basal rate may be 
appropriate and tailored to individual need in the first 
week of insulin pump use. As modern insulin pumps 
can deliver as little as 0.025 units of insulin per hour, 
diluting insulin is rarely needed. Intermittent program-
ming of 0 units of insulin per hour for shorter periods 
of up to 2 hours is sometimes used for neonates.  
A higher basal insulin rate will be needed around  
midnight with a lower rate applied in the afternoon. 
For older children and adolescents, the day may be di-
vided into five parts: from midnight to 4 a.m., covering 
the period with least basal insulin requirement, from  
4 to 7 a.m. covering the dawn phenomenon period, 
from 7 a.m. to 1 p.m. covering the morning, from 1 to 
8 p.m. covering the afternoon, and from 8 p.m. to mid-
night covering the evening.231 Sometimes, an addi-
tional time frame for the dusk phenomenon may be 
needed from 5 to 8 p.m.232 Several basal rate patterns 
may be needed for different situations: a standard pat-
tern for regular weekdays, a weekend or leisure pattern 
with lower basal insulin rates during the morning (e.g., 
less stress from school or work or more activity), and a  
“sick days” basal rate pattern with 30% more insulin 
throughout the 24 hours.233

Verifying Basal Insulin Rate Settings

The ideal basal rate will keep the blood glucose levels 
within the desire range during fasting. The need for basal 
insulin changes with time and depends on insulin sensi-
tivity that varies with age, lifestyle, growth, and several 
other fluctuating influences. Basal insulin rates can be 
best verified when food intake is omitted. The nighttime 
basal insulin rates may be verified first, as the overnight 
glucose concentration profile is usually of greatest con-
cern. On an uneventful day after an early dinner (at 5 to 
6 p.m.) that was meticulously covered by an appropriate 
bolus, SBGM is performed every 2 to 3 hours from  
10 p.m. till wakeup. If the BG changes for more than 
640 mg/dL (2 mM), the basal rate approximately 1 hour 
prior to the BG change is adjusted for 610% to 20%. 
Similarly, a morning basal SBGM profile is performed 
after an uneventful night, skipping the breakfast and 
morning snack with SBGM every 2 to 3 hours until 
lunch. Finally, an afternoon basal SBGM profile is  
performed after an uneventful morning, skipping lunch, 
with SBGM every 2 to 3 hours until dinner. Basal insulin 
rates are adjusted as described for the night basal profile. 
If the BG level fells below or above the usual range be-
tween 70 to 180 mg/dL, the condition is treated, the 
basal profile testing is discontinued, the basal rate is  
adjusted accordingly, and the basal rate SBGM profile 
retested in a couple of days. In preschool children basal 
rates can be verified in shorter time intervals, as only one 
meal per day can be omitted. Some verify basal profiles 
without omitting meals but rather after eating standard-
ized small meals covered by appropriate boluses. Con-
tinuous glucose monitoring (CGM) can be of obvious 
assistance and can reduce the frequency of SBGM. Fre-
quent phone contacts with the diabetes team are prudent 
in the first weeks after insulin pump initialization to  
individually fine-tune basal insulin rates.233

Temporary Basal Rates and Basal 
Insulin Suspend
With little insulin in the body between boluses, reducing 
or stopping the basal insulin rate is an efficient way to 
prevent hypoglycemia during physical activity or sport.234 
Smart pumps can show the amount of remaining insulin 
in the body after a bolus (so-called active insulin), which 
can be of considerable help in preventing exercise- 
associated hypoglycemia, as “active insulin” can be covered 
with additional carbohydrates.

Bolus Insulin Dosages
Careful and more frequent dosing of insulin for covering 
food and correcting high BG levels is associated with  
better metabolic control when using insulin pumps.235 
Modern insulin pumps can assist calculations of bolus 
insulin reducing errors236 and incorporating physiologic 
variability of insulin sensitivity during the course of the day.

Bolus Insulin for Food Coverage

Principles of calculating boluses for food are same as for 
MDI, with the additional possibility of more precise dosing 
down to 0.025 units of insulin in some insulin pumps. Solid 
practical knowledge of carbohydrate counting is para-
mount. The arbitrary formula of 500 divided by the total 
daily insulin dose for older children and adolescents (300 or 
200 for preschool children or toddlers, respectively) can 
help in determining the initial insulin-to-carbohydrates 
ratio (ICR). The ICR can be higher (one unit of insulin 
covers fewer carbohydrates) in the morning, sometimes by 
30% to 100% as compared to midday, and slightly higher 
again in the evening. Bolus calculators are incorporated 
into modern pumps and do all required calculations based 
on preset ICRs, the current BG, the planned amount of 
carbohydrate ingestion, and the glucose target range,  
typically between 70 and 120 mg/dL (3.9 and 6.5 mM).

Advanced food-bolus determination incorporates pro-
tein counting (15 grams of carbohydrates for each addi-
tional 100 g of protein after the first 100 g)237 and the use 
of prolonged or “dual-wave” bolus administration, which 
is associated with better postprandial glucose control after 
ingestion of food with low glycemic index.238

Preferably, the bolus is administrated 15 to 20 minutes 
before the meal as the postprandial peak of BG precedes 
the peak of rapid-acting insulin analog action.239,240 
As eating habits in smaller children may be unpredict-
able, a “split-bolus” approach may be used for optimal 
postprandial control with only 10% to 20% of the calcu-
lated bolus administrated 15 to 20 minutes prior to the 
meal for covering “certainly” ingested food, and the rest 
administrated after the meal according to the amount 
actually consumed.

ICRs should be verified on a regular basis with hourly 
postprandial SBGM or CGM, aiming at BG , 180 mg/dL 
(10 mM).

Missed prandial boluses, particularly during the 
school hours, are the most common cause of suboptimal 
metabolic control.241 Parental and school-personnel 
supervision and support is valuable.
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Bolus Insulin for Correction of Hyperglycemia

Insulin sensitivity factor (ISF) can be estimated by di-
viding 1800 by the total daily dose in older children 
and adolescents (2000 or 2200 in preschool children 
and toddlers, respectively). Again, bolus calculators 
incorporated into smart insulin pumps calculate  
correction boluses based on the preset ISF, current  
BG level, preset BG target range, and the amount of 
“active insulin” from previously administered correc-
tion boluses. The amount of “active insulin” calculated 
by the insulin pump bolus calculator depends on the 
setting of the insulin action time, commonly set to 3 hours 
for boluses used in pediatric population. A shorter in-
sulin action time setting allows for more aggressive 
correction bolusing.

Also ISFs are regularly verified with SBGM 2 to  
4 hours post correction or with CGM. It is advisable  
to avoid correction boluses less than 2 hours apart as 
insulin accumulation (stacking) may occur and provoke 
hypoglycemia.242

Specific Considerations and Acute 
Complications of Insulin Pump Therapy

Regular physical activity is strongly advised but chal-
lenging in youngsters with T1D, particularly in relation 
to hypoglycemia during and after it.243,244 The biggest 
advantage of CSII may be related to its possibility of 
reducing physical activity–related hypoglycemia.245,246 
Basal insulin rate can be stopped or diminished by  
setting a temporary basal rate immediately prior and 
during the physical activity, depending on its intensity 
and duration. The presence of “active insulin” from pre-
vious boluses can be verified and an appropriate carbo-
hydrate snack added prior to the physical activity in  
addition to basal insulin rate modification, effectively 
preventing hypoglycemia. Finally, strenuous or pro-
longed exercise often results in delayed hypoglycemia, 
which can be prevented by a diminished temporary basal 
insulin rate programmed for several hours post physical 
activity. Hypoglycemia can therefore be prevented with-
out an excessive use of additional carbohydrates and thus 
a negative energy balance can be maintained, which is of 
particular importance for body weight management.

Reduction of hypoglycemia with sensible use of  
insulin pump therapy was demonstrated in several 
studies247,248 and has many important practical implica-
tions that must be discussed during the training of the 
family. The possibilities of insulin stacking after too 
frequent correction bolusing, inappropriate counting 
of carbohydrates, and insulin modifications related to 
an acute illness (e.g., vomiting), eating disorder, or to 
physical activity are the most important issues that 
should be taken into consideration.

Diabetic ketoacidosis (DKA) was traditionally consid-
ered as a risk associated with CSII; however, studies re-
port less DKA with the use of modern insulin pump.248,249 
As only rapid-acting insulin analogs are used in insulin 
pumps, significant ketonemia may develop 4 to 6 hours 
after discontinuation of CSII.250 Partial or complete dis-
connection of the infusion set and plugging or kinking of 

the subcutaneous catheter are the most common causes. 
A DKA rescue plan must be included in the structured 
education provided to patients and caregivers. Blood  
or urine ketones must be checked if two consecutive  
BG levels or the fasting BG levels are . 275 mg/dL 
(. 15 mM), and the possibility of infusion set problems 
considered. Infusion set must be replaced and an appro-
priate correction bolus administered, alternatively with 
an insulin pen injector, if the functioning of the infusion 
set is not certain. If ketonemia is . 1.5 mM, an increased 
temporary basal rate of 150% to 200% may be needed 
until blood ketones are normalized. Additional fluid in-
take is advisable. If ketonemia is associated with an acute 
illness or remains unexplained, contact with the on-call 
diabetes team is warranted.

Maintaining normoglycemia during acute severe ill-
ness has been demonstrated in adults,251 along with the 
danger of hypoglycemia. Despite the lacking published 
evidence for children, teams in PICU and NICU need 
appropriate training for maintaining stable glycemic 
control with CSII during acute severe illness.252 Anes-
thesiologists often suggest a switch to intravenous insu-
lin during prolonged surgery, which with frequent BG 
level determination provides a well-established and safe 
treatment modality. CSII should be restarted just prior 
to the termination of intravenous insulin administra-
tion. Discontinuing CSII during intermittent hospital-
izations on various pediatric or surgery wards is usually 
associated with poor metabolic control and should be 
discouraged. A pediatric endocrinology team should be 
involved in the appropriate care of hospitalized children 
with diabetes.

Insulin Pump Therapy in Kindergarten 
and School

Most schools in developed societies accept chronically ill 
children and provide necessary care either enforced 
through law and regulations or voluntarily. A structured 
plan for school personnel and diabetes-related education 
similar to the one for caregivers facilitate cooperation 
among parents, the diabetes team, and the school. A co-
operative spirit aimed at the best interests of the child 
with T1D usually yields optimum long-term results. The 
diabetes team serves as facilitator and coordinator in the 
collaboration between parents and the school personnel. 
Ideally, basic training for school personnel includes but is 
not limited to SBGM and appropriate recording, man-
agement of hypoglycemia including discontinuation of 
insulin delivery, rescue carbohydrates and administration 
of glucagon, management of hyperglycemia including 
correction boluses and ketones checking, carbohydrate 
counting and determining boluses, and management of 
physical activity.227,253,254

Despite significant improvements in metabolic con-
trol with the routine use of CSII in pediatric populations, 
most young people with type 1 diabetes still do not reach 
target metabolic control,255 with hypoglycemia and DKA 
remaining as problems.256 More emphasis on psychoso-
cial support and successful parenting257 are needed in 
view of challenging modern environments to which  
children and adolescents are often exposed.
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TYPE 2 DIABETES MELLITUS
Typical
Type 2 diabetes mellitus, formerly known as NIDDM, is 
a heterogeneous disorder characterized by defective insu-
lin secretion that progressively fails to compensate for 
insulin resistance.258 The cause of insulin resistance is 
usually obesity,258-263 although agents such as growth 
hormone and cortisol also antagonize insulin action and 
may unmask inadequately compensated insulin secretion. 
The high concentrations of placental growth hormones 
during mid to late gestation likewise may unmask inade-
quate insulin secretion, resulting in gestational diabetes—
a harbinger of permanent diabetes later in life.

The mechanism of insulin resistance caused by obe-
sity may in part relate to changes in fatty acid metabo-
lism that interfere with normal glucose metabolism, and 
in part to factors synthesized within fat cells that antago-
nize insulin action.264 Most notable are the hormones 
adiponectin, leptin, and resistin,264 which are produced 
by fat cells and are a likely major link between obesity 
and diabetes. The sensing of insulin resistance induced 
by obesity results in the production by the liver and fat 
cells of a protein, betatrophin, which stimulates beta  
cell expansion and increased insulin secretion in mice by 
altering the expression of genes regulating the cell cycle. 
Genetic regulation of the ability to overcome insulin 
resistance by producing this and other proteins may be 
another mechanism that predisposes or protects from 
T2DM.265,266 Thus, in addition to the genetic compo-
nents responsible for impaired insulin secretion (which 
are being investigated, progressively identified, and 
presently cannot be changed),267-271 the key modifiable 
factor responsible for the epidemic of type 2 diabetes in 
children is the epidemic of obesity increasingly recog-
nized throughout the world.271-275

Type 2 diabetes mellitus is being increasingly recog-
nized in children, particularly obese adolescents and es-
pecially but not exclusively in certain ethnic groups such 
as Native American Indians, African Americans, Mexican 
Americans, and Southeast Asians in the developing 
world.271-275 Here, too, an epidemic of obesity is respon-
sible for a rapid increase in the proportion of patients 
with type 2 diabetes—representing up to half of the 
newly presenting cases in one major medical center in the 
United States.271,272 These patients often have a family 
history of type 2 diabetes, may have acanthosis nigricans, 
are more commonly girls, and often have poor metabolic 
control that predisposes them to the earlier appearance 
of microvascular and macrovascular complications.272 
They may present initially in diabetic ketoacidosis sug-
gesting type 1 diabetes, but after recovery they may 
manifest a prolonged “honeymoon phase”—the so-called 
atypical diabetes mellitus (ADM), or type 2 diabetes, as 
documented by significant insulin or C-peptide levels not 
consistent with type 1 diabetes. They also lack markers of 
islet autoimmunity and the classic HLA associations. 272

In those with a family history of type 2 diabetes mel-
litus, insulin resistance (as shown by impaired insulin-
stimulated glucose disposal and higher insulin values 
during oral glucose tolerance or so-called hyperglycemic 

clamps) is demonstrable in the first decade of life before 
clinically demonstrable changes in glucose tolerance.271-272 
The sites of this presumably genetic impairment in  
insulin sensitivity has not yet been identified but clearly 
precedes clinical diabetes mellitus brought about by 
obesity-induced insulin resistance.271,272 There may be 
other factors that induce insulin resistance.

There also are an emerging number of newly identified 
genetic factors associated with impaired insulin secretion 
and action. Genome-wide scans have consistently identi-
fied three major genetic linkages: the ATP-regulated  
potassium channel KATP, especially the Kir 6.2 subunit 
encoded by the KCNJ11 gene; the peroxisome proliferator-
activated receptor g (PPARG); and transcription factor 
7 like 2 (TCF7L2.274-276 The development of sophisti-
cated arrays that permit genotyping of literally hundreds 
of thousands of polymorphisms has revealed additional 
loci of genetic markers in T2DM, including a polymor-
phism in the zinc transporter SLC30A8 (expressed only 
on pancreatic b cells) and genes potentially involved in 
pancreatic development (IDE, KIF11, HHEX) or func-
tion (EXT2-ALX4).268-270,272-275 These sophisticated ge-
netic screening approaches are likely to identify more of 
the complex genetic traits that underlie T2DM. From a 
practical point of view, type 2 diabetes mellitus in children 
and adolescents should be viewed as a major public health 
issue—and without effective lifestyle interventions (such 
as weight reduction combined with regular exercise), 
treatment options are limited and only modestly success-
ful.271,272 Exogenous insulin may be necessary to control 
blood glucose initially, but its appetite-stimulating effects 
challenge attempts at weight reduction. Sulfonylureas 
may be temporarily helpful, as may meglitinide—which 
acutely increase insulin secretion.

Metformin, which sensitizes tissue to insulin action 
and diminishes hepatic glucose production, is the most 
frequently used agent for treating type 2 diabetes in 
children. The U.S. Food and Drug Administration 
(FDA) has approved it for use for those over 10 years of 
age. The FDA has not approved for use in children 
thiazolidinediones (glitazones) that sensitize tissue to 
insulin, but nevertheless they have reportedly been 
used.276,277 These agents are potentially hepatotoxic, 
and the original product was withdrawn for this reason. 
Newer glitazones (such as rosiglitazone) are under  
investigation in adolescents with T2DM, although rosi-
glitazone itself is under scrutiny for potential harmful 
effects on cardiac function.276 Alpha-glucosidase inhibi-
tors that slow carbohydrate absorption and lipase in-
hibitors to diminish fat absorption are available, but 
none has undergone clinical trials in children/adolescents 
for efficacy and compliance. This represents a major 
deficiency in our ability to treat type 2 diabetes mellitus 
in children.271,272

GENETIC DEFECTS OF BETA CELL FUNCTION
MODY Syndromes
Although MODY was originally conceptualized as a 
form of maturity-onset (i.e., type 2) diabetes, the MODY 
syndromes are best considered a group of disorders of 
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monogenic defect in beta cell function. Affected patients 
may have modest elevation of glucose, may remain as-
ymptomatic for many years, and may become clinically 
apparent during intercurrent illness or pregnancy that 
unmasks the limited insulin secretion.12,13 Clinical crite-
ria used to establish the diagnosis include the following.

• Dominant inheritance with at least two (and prefer-
ably three) consecutive affected generations

• Onset before age 25 to 30 years
• Evidence of significant but impaired residual insulin 

secretion reflected in C-peptide levels whether or 
not the patient is being treated with insulin

At least six specific genetic defects have been identi-
fied (Table 19-13), although more are included in the 
Online Mendelian Inheritance in Man (OMIM) data-
base. Moreover, milder defects in the KATP genes 
KCNJ11 and ABCC8 as well as defects in the insulin 
gene itself have been found in patients who fulfill the 
criteria for a diagnosis of MODY. Of these genetic de-
fects that together account for no more than 2% to 5% 
of type 2 diabetes, about two thirds (65%) are MODY 3 
(HNF1a), 10% are MODY 2 (glucokinase defect), 
and the remainder constitute the other defects. Mild 
stable hyperglycemia may be present from birth and not 
require treatment except during stress, such as infections 
in an infant or child or pregnancy in a young adult.

With glucokinase deficiency, microvascular complica-
tions of diabetes are rare. In the other common forms of 
MODY, such as MODY3 and MODY1, however, onset 
is usually in the early teens to 20s, glucose intolerance 
may become progressively worse and hence require 
treatment, and microvascular complications may de-
velop later in life. Renal cysts or other reno pelvic 
anomalies may occur in MODY 5 (HNF1b). Notably, if 
the genetic defect in IPF1 (insulin promoter factor-1, 

MODY 4) is homozygous, pancreatic agenesis results 
and this is a cause for permanent neonatal diabetes as-
sociated with exocrine as well as endocrine insufficiency 
(see Chapter 9). Likewise, homozygous mutations  
in glucokinase have been associated with congenital  
diabetes. By contrast, gain-of-function mutations in  
glucokinase cause persistent hyperinsulinemic hypogly-
cemia of infancy (see Chapter 6 ***). Thus, the MODY 
syndromes are monogenic defects of islet cell formation 
(MODY 4) or of transcription factors (MODY 1, 3, 5, 
and 6)—or a defect in the functional glucose sensor  
glucokinase (MODY 2).12,13,277

Table 19-14 compares and contrasts the four most 
common types of diabetes found in adolescents: type 1, 
type 2, atypical diabetes mellitus, and MODY. The 
monogenic MODY syndromes have been extensively 
reviewed in terms of chemical, biochemical, and molecu-
lar analyses.12,13,277 Other monogenic defects reportedly 
associated with a type 2 clinical picture include mutation 
in GLUT2 and the glycogen synthase genes.278,279

Other Forms of Monogenic Diabetes
Mitochondrial Diabetes

Mitochondrial genetic defects that cause diabetes are com-
monly but not invariably associated with neuromuscular 
disorders, including deafness, migraine, seizures, and 
mental retardation. For example, the MELAS (mitochon-
drial encephalopathy, lactic acidosis, and strokelike  
episodes) syndrome may initially present in childhood 
with short stature, go on to deafness in teen years, and 
develop diabetes and encephalopathy in midlife. Diabetes 
mellitus may be the only manifestation of a mitochondrial 
disorder encoded by a gene defect within the mitochondria 

MODY Type Protein Mutated Gene/Gene Location
Gene Function with Respect  
to the Beta Cell

MODY 1 Hepatocyte nuclear 
factor-4a

HNF4a; 20q12-q13.1 Binds to HNF1a and IPF1 promoter; 
regulates HNF1a and IPF1 gene 
transcription

MODY 2 Glucokinase GCK; 7p15-p13 Catalyzes conversion of glucose to 
glucose 6-phosphate

MODY 3 Hepatocyte nuclear 
factor-1a

HNF1a; 12q24.2 Binds to A3/A4 box of insulin gene 
promoter; regulates insulin gene 
transcription

MODY 4 Insulin promoter 
factor-1

IPF1; 13q12.1 Binds to A5, A3/A4, A2, and A1 
boxes of insulin gene promoter; 
regulates insulin gene transcrip-
tion

MODY 5 Hepatocyte nuclear 
factor-1b

HNF1b, TCF2; 17cen-q21.3 Regulates HNF4a gene transcription

MODY 6 Neuro-D1/beta-2 Neuro-D1; 2q32; beta-2 Transcription factor for normal insulin 
secretion and normal development 
of pancreatic islets

TABLE 19-13 Protein/Gene Mutations Causing Maturity-Onset Diabetes of the Young

From Winter, W. E., Nakamura, M., & Hause, D. (2001). Monogenic diabetes mellitus in youth. Endocrinol Metab Clin North Am, 28, 765; 
Fajans, S. S., Bell, G. I., & Polonsky, K. S. (2001). Molecular mechanisms and clinical pathophysiology of maturity-onset diabetes of the 
young. N Engl J Med, 345, 971.

TCF2, transcription factor-2, hepatic; also known as LF-B3, variant hepatic nuclear factor.



19  Diabetes Mellitus 889

(all of which are maternally inherited) or a nuclear DNA-
encoded gene necessary to the oxidative phosphorylation 
sequence within mitochondria.

This defective energy pathway leads to progressive  
impairment of insulin secretion, and thus an initially mild 
hyperglycemia may progressively worsen. This is the case 
with the most common form of diabetes caused by a mito-
chondrial gene mutation at nucleotide pair (np) 3243 of 
the mitochondrial genome, often associated with deafness. 
Remarkably, this same genetic defect may be associated 
with the MELAS syndrome. Initially, patients with np 
3243 mutations can be controlled by diet alone but later 
may require insulin. Diabetes mellitus presenting in in-
fancy and severe from the outset and requiring insulin may 
be associated with mitochondrial DNA deletions, as seen 
in the Kearns-Sayre syndrome and Pearson syndrome.280,281 
Figure 19-7 identifies the critical role of energy produc-
tion by the mitochondrial oxidative phosphorylation  
pathway for normal insulin secretion.

Defects in this pathway may be responsible for tran-
sient or permanent neonatal diabetes mellitus, especially 
those that involve activating mutations in the KATP 
channel subunits Kir 6.2(KCNJ11) and its regulatory 
subunit sulfonylurea receptor SUR1 (ABCC8). Inacti-
vating mutations in the KATP subunits cause neonatal 
hyperinsulinemic hypoglycemia of variable severity, as 

described in detail in Chapter 6. Diabetes in the mito-
chondrial syndromes is generally well controlled by  
exogenous insulin. 281

Wolfram Syndrome

Wolfram syndrome is characterized by diabetes insipi-
dus, diabetes mellitus, optic atrophy, and deafness 
(DIDMOAD).282,283 There is a selective loss of beta 
cells, which is responsible for the diabetes mellitus. Ge-
netic linkage studies in consanguineous families with 
autosomal-recessive inheritance led to the positional 
cloning of a gene on the short arm of chromosome  
4 (termed WFS1, and now identified as Wolframin).

Although the function of this gene is not entirely un-
derstood, it is expressed in many tissues (most abundantly 
in beta cells, compared with the exocrine pancreas). Mu-
tations in Wolframin have been identified in many fami-
lies with Wolfram syndrome. Affected individuals are 
usually compound heterozygotes. The Wolframin gene 
may have a role in beta cell and neural tissue survival, and 
there does not appear to be a correlation between the 
observed mutation and severity of disease. Defects in 
Wolframin have been implicated in the idiopathic com-
mon nonimmune form of type 1 diabetes mellitus.282 
A second locus of Wolfram syndrome has been mapped 

Characteristic Type 1 Diabetes Type 2 Diabetes Classic MODY
Atypical Diabetes 
Mellitus

Age at onset Peaks at 5 and  
15 years of age

Teenage years, young 
adults

, 25 years of age . 40 years of age

Predominant ethnic  
groups affected

White Hispanic, African 
American, Native 
American

White African American

Male-to-female ratio 1.1:1 1:1.5 1:1 1:3
Severity at onset Acute, severe,  

insulin required
Subtle, insulin not  

required
Subtle, insulin not  

required
Acute, severe, insulin 

required
Islet autoimmunity Present Absent Absent Absent
HLA-DR3, -DR4 Very common No increased  

frequency
No increased  

frequency
No increased  

frequency
Ketosis, DKA Common Uncommon Rare Common at onset
Long-term course Insulin-dependent Non-insulin-dependent Non-insulin-dependent Non-insulin-dependent
Prevalence of obesity Uncommon $ 90% Uncommon 40%
Proportion of cases of  

100% youth-onset  
diabetes

Most common 
form of youth-
onset diabetes

Rising in frequency;  
6 as common as 
type 1 diabetes in 
specific populations

# 5% of youth-onset 
diabetes in whites

# 10% of cases 
of youth-onset  
diabetes in African 
Americans

Percentage of probands with 
an affected first-degree 
relative 

# 15% Variable but common 100% . 75%

Mode of inheritance Nonmendelian, 
generally  
sporadic

Nonmendelian but 
strongly familial

Autosomal dominant Autosomal dominant

Number of genes controlling 
inheritance

Polygenic Polygenic Monogenic Monogenic

Pathogenesis Autoimmune beta 
cell destruction: 
insulinopenia

Insulin resistance  
plus relative  
insulinopenia

Insulinopenia Insulinopenia

TABLE 19-14 Comparison of the Common Forms of Youth-Onset Diabetes

Adapted from Winter, W. E., Nakamura, M., & Hause, D. (1999). Monogenic diabetes mellitus in youth. Endocrinol Metab Clin North Am, 
28, 765–785.

DKA, diabetic ketoacidosis; MODY, maturity-onset diabetes of the young.
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to the long arm of chromosome 4 in several consanguin-
eous Jordanian families.282 In these patients, diabetes 
insipidus was not a feature—but upper gastrointestinal 
bleeding and ulceration were prominent.

Although a mitochondrial form of Wolfram syndrome 
has been proposed, a defect in mitochondrial DNA could 
not be confirmed in one large cohort.283 It has been sug-
gested that diabetes mellitus (before age 15) and progres-
sive optic atrophy are highly predictive of Wolfram syn-
drome. The sequence of appearance of the stigmata is 
non-autoimmune type 1 diabetes in the first decade of 
life, central diabetes insipidus and sensorineural deafness 
in two thirds to three fourths of the patients in the sec-
ond decade, renal tract anomalies in approximately half 
in the third decade, and neurologic complications such as 
cerebellar ataxia and myoclonus in half to two-thirds in 
the fourth decade. Other features include primary go-
nadal atrophy in the majority of males and a progressive 
neurodegenerative course with neurorespiratory death at 
a median age of 30 years. Depression has been reported 
as a frequent feature of relatives of patients with Wolfram 
syndrome. 282

Thiamine-Responsive Diabetes Mellitus 
(Roger Syndrome)

This syndrome is characterized by megaloblastic anemia, 
diabetes mellitus, and sensorineural deafness—all of 
which may respond to vitamin B1 (thiamine). Diabetes 
mellitus is mild to moderate, insulin secretion may im-
prove with thiamine therapy, and there are no associated 
autoimmune markers. It may be caused by a defect in the 
thiamine transporter,284,285 which has now been identified 
as being caused by mutations in the SLC19A gene. This 
gene encodes the membrane-bound thiamine transporter 
THTR-1.

Uptake of thiamine by the combined pathways of an 
active high-affinity carrier and a passive low-affinity  
carrier leads to accumulation of intracellular thiamine, 
which is then converted to its active form, thiamine  
pyrophosphate. This cofactor enables proper function of 
transketolase, which is important in the pentose phos-
phate shunt, the key to ribose synthesis and hence nu-
cleic acid production and of pyruvate dehydrogenase, a 
ketoglutarate dehydrogenase, and branched chain acid 
dehydrogenase—all of which are key to oxidative decar-
boxylation. Mutations in the high-affinity transporter 
THTR-1 lead to cell death in those cells that have a high 
rate of nucleic acid turnover (such as bone marrow cells) 
and activity (such as pancreatic beta cells), thereby ex-
plaining the association of thiamine-responsive anemia 
with diabetes in those affected by this mutation.

Drug or Chemical Induced

A number of drugs and chemical agents may be toxic to 
the beta cell. Best known for the diabetogenic effects are 
the immunosuppressive drugs cyclosporine, sirolimus, 
and tacrolimus, which are toxic to beta cells—causing  
insulin-dependent diabetes in a significant proportion of 
patients treated with these agents for organ transplanta-
tion. Their toxicity to pancreatic beta cells is compounded 

by the use of immunosuppressive glucocorticoids, which 
antagonize insulin action to unmask diabetes.

Streptozotocin and the rodenticide Vacor are also beta 
cell toxic, causing diabetes. Box 19-1 lists other agents 
that may induce diabetes. Among these, l-asparaginase 
(used in chemotherapy for leukemia) and diazoxide (used 
to treat persistent hyperinsulinemic hypoglycemia in in-
fancy) may cause diabetes. All of these agents, especially 
glucocorticoids, may combine to unmask clinical diabetes 
mellitus.286-288

Diseases of the Exocrine Pancreas

Cystic fibrosis (CF) is one of the most common inborn 
errors of metabolism, involving the chloride channel 
encoded on chromosome 7 and affecting approximately 1 
in 2500 live-born white infants. The increasing survival 
of patients with CF and the increased use of glucocorti-
coids to suppress bronchopulmonary inflammation have 
brought to the fore an entity termed cystic fibrosis–related 
diabetes (CFRD), characterized by variable impairment of 
carbohydrate intolerance.

Some have mild diabetes mellitus clinically apparent 
only while receiving steroids, whereas others require in-
sulin for a nonimmune form of insulinopenic diabetes 
mellitus. Up to 75% of adults with CF have CFRD. Islet 
amyloid is prominent, both insulin secretion and insulin 
sensitivity may be impaired, and diabetic ketoacidosis 
may occur—as may microvascular complications. When 
fasting hyperglycemia (7 mM 5 126 mg/dL or higher) is 
documented, therapy with insulin is indicated. Insulin 
also facilitates optimal nutrition and growth and hence 
promotes a sense of well-being. The diagnostic and  
management criteria for CFRD have been extensively 
reviewed.15,289

Ionizing Radiation to the Abdomen

Ionizing radiation to the abdomen during childhood for 
a condition such as nephroblastoma has been associated 
with the development of diabetes mellitus some 20 years 
later in 5% to 10% of children so treated. 290

Pancreatectomy

Extensive pancreatectomy performed for the manage-
ment of severe hyperinsulinemic hypoglycemia of infancy 
is associated with diabetes in approximately 50% or more 
of long-term survivors.21

Virus Infections

Several viruses have been implicated in the cause of  
type 1 diabetes mellitus in children. Coxsackievirus B4 
has been shown in one case report as likely fulfilling 
Koch’s postulates for a direct beta cell toxic effect in caus-
ing acute fulminant diabetes mellitus. In other cases  
of coxsackievirus infections (as well as with the estab-
lished association among rubella, cytomegaloviruses, and  
enteroviruses), molecular mimicry between antigenic  
determinants in the virus and certain islet cell antigens 
has been implicated as the mechanism leading to an  
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autoimmune form of type 1 diabetes mellitus. Finally, a 
superantigen-triggered immune response has been sug-
gested for some viral infections and may be the mecha-
nism related to the acute onset of diabetes mellitus with 
the hemolytic-uremic syndrome.20,57,291,292

GENETIC DEFECTS IN INSULIN ACTION
Type A Insulin Resistance with 
Acanthosis Nigricans
This syndrome is characterized by severe insulin resis-
tance, acanthosis nigricans in the absence of obesity, or 
lipoatrophy. Affected females also have hyperandrogen-
ism, possibly as a secondary manifestation of the hyper-
insulinemia with stimulation of androgen synthesis by 
ovarian theca cells. Glucose intolerance is variable and 
includes symptomatic diabetes. The hyperandrogenism 
presents as clinical and biochemical findings suggestive 
of polycystic ovary syndrome.

Some patients (predominantly black females with 
obesity, acanthosis nigricans, and accelerated growth 
suggestive of gigantism) may represent insulin resistance 
owing to obesity, with down-regulation of the insulin 
receptor. The gigantism may represent a “spillover” ef-
fect of insulin acting through the insulin-like growth 
factor-1 receptor rather than the insulin receptor.293,294

Type B Insulin Resistance
Type B insulin resistance is a rare syndrome associated 
with evidence of immune dysfunction (such as the de-
fined autoimmune disease rheumatoid arthritis) or of 
nonspecific features of autoimmunity (such as elevated 
sedimentation rate or high levels of antinuclear antibod-
ies). As with other autoimmune disorders, females are 
predominantly affected. An insulin-resistant diabetes  
develops together with acanthosis nigricans and features 
of PCOS (such as hirsutism).

The syndrome is due to serum autoantibodies against 
the insulin receptor whose function becomes impaired. 
However, the receptor may be activated by the presumed 
conformational changes induced by the antibody and 
cause severe hypoglycemia rather than diabetes. Treat-
ment may require high doses of insulin to try to control 
the hyperglycemia, along with immunosuppressive drugs 
to suppress antibody production.

Leprechaunism (Donohue Syndrome)

Leprechaunism is a syndrome characterized by intrauter-
ine growth retardation, fasting hypoglycemia, and post-
prandial hyperglycemia in association with profound re-
sistance to insulin in a patient whose serum concentrations 
of insulin may be 100-fold that of comparable age-
matched infants during an oral glucose tolerance test. 
Various defects of the insulin receptor have been de-
scribed, thereby attesting to the important role of insulin 
and its receptor in fetal growth and possibly in morpho-
genesis. Even a probable complete absence of functional 
insulin receptors caused by homozygous inheritance  
of missense mutation in the insulin receptor, however, 

resulted in normal organogenesis and a live-born infant 
who had a severe form of leprechaunism. Most of these 
patients die during the first year of life. 295

Rabson-Mendenhall Syndrome

The Rabson-Mendenhall syndrome is defined by clini-
cal features that appear to be intermediate between 
those of acanthosis nigricans with insulin resistance 
type A and leprechaunism. Features include extreme 
insulin resistance, acanthosis nigricans, abnormalities of 
the teeth and nails, and pineal hyperplasia. It is not clear 
whether this syndrome is entirely distinct from lepre-
chaunism. However, patients with Rabson-Mendenhall 
syndrome tend to live beyond the first year of life. De-
fects in the insulin receptor gene have been described in 
this syndrome.296

Lipoatrophic Diabetes

Lipoatrophic diabetes presents an interesting paradox. 
Whereas classic type 2 diabetes mellitus is generally  
associated with an excess of fat and its metabolic conse-
quences (as described previously), a paucity of fat also 
causes severe insulin resistance and marked metabolic 
disturbances. Table 19-15 lists the genetic syndromes 
associated with lipoatrophic diabetes. A primary cause 
has been identified in the form called familial partial 
lipoatrophy (also known as Dunnigan syndrome). This 
is a gene defect localized to chromosome 1q21-22 and 
its product lamin A/C.

This autosomal disease usually manifests peripuber-
tally as subcutaneous fat in the extremities and trunk but 
with progressively more fat in the face and neck as  
puberty progresses. Visceral and interfascicular fat also 
increases. Females seem to develop diabetes mellitus and 
dyslipidemia earlier and more severely than males. It is 
unclear why and how the lamin A/C mutations cause this 
lipoatrophy syndrome, especially as mutations in this 
gene also are associated with a progressive form of mus-
cular dystrophy (Emery-Dreifuss syndrome), cardiomy-
opathy, and cardiac conduction defects.297,298 The gene 
altered in Berardinelli-Seip congenital lipodystrophy has 
been localized to chromosome 11q13.274.298 In addi-
tion, defects in genes encoding the enzyme AGPAT2, 
the endoprotease ZMPSTE24, the kinase AKT2, the 
nuclear receptor PPARg, and the protein BSCL 2 have 
been found in patients with lipodystrophies. 297,298

ACQUIRED DEFECTS IN INSULIN ACTION

These defects range from hormonal disorders such as 
pheochromocytoma and Cushing syndrome that antago-
nize insulin action to disease to drug-acquired forms of 
lipodystrophy. Anti-insulin receptor antibodies may be 
found in some collagen vascular disorders and can cause 
a type 2 diabetes mellitus syndrome characterized by  
acanthosis nigricans and severe insulin resistance. This is 
generally referred to as acanthosis nigricans with insulin 
resistance type B. The type A syndrome consists of a  
variety of insulin receptor mutations, some of which were 
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described earlier. The type B syndrome is rarely de-
scribed in childhood.299

GENETIC SYNDROMES WITH DIABETES 
AND INSULIN RESISTANCE OR INSULIN 
DEFICIENCY

A number of genetic syndromes are associated with  
diabetes mellitus. In children, four relatively common 
genetic syndromes may be associated with diabetes. In 
trisomy 21 (Down syndrome) and Turner syndrome  
(a single normal X chromosome) there is an increased 
incidence of autoimmune disorders, especially of the 
thyroid. Type 1 diabetes mellitus also has a higher preva-
lence in patients with Down syndrome than in the  
general population.

In Turner syndrome, insulin secretory reserve may be 
limited such that treatment with growth hormone (now 
common) can result in impaired glucose tolerance or 
type 2 diabetes. In Klinefelter syndrome (XXY), insulin 
resistance is a major feature—but autoimmune associa-
tions have been described. In Prader-Willi syndrome, the 
reported high frequency of diabetes mellitus may not be 
caused simply by the insulin resistance as part of the  
obesity of this syndrome but possibly by a primary defect 
in insulin secretion.300-303

Alström syndrome consists of retinal dystrophy,  
sensorineural deafness, obesity and associated diabetes, 
cardiomyopathy, hypertriglyceridemia, liver disease, and 

urologic abnormalities. Severe insulin resistance may 
lead to acanthosis and diabetes. Mutations in the gene 
ALMS1 have been identified in these patients.304 Bardet-
Biedl syndrome also has atypical retinitis pigmentosa as a 
key feature, along with central obesity, polydactyly, men-
tal retardation, hypogonadism, and renal dysfunction. 
Eleven loci have been linked to this syndrome, with  
abnormalities in cilia-like structures a central theme.305 
The association of these and other syndromes with dia-
betes (listed in Box 19-1) can be ascertained by searching 
the Online Mendelian Inheritance in Man database 
(OMIM, available at www.ncbi.nlm.nih.gov/omim).

Gestational Diabetes
Gestational diabetes is a disease of the second and third 
trimesters of pregnancy that is due to congenital or  
acquired defects in insulin secretion that result in the in-
ability to compensate for the increased demands of insu-
lin as a result of the counter-insulin effects of placental 
growth hormones.306

Neonatal Diabetes
Discoveries in the molecular basis for pancreas formation 
and regulation of insulin secretion have propelled the 
syndromes of neonatal diabetes from the backwater of 
rarity to the forefront of research. These syndromes 
probably occur more frequently than previously consid-
ered, and they may have an overall incidence of about 

Syndrome Lipoatrophy Gene/Locus Inheritance OMIM

Primary Lipoatrophy Syndromes
Congenital generalized lipoatrophy  

(Seip-Berardinelli)
Generalized 9q34 AR 269700
See text for details. Gmg3lg; 11q13p

Dunnigan syndrome Familial partial 1q21-22 AD 151660
See text for details. Lamin A/C

Others Numerous distributions Unknown AD/AR N/A

Complex Syndromes Associated with Lipoatrophy
Mandibuloacral dysplasia Congenital, partial Unknown AR 248370

Involves extremities
Werner syndrome Congenital, partial 8p12 AR 277700

Involves extremities Werner’s helicase
Cockayne syndrome Congenital, partial 5 AR 216400

Involves extremities CSA
Carbohydrate-deficient glycoprotein syndrome Transient, partial 16p13.3 AR 212065

Buttocks PMM1 and 2
SHORT syndrome† Generalized, congenital Unknown AR 269880
AREDYLD syndrome‡ Generalized, congenital Unknown Unknown 207780

TABLE 19-15 Genetic Syndromes of Lipoatrophy

Evidence for genetic heterogeneity.
†Short stature, hyperextensibility, hernia, ocular depression, Rieger anomaly, and teething delay.
‡Acrorenal field defect, ectodermal dysplasia, and lipoatrophic diabetes; not clear if this is a variation of Seip-Berardinelli syndrome.
AD, autosomal dominant; AR, autosomal recessive; OMIM, Online Mendelian Inheritance in Man, database providing information about  

genetic syndromes; and PMM1, PMM2, phosphomannomutase 1 and 2.
From Arioglu, E., Rother, K. I., Reitman, M. L., et al. (2000). Lipoatrophy syndromes. Pediatr Diabetes 1:155; Magre J, Delepine M, Khallouf 

E, et al. (2001). Identification of the gene altered in Berardinelli-Seip congenital lipodystrophy on chromosome 11q13. Nat Genet, 
28, 365.

http://www.ncbi.nlm.nih.gov/omim
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1:100,000 births.307-323 Moreover, some of those with 
activating mutations in KATP channel subunits Kir  
6.2 or SUR1 lend themselves to treatment with oral  
sulfonylurea hypoglycemic drugs such as glibenclamide—
which results in endogenous insulin secretion with near-
normal glycemic control and at least partial reversal of 
neuromuscular manifestations.12,307-323 These entities are 
described in detail in Chapter 9.

Impaired Glucose Tolerance
The term impaired glucose tolerance is used to characterize 
individuals who have a plasma glucose concentration in 
excess of 140 mg/dL but less than 200 mg/dL at 2 hours 
after initiation of the standard oral glucose tolerance test 
but do not have symptoms of diabetes or fasting hyper-
glycemia. Such a constellation may represent the earliest 
phase of a gene defect in insulin secretion or action or be 
a step in evolving diabetes mellitus type 1. The hypergly-
cemia may be a chance discovery during an intercurrent 
illness, during therapy with corticosteroids, or as part of 
a screening of close relatives of patients with defined 
genetic syndromes.

In those who have impaired glucose tolerance but do 
not have fasting hyperglycemia, repeated oral glucose 
tolerance tests are not recommended. Investigations in 
such children indicate that the degree of impaired glu-
cose tolerance tends to remain stable except in those 
who have markedly subnormal insulin response.324 The 
arbitrarily designated response that identifies impaired 
glucose tolerance is defined as a fasting plasma glucose 
value of less than 110 mg/dL and a value at 2 hours of 
more than 140 mg/dL. The determination of serum in-
sulin responses during the glucose tolerance test is not a 
prerequisite for reaching a diagnosis. Because the mag-
nitude of the insulin response may have prognostic 
value, however, some investigators perform insulin de-
termination tests.237

Pancreas and Islet Transplantation
In an attempt to cure insulin-dependent diabetes, trans-
plantation of a segment of the pancreas or of isolated is-
lets has been increasingly performed in humans.325,326 
These procedures are technically demanding and associ-
ated with the risks and complications of rejection and its 
treatment by immunosuppression. Therefore, segmental 
pancreas transplantation is generally performed in asso-
ciation with transplantation of a kidney for a patient with 
end-stage renal disease owing to diabetic nephropathy in 
whom the immunosuppressive regimen is indicated for 
the renal transplant.

Several thousand such transplants have been per-
formed worldwide since the late 1980s. With experience 
and newer immunosuppressive agents, functional sur-
vival of the pancreatic graft may be achieved for as long 
as several years—during which patients may be in meta-
bolic control with no or minimal exogenous insulin and 
reversal of some of the microvascular complications. Be-
cause children and adolescents with diabetes mellitus are 
not likely to have end-stage renal disease as a result of 
diabetes, however, pancreas transplantation as a primary 

treatment cannot be recommended (nor its risks justified) 
in children.

Attempts to transplant isolated islets have been equally 
challenging because of techniques to harvest sufficient 
islets and the issue of rejection.327 Some of the newer 
antirejection drugs, notably cyclosporine and tacrolimus, 
are toxic to the islets of Langerhans—impairing insulin 
secretion and even causing diabetes.327 The Edmonton 
protocol for islet transplantation avoids steroid and uses 
an anti-IL-2 receptor antibody and tacrolimus instead of 
other immunosuppressants.326 Initial success had been 
promising, but long-term survival of the graft beyond  
3 to 5 years is most unusual—and there have been serious 
side effects of the procedure as well as failure to restore 
hypoglycemia unawareness.326 Hence, this islet trans-
plantation protocol cannot be recommended in children.

Research continues to improve techniques for the 
yield, viability, and loss of immunogenicity of islets of 
Langerhans for transplantation. Transplantation has 
been investigated of islets coated or microencapsulated 
with a film of protective chemicals that permit diffusion 
of insulin and nutrients but prevent T-cell contact and 
therefore avoid rejection.328 These novel approaches 
have been frustrated in the long term by overgrowth of 
fibroblasts that progressively impair glucose sensing by 
the islets and insulin diffusion from them. Should these 
technical problems be overcome, or methods to avoid 
rejection become established, transplantation of pancreas 
or islets as primary treatment for diabetes may be enter-
tained after their risks are carefully compared with  
and weighed against potential benefits—especially in 
children. Islet regeneration by modulating the immune 
response is also under scrutiny.329,330

CONCLUDING REMARKS

Progress continues to be spectacular in understanding 
and treating diabetes mellitus. We have moved from a 
glimmer of understanding that diabetes is a syndrome  
of broad categories (insulin dependent and non-insulin 
dependent) to an understanding of disease susceptibility 
and disease causality at a molecular level. Type 1 diabetes 
is acknowledged to be an autoimmune disease with major 
susceptibility loci in the HLA complex. Positional clon-
ing and genome wide association techniques have identi-
fied other gene markers, and we now recognize the im-
portance of mitochondrial gene defects in some types of 
insulin-dependent diabetes that may not be autoimmune. 
The predisposition of the beta cell to autoimmune de-
struction (homicide) versus a predisposition to apoptosis 
(suicide) is the topic of intensive debate and investigation 
and raises questions about our accepted paradigms of this 
disease.43,44,81 More spectacular has been the unraveling 
of the molecular basis of neonatal diabetes and its treat-
ment, including the use of sulfonylureas. Not surpris-
ingly, this knowledge is being rapidly applied to predict 
the likelihood of disease appearance in individuals whose 
susceptibility can be quantified by the presence of certain 
antibodies and by limitations in first-phase insulin  
response. Population surveys in individuals not known to 
be at risk for diabetes have just begun. We are in the early 
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stages of attempts to prevent the disease, reminiscent of 
the early trials examining the relationship between con-
trol and microvascular complications.

The monumental DCCT and European studies have 
irrefutably established the link, requiring new standards 
of care. Progress and understanding of insulin secretion 
and insulin action have been equally spectacular for the 
insights provided in defining non–insulin-dependent 
forms of diabetes at physiologic, biochemical, and molecu-
lar levels. Therapy with human insulin is now standard. 
Trials with improved insulin-delivery systems, including 
computerized artificial pancreas as well as pancreas and 
islet transplantation, are in progress. The FDA in the 
United States has approved one artificial pancreas system 
for use, and improvements in these devices are bound to 
change the course and treatment of T1DM. The benefi-
ciaries of these advances are our patients, whose interests 
will continue to be best served by bidirectional scientific 
inquiry from bench to bedside.
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QUESTIONS

 c. Check TSH, adrenocorticotropic hormone (ACTH) 
and TTG IgA in a late afternoon (4 to 6 p.m.) 
blood sample.

 d. Check thyroid function, ACTH, and TTG IgA in 
a fasting morning sample.

 e. Referral to a psychologist to rule out an eating 
disorder.

Answer: c

 4. The genes predisposing to T1aDM include all except 
which of the following?
 a. HLA DR
 b. PTPN22
 c. AIRE
 d. PTPN11
 e. CTLA4

Answer: d

 5. Which of the following genes is implicated in both 
T1aDM and T2DM?
 a. KCNJ11
 b. ZnT8
 c. TCF7L2
 d. PPARg
 e. Insulin

Answer: e

 6. HbA1c is commonly used as a means to monitor aver-
age blood glucose in the preceding 6 to 8 weeks. An 
inappropriately low HbA1c may be obtained in all 
except which of the following conditions?
 a. Hemolytic anemia
 b. Thalassemia major 
 c. Sickle cell disease
 d. “Slow glycator” syndrome
 e. Renal failure

Answer: b

 1. Complications of DKA may include all except which 
of the following?
 a. Cerebral edema
 b. Mucormycosis infection
 c. Prerenal failure
 d. ARDS
 e. Venous thrombosis

Answer: b

 2. A 13-year-old male with a past history of learning dis-
ability is admitted in coma. His weight is 86 kg, BP 
110/80, pulse 134, capillary refill 4 seconds. Glucose 
is 936 mg/dL (52 mM); pH 7.24, HCO3

2 15 mm, 
serum Na 140 mEq, K 4.5 mEq, BUN 30 mg/dL, and 
creatinine 1.2 mg/dL. Urine examination reveals glu-
cose . 2% and trace ketones. After initial rehydration 
with 0.9% saline with two bolus injections of 10 cc/kg 
over 3 hours, therapy should continue with which of 
the following?
 a. Normal saline infusion plus insulin 0.1 U/kg/hr
 b. 0.5 N saline plus insulin 0.1 U/kg/hr
 c. Normal saline plus insulin 0.05 U/kg/hr
 d. 0.5 N saline plus 20 mEq/L KCl
 e. 0.5 N saline plus KCl 20 mEq/L plus insulin  

0.05 U/kg/hr
Answer: d

 3. A 15-year-old girl who has had type 1 diabetes melli-
tus for 3 years and confirmed Hashimoto thyroiditis 
for 2 years experiences repeated episodes of hypogly-
cemia unrelated to exercise. In addition to reducing 
the insulin dose, which of the following steps is most 
appropriate?
 a. Check fT4, TSH, and thyroid antibodies to ensure 

compliance with thyroid medication.
 b. Check thyroid function, cortisol, and TTG IgA in 

a fasting morning sample.
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INTRODUCTION

The autoimmune polyglandular syndromes (APS I and II) 
are uncommon constellations of organ-specific autoim-
mune diseases characterized by the occurrence of more 
than one autoimmune disease in an affected individual 
(Table 20-1). More commonly, autoimmune disease of 
endocrine glands occurs in only a single organ, but multi-
organ involvement of both endocrine and nonendocrine 
organs and tissues may be present.

Tolerance is an active state in which the immune sys-
tem does not mount a reaction against self-antigens.1-4 If 
tolerance is not established or is lost, autoimmunity and 
subsequent disease may result. Although the breakdown 
in self-tolerance remains mostly unexplained, our im-
proved understanding of the complex interplay between 
genetics and environment and the resultant aberrant im-
munologic processes has identified a number of possible 
mechanisms.5 To comprehend these mechanisms, a brief 
overview of how tolerance is maintained is essential.

MECHANISMS UNDERLYING GENERATION 
OF AUTOIMMUNITY

Introduction
In a normal immune response, the host organism  
must differentiate self from nonself, initiate an immune  
response to nonself, and eliminate nonself to protect the 

host from injury, organ dysfunction, and even death.1-4 
Endogenous antigens represent self, whereas exogenous 
antigens represent nonself. The adaptive immune system 
assumes all exogenous antigens are potentially harmful 
and acts to eliminate nonself. Self-nonself discrimination 
is carried out by the adaptive (specific) immune system 
through the use of T- and B-cell surface receptors.6-8 
These receptors recognize distinctive peptides (e.g., the 
T-cell receptors) or epitopes (e.g., the B-cell antibody 
receptors) and are the keys to the specificity of the adap-
tive immune response. Whereas B cells and their recep-
tors recognize soluble antigen or antigens on cell  
surfaces, T cells and their receptors only perceive short 
polypeptides presented by specialized cell-surface mole-
cules encoded by the major histocompatibility complex 
(MHC).9-11 The human MHC is termed the human 
leukocyte antigen (HLA) complex. Class I MHC (e.g., 
HLA-A, HLA-B, and HLA-C molecules) present pep-
tides predominantly derived from the cell cytoplasm to  
T cells. T cells are classified on the basis of their cluster 
of differentiation (CD) surface proteins, which bind dif-
ferentially to antigens presented on class I and class II 
MHC. For example, CD8 cells, considered “cytotoxic”  
T cells, typically recognize targets presented on class  
I MHC. In addition, more “professional” antigen pre-
senting cells known as dendritic cells and defined by a 
combination of CD markers and the characteristic pres-
ence of numerous membrane processes that extend out 
from the cell body can present peptides of extracellular 
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origin via class I MHC molecules. Conversely, CD4  
cells typically are activated when peptides derived  
from the extracellular space are presented via class  
II MHC (e.g., HLA-DP, HLA-DQ, and HLA-DR  
molecules).

Regulation of T-cell self-tolerance occurs at two dis-
tinct but interdependent levels: centrally and peripher-
ally (described in detail later). Central tolerance occurs in 
the thymus via positive and negative selection of self- 
reactive T cells, whereas peripheral tolerance occurs in 
both lymphoid and nonlymphoid tissues (Figures 20-1 
and 20-2). Although many of the mechanisms involved in 
establishing tolerance remain poorly understood, nearly 
15 years of characterizing the autoimmune regulatory 
gene (AIRE) has improved understanding of positive and 
negative T-cell selection.4 The AIRE gene, which codes 
for a transcription factor found in the medulla of the 
thymus, plays a critical role in the ectopic expression of 
tissue-specific antigens, which regulate negative selection 
of autoreactive T effector cells.12,13 Deletions in the 
mouse AIRE homologue result in multiorgan auto-
immunity, whereas mutations in the human AIRE gene 
result in APS I.14,15

Tolerance is initially developed in utero. During ges-
tation and early life, tolerance is most easily induced by 
exposure of the host to a specific antigen. Although the 
thymus atrophies during puberty, residual thymic tissue 
provides for T-cell development throughout life. T cells 
do not require exposure to large doses of antigen to 
achieve tolerance during their thymic development. 
However, larger doses of antigen are required to induce 
B-cell tolerance, and B-cell tolerance is often short lived. 
B cells and T cells are produced by the bone marrow 
continuously throughout life. Tolerance is immunologi-
cally specific, learned or acquired, most easily induced in 
immature or developing lymphocytes, and can be in-
duced in mature lymphocytes when costimulatory signals 
are absent at the time of peptide recognition by the  
T lymphocyte.

Development of Tolerance to Self-Antigens

Bone marrow

Self-AG
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Self-AG
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Immune
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FIGURE 20-1 n  Normal tolerance pathways. T-cell precursors 
initially arise in the bone marrow. These progenitors enter the 
thymus, and developing T cells encounter self-antigens. Strong 
self-antigen stimulation of developing T cells induces apopto-
sis, with approximately 99% of all developing T cells dying.  
This is central immunologic tolerance where strongly antiself 
reactive T cells are eliminated. Naïve T cells that do leave the 
thymus can be subsequently tolerized to self-antigens if they 
encounter self-antigen without the normal costimulatory  
signals (B7.1/B7.2-CD28, see Figure 20-3). Induction of tolerance 
outside the thymus is termed peripheral tolerance (top right) 
and is a complementary mechanism to central tolerance.  
Peripheral tolerance is functionally expressed as anergy: auto-
reactive cells are present but are inactive (top right). If nonself-
antigen is encountered, a normal immune response ensues 
(bottom right).

APS I APS II

Comparative frequency
Onset
Heredity
Gender
Genetics
Hypoparathyroidism
Mucocutaneous candidiasis
Ectodermal dysplasia
Addison disease
Type 1 diabetes
Autoimmune thyroid disease
Pernicious anemia
Gonadal failure

Females
Males

Vitiligo
Alopecia
Autoimmune hepatitis
Malabsorption

Less common
Infancy/early childhood
Autosomal recessive
Males 5 females
AIRE gene; no HLA association
77%-89%
73%-100%
77%
60%-86%
4%-18%
8%-40%
12%-15%

30%-60% 
7%-17% 
4%-13%
27%
10%-15%
10%-18%

More common
Late childhood, adulthood
Polygenic
Female predominance
HLA associated; DR/DQ
None
None
None
70%-100%
41%-52%
70%
2%-25%

3.5%-10%
5%
4%-5%
2%
Rare
Rare

TABLE 20-1 The Autoimmune Polyglandular Syndromes I and II

Central T-Cell Tolerance
T cells are primarily educated to distinguish self and 
nonself in the thymus.16-19 Central T-cell tolerance is the 
process by which antiself T cells are eliminated in the 
thymus. As many as 99% of developing thymocytes die in 
the thymus and never reach the periphery.
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activated human T cells express class II MHC (activated 
T cells in mice do not express class II MHC). CTLA-4 
expression by the activated T cell and its interaction  
with B7.1/B7.2 provides an immunosuppressive signal to 
the T cell, thereby down-regulating the T-cell immune 
responses. Thus, CTLA-4 and CD28 act antithetically: 
B7.1/B7.2-CD28 turns on T cells, whereas B7.1/B7.2-
CTLA-4 down-regulates the T cell (Figure 20-3).

Helper CD4 T cells have classically been subdivided 
into two distinct lineages: (1) Th1 cells, which activate 
cell-mediated and some antibody responses, and (2) Th2 
cells, which predominantly activate antibody-mediated 
responses.21 However, additional T-cell lineages exist 
(i.e., Th17 cells, T-follicular helper cells, and regulatory 
T cells) and data have described remarkable plasticity  
in their cytokine expression, suggesting shifting T-cell 
functionalities depending on environmental cues.22 Al-
though overly simplistic, Th1 subsets can be thought  
of as cells that activate macrophages, natural killer cells, 
and B cells and secrete predominantly IL-2, interferon 
gamma (IFN-g), tumor necrosis factor–beta (TNF-b), 
and IL-12. Th2 cells elaborate IL-4, IL-5, IL-6, IL-10, 
and IL-13. Crosstalk between Th1 and Th2 cells occurs; 
for example, IFN-g from Th1 cells suppresses Th2 cells 
and IL-10 from Th2 cells inhibits Th1 cells. Another 
subset of CD4 T cells has been described as regulatory  
T cells that secrete the immunomodulatory cytokines  
IL-10 or transforming growth factor–beta (TGF-b). 
Regulatory T cells include CD41CD251FoxP31 T cells, 
Tr1, and Th3 cells. Tr1 and Th3 cells express CD4  
but do not express CD25 (the IL-2 receptor alpha  
chain). Tr1 cells secrete IL-10 and TGF-b, whereas 
Th3 cells secrete IL-4, IL-10, and TGF-b. Although 
CD41CD251FoxP31 T cells can secrete both IL-10 and 
TGF-b, their regulatory action on autoreactive T cells 
appears to occur through cell-to-cell contact. Upon  
activation, CD8 T cells, often with the help of Th1 cells 

Autoimmunity: Failure of Tolerance to Self-Antigens
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FIGURE 20-2 n  Autoimmunity: failure of tolerance to self-antigens. 
With a failure of central tolerance (bottom left), antiself T cells 
survive that should not normally survive. When these antiself  
T cells leave the thymus, they are able to produce autoimmunity 
(dotted arrows). Alternatively, with a failure of peripheral toler-
ance (top right), if anergy does not occur after contact with self-
antigen, an autoimmune response can occur.

Role of B7, CD28, and CTLA-4 in T-Cell Activation
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FIGURE 20-3 n  Role of B7, CD28, and CTLA-4 in T-cell activation. 
Activated antigen presenting cells (APC) present antigen pep-
tides on the major histocompatibility complex (MHC) molecules 
and express B7, including B7.1 (CD80) and B7.2 (CD86), co-
stimulators. When B7.1 or B7.2 is bound by CD28 and MHC plus 
peptide is bound by a T-cell receptor, T-cell proliferation and 
differentiation of naïve T cells ensues. Conversely, activated  
T cells express CTLA-4 and bind to B7 (either B7.1 or B7.2]  
inducing down-regulation and inactivation of T cells.

T-cell tolerance is a function of the selection of the 
T-cell receptor (TCR) repertoire that exits the thymus. 
In the thymic cortex CD41, CD81 (double positive) 
T cells bearing alpha/beta TCRs that bind to self-MHC 
initially survive (positive selection). In this way the  
thymus initially chooses for survival T cells that bind to 
self-MHC as opposed to TCRs that might bind to other 
self molecules leading to noneffective communication. 
This positive selection resulting from self peptide-MHC 
presentation is carried out by thymic nurse epithelial 
cells in the cortex. At the corticomedullary junction of 
the thymus, if such saved TCRs bind to self-MHC too 
tightly, autoreactivity is possible and these T cells then 
undergo negative selection and suffer apoptotic death. 
The cells inducing negative selection are macrophages 
and dendritic cells. This process of positive selection for 
MHC binding in the thymic cortex and negative selec-
tion (at the thymic corticomedullary border) against tight 
binding to self-peptides accounts for central (thymic)  
immunologic tolerance.3,5,13,20

Peripheral T-Cell Tolerance
Once in the circulation and secondary lymphoid organs 
(e.g., lymph nodes and spleen), naïve T cells still require 
multiple signals to become activated.7 The initial signal is 
the presentation of antigen-specific peptides to T-cell 
receptors by MHC molecules. CD4 and CD8 molecules 
on these T-cell subsets serve as antigen-nonspecific core-
ceptors binding to nonpolymorphic portions of the  
class II MHC molecules and class I MHC molecules, 
respectively. The second signal is antigen nonspecific  
and is provided by the B7.1 (CD80) and B7.2 (CD86) 
molecules of the antigen-presenting cell interacting with 
the CD28 molecule on the T-cell surface.

When the T cell perceives both signals, a cascade of 
intracellular signaling events occur, leading to T-cell ac-
tivation. Activated CD4 T cells express numerous cyto-
kines, cytokine receptors, and CTLA-4. Activated CD4 
T cells then down-regulate T-cell receptor expression 
and acquire class II MHC expression. It is unknown why 
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supplying IFN-g to up-regulate B7 expression on anti-
gen presenting cells, become functional cytotoxic T killer 
cells.

The requirement for two signals to activate naïve  
T cells accounts for peripheral T-cell tolerance. When 
the naïve T cell perceives antigen peptide presented by 
MHC molecules without the necessary costimulatory 
signal (e.g., B7.1/B7.2-CD28), the T cell becomes unre-
sponsive. This state of unresponsiveness is termed anergy. 
The T cell may also undergo apoptosis (programmed cell 
death) to be completely removed from the T-cell reper-
toire. Anergic T cells can generally not be restimulated 
with antigen peptide displayed by the antigen-presenting 
cell. Tolerance may also exist because the T-cell receptor 
does not come into contact with the relevant peptide. 
This has been termed “T-cell ignorance.”

Ongoing characterization of regulatory T cells has 
improved our understanding of peripheral tolerance. 
Regulatory T cells play a critical role in suppressing the 
activity of effector T cells that escape negative selection 
to self-antigen in the thymus.23 Functional regulatory 
T cells are able to anergize previously self-reactive  
T effector cells, resulting in improved tolerance to self. 
The expression of the forkhead transcription factor, 
FoxP3, is specific for identification of the CD41CD251 
cell (Treg) population. First identified in the Scurfy mouse, 
a mouse model of immune dysfunction and polyendocri-
nopathy, abnormal FoxP3 expression is now known to  
be responsible for the failure in tolerance in humans  
affected with a similar polyendocrinopathy discussed 
later.24-26 The absence of normal FoxP3 expression in 
humans leads to an extremely rare, X-linked, recessively 
inherited, and typically fatal autoimmune lymphopro-
liferative disease known as immune dysregulation, poly-
endocrinopathy, enteropathy, and X-linked inheritance 
(IPEX).27,28 Defects in the forkhead transcription fac-
tor FoxP3 that are responsible for IPEX map to 
Xp11.23-Xq13.3.

B-Cell Tolerance
B cells are partially educated in the bone marrow to  
be anergized or undergo apoptosis in response to self-
antigen when they are at the stage of development of  
the naïve immature B cell (central B-cell tolerance).  
In the bone marrow, naïve immature B cells that see mul-
tivalent antigens become anergized (unresponsiveness to 
subsequent stimulation), whereas exposure to highly 
polyvalent antigens can induce apoptosis.29

Naïve immature B cells express IgM on their surface 
and are not yet IgM and IgD positive as observed in naïve 
mature B cells. Anergized B cells do not instantly die  
but will live no longer than unstimulated naïve immature 
B cells. Naïve mature B cells expressing IgM and IgD  
on their surface require T-cell help to realize their full 
potential through affinity maturation and class switching. 
The absence of T-cell help leads to B-cell tolerance.

Autoimmune Diseases
The organ-specific nature of many autoimmune diseases 
results from abnormal immune system recognition of 

tissue-specific self-antigens. In many autoimmune endo-
crinopathies, the target molecule is either a tissue- 
specific or tissue-limited (i.e., the protein is not unique  
to one tissue but is clearly restricted in its distribution) 
enzyme or cell-surface receptor30,31 (Table 20-2).

The criteria for classification of a disease as autoim-
mune are not universally agreed upon.32 However, major 
criteria that are generally accepted as strong evidence 
that the disease is autoimmune include (1) detection  
of autoantibodies or autoreactive T cells including  
lymphocytic infiltration of the targeted tissue or  
organ, (2) disease transfer with antibodies or lympho-
cytes, (3) disease recurrence in transplanted tissue, and  
(4) ability to abrogate the disease process with immuno-
suppression or immunomodulation. Few, if any, human 
autoimmune diseases meet all four of these criteria. Fur-
ther information that is supportive of, but not diagnostic 
for, an autoimmune disease includes (1) increased disease 
frequency in women compared to men, (2) the presence 
of other organ-specific autoimmune diseases in affected 
individuals, and (3) increased frequencies of particular 
HLA alleles in affected individuals.

Defects in Tolerance that Cause 
Autoimmune Diseases
Several hypotheses explaining defects in tolerance have 
been proposed.33 Theoretically autoimmunity may de-
velop because (1) tolerance never developed to specific 
self-antigens or (2) established tolerance was lost. If self-
antigen is not efficiently presented in the thymus, toler-
ance may not be established during T-cell education 
within the thymic cortex.34 For example, variations in the 
insulin gene VNTR (variable number of tandem re-
peats), ,500 base pairs upstream of the insulin gene 
promoter, influence the extent of insulin gene expression 
in the thymic cortex. The risk of developing type 1  
diabetes is enhanced when certain VNTR alleles are 
present, which leads to lower mRNA expression of insu-
lin in the thymus. Specifically, certain protective class III 
alleles are associated with increased thymic expression of 
insulin and a decreased risk of developing type 1 diabetes, 
whereas class I alleles are associated with decreased thy-
mic expression of insulin and an increased risk of devel-
oping diabetes.35 Failure to delete specific autoreactive 
T cells clones predisposes patients to autoimmunity.  
If autoimmunity does result from defects in thymic  
tolerance, the defects must be antigen specific because 
organ-specific autoimmune diseases are usually extremely 
selective. For example, in type 1 diabetes, whereas the 
beta cells are attacked and ultimately destroyed by a  
cell-mediated autoimmune process, the remaining islet  
cells including alpha cells, delta cells, and pancreatic 
polypeptide-producing cells are unscathed.

Defects in peripheral tolerance could result from con-
current T-cell stimulation by self-antigen/MHC plus  
T-cell costimulation (e.g., B7.1/B7.2-CD28) leading to 
aberrant T-cell activation and an autoimmune response. 
If tolerance has not been developed because an antigen  
is sequestered intracellularly or is not expressed in  
the thymus during T-cell ontogeny, T-cell reactivity in  
the periphery would not be abrogated. However, several 
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antigens initially thought to be sequestered intracellu-
larly have now been shown to circulate in low concentra-
tions in normal individuals. Thyroglobulin is such a 
self-antigen in autoimmune thyroid disease. The devel-
opment of thyroglobulin autoantibodies was believed to 
follow the release of thyroglobulin from the thyroid 
gland following viral infection or trauma. “Immuniza-
tion” with thyroglobulin would hypothetically lead to an 
antithyroglobulin humoral response and autoimmune 
thyroid disease would follow. However, we now know 
that thyroglobulin does circulate in low but appreciable 
quantities in normal individuals who show no serologic 
evidence of thyroid autoimmunity. Furthermore, thyroid 
follicular cell destruction in Hashimoto thyroiditis is cell 
mediated and not humorally mediated.

If sequestered antigens do play a role in autoimmune 
disease, viral infections, trauma, ischemia, or irradiation 
are all mechanisms that could disturb cellular integrity 
and lead to the release of intracellular antigens.36 Some 
self-antigens may never normally come into contact with 
the immune system unless there is a breakdown of  
anatomic barriers within the body. An example is the  
occurrence of autoimmunity to the eye following orbital 

trauma. Although a rare consequence of orbital damage, 
initiation of an autoimmune response to eye proteins  
in adjacent lymph nodes can generate autoreactive  
T cells that can invade and damage the contralateral eye 
(“sympathetic ophthalmia”).37,38 Removal of the inciting 
damaged tissues and immunosuppression may be re-
quired to sustain vision in the undamaged eye. Similarly, 
transient autoantibody reactivity to cardiac myosin fol-
lowing myocardial infarction has also been described.39

Tolerance may not develop, hypothetically, if self- 
antigen expression is delayed during negative selection. 
When the self-antigen is ultimately expressed, if toler-
ance has not previously been established, the autoantigen 
is perceived as foreign and autoreactivity develops.  
No spontaneous examples of this process have been  
described. However, in experimental systems where 
transgenes are placed under control of promoters that 
can be turned on by exogenous agents such as metals, 
autoreactivity can be elicited when gene expression is 
stimulated after the neonatal period.

Alteration of self-antigens as a result of infection or 
neoplasia is believed to be a plausible theory explaining 
some types of autoimmunity. As environmental triggers, 

Disease Autoantigens Putative Autoantigens

Mucocutaneous  
candidiasis

IL-17A
IL-17F
IL-22

Hypoparathyroidism NALP5 (specific for APS)
CaSR

Addison disease P450c21 P450c17
P450scc

Hashimoto  
thyroiditis

Thyroperoxidase
Thyroglobulin

Graves disease Thyrotropin receptor
Diabetes Insulin

Glutamic acid decarboxylase65
IA-2 (ICA 512)
IA-2b
ZnT8

Proinsulin
Carboxypeptidase H
ICA69
Glima 38

Premature gonadal  
failure

P450scc P450c17
3b hydroxysteroid 

dehydrogenase
Pernicious anemia H1/K1 ATPase pump

Intrinsic factor
Myasthenia gravis Acetylcholine receptor a chain
Vitiligo Tyrosinase

Tyrosinase related  
protein-2

L-amino acid  
decarboxylase

Celiac disease Endomysium transglutaminase Reticulin
Deamidate gliadin

Autoimmune  
hepatitis

Liver kidney microsome 1 L-amino acid  
decarboxylase

Tryptophan hydroxylase

TABLE 20-2  Autoantigens in Autoimmune Endocrine and Associated 
Diseases

IL, interleukin; NALP5, NLR family, pyrin domain containing 5; NLR, NACHT, leucine rich; NACHT,  
nucleotide oligomerization domain-like receptors; CaSR, calcium sensing receptor; IA-2, protein 
tyrosine phosphatase-like protein; ZnT8, zinc transporter 8; ICA, islet cell autoantigen.
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viral infections could lead to modification of self-proteins 
and neoantigen expression (e.g., a new antigen is present 
on self-cells). Alternatively, a self-antigen may be par-
tially degraded leading to a “new” antigenic target for the 
adaptive immune system. This new antigen is recognized 
as foreign by the immune system and the immune re-
sponse to these new antigens results in autoimmunity.

Some self-cells/tissues may suffer unintended auto-
immune damage when substances bind to the cells and 
elicit an initial immune response. For example, certain 
drugs bind to red blood cells and result in an immune 
hemolytic anemia. If an antibody response to the red-
cell-bound drug is elicited, the antigen-antibody com-
plex present on the red blood cell can lead to red blood 
cell destruction. This can occur either through red 
blood cell phagocytosis by the monocyte-macrophage 
system or via complement-mediated lysis of the red 
blood cell. Thus, the red blood cell is an innocent by-
stander to the antidrug humoral immune response. 
Theoretically this could also occur with viruses that  
serendipitously attach to tissues.

Molecular mimicry is one of the most popular expla-
nations for autoimmunity.36,40 Due to exposure to a 
dietary, viral, or bacterial antigen (e.g., infection) and 
molecular mimicry (similarity) between the self-antigen 
and the foreign antigen, the immune response to the 
foreign antigen leads to cross reactivity with self-antigen, 
autoimmunity, and disease.40-43 For this theory to work, 
tolerance must not previously exist to the self-antigen. 
This might be true if the self-antigen is truly sequestered 
and the immune system has never developed tolerance to 
the self-antigen. Alternatively, the self-antigen peptides 
may be present in too low a concentration to elicit  
an immune response and initial immune system toleriza-
tion has not occurred. Only with infection or novel  
dietary exposure would there be a sufficient degree of 
self-immunization to develop immune autoreactivity. 
With immune autoreactivity, self is now recognized as 
foreign during the response to the cross-reactive patho-
gen. If the self-antigen is a cell surface antigen, the 
“pathogen-induced” autoantibodies could fix to self  
and produce disease via complement fixation, or the  
antibodies could act as opsonins for fixed or circulating 
phagocytes (antibody-dependent-cell cytotoxicity). In 
rheumatic fever, cross-reactivity between Streptococcus 
M protein and cardiac myosin have been described.  
In ankylosing spondylitis, cross-reactions between  
Klebsiella nitrogenase and HLA-B27 have been de-
scribed. In rheumatoid arthritis there is cross-reactivity 
between cartilage protein and a mycobacterial proteogly-
can wall component.

Aberrant class II MHC expression was a theory in 
vogue in the mid-1980s. In this hypothesis, cells elicit 
autoimmune reactions by presenting their own self- 
peptides via self-expressed class II MHC molecules. In-
deed class II MHC expression has been identified on 
various cells that are targets of autoimmune-mediated 
cell destruction. Examples include b cells in type 1 diabe-
tes, biliary tract cells in primary biliary cirrhosis,  
and thyroid follicular cells in Hashimoto thyroiditis. 
However, there are strong counterarguments to this 
theory. First, class II MHC molecules do not present 

intracytoplasmic antigens, which are often targets of  
attack. Instead, class II MHC molecules present peptides 
derived from extracellular proteins. Second, accessory 
molecules are typically needed to activate naïve T cells. 
If, for example, b cells present peptides via their class II 
MHC molecules without B7.1 and B7.2, the naïve T cells 
seeing these peptides in the absence of B7 will actually be 
tolerized. Indeed, aberrant (or ectopic) class II MHC 
expression may be a mechanism cells use to actually  
induce a state of tolerance to down-regulate an immune 
response. Aberrant class II MHC expression may there-
fore serve an anti-inflammatory role in modulating an 
immune response to a lower level of intensity. Costimu-
lator expression (e.g., B7.1/B7.2) is highly regulated even 
among professional antigen-presenting cells. For exam-
ple in the basal state, neither macrophages nor B cells 
express B7. Upon phagocytosis of bacteria species,  
macrophages will express both class II MHC and B7. 
Although B cells express class II MHC in their basal 
state, internalization of bacterial antigen bound to their 
cell surface receptor antibody molecules will induce  
B7 expression.

Some cases of autoimmunity may result from superan-
tigens initiating an antiself immune response as part of 
the polyclonal immune activation process. Superantigens 
are polyclonal T-cell stimulators that have the ability to 
cross-link TCR beta chains and MHC molecules. Supe-
rantigens have been reported to activate as many as one 
third of all T cells in the body. In such cases, systemic 
disease can develop from massive cytokine release (e.g., 
the systemic inflammatory response syndrome [SIRS]). 
This is the case in toxic shock syndrome, wherein a 
staphylococcal exotoxin acts as a superantigen. Mycobac-
terial antigens have also been proposed as possible supe-
rantigens in Crohn disease.44 This theory presupposes 
that T cells bearing antiself TCRs have not been deleted 
or permanently anergized. T cells with antiself receptors 
may be stimulated, and if they encounter self-antigen, 
they may further proliferate to develop an autoimmune 
response.

Similar to polyclonal T-cell activation, polyclonal  
B-cell stimulation has also been implicated in humoral 
autoimmunity. Indeed, autoreactive B cells can be found 
in normal individuals. If an autoreactive clone of B cells 
encounters self-antigen and a costimulator (which might 
be nonspecific, e.g., a virus such as Epstein-Barr virus or 
a bacterial product such as lipopolysaccharide), autoanti-
bodies could be produced, bypassing the need for T-cell 
help.

However, which of these speculative theories applies 
to the APS is unknown. Human disease most often re-
sults from an interaction of environmental and genetic 
factors.45-47 Many environmental factors are implicated 
in various autoimmune diseases: wheat gliadin ingestion 
and celiac disease, penicillamine exposure and myasthe-
nia gravis, methimazole and autoimmune hypoglycemia 
from insulin autoantibodies (seen primarily in Japanese 
patients), and amiodarone and thyroiditis. Even cancer 
can be associated with the development of autoimmu-
nity: thymoma and myasthenia gravis,48 ovarian tera-
toma and N-methyl-D-aspartate (NDMA) receptor 
meditated encephalitis,49 and breast cancer and stiff 
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person syndrome.50 Despite remarkable improvements 
in our understanding of immunology, many achieved 
through meticulous studies of APS, the mechanisms 
whereby the complex interaction of genes, environ-
ment, and immune system lead to autoimmunity remain 
to be fully elucidated.

CLASSIFICATION OF THE AUTOIMMUNE 
POLYGLANDULAR SYNDROMES

APS I, also known as autoimmune polyendocrinopathy-
candidiasis-ectodermal dystrophy (APECED), is an au-
tosomal recessive disorder mapped to a single gene (the 
autoimmune regulator or AIRE gene) on chromosome 
21q22.3.14,15 The presence of two of the following 
three conditions are prerequisites for the diagnosis of 
APS I: (1) adrenocortical failure (Addison disease) or 
serologic evidence of adrenalitis (adrenal autoantibod-
ies), (2) hypoparathyroidism, and (3) chronic mucocuta-
neous candidiasis.45,46,51-54 APS II is defined by the 
coexistence of autoimmune adrenocortical insufficiency 
or serologic evidence of adrenalitis with autoimmune 
thyroiditis (Schmidt syndrome) or type 1 diabetes mel-
litus (Carpenter syndrome: Schmidt syndrome plus 
type 1 diabetes) or serologic evidence of either thyroid 
or islet autoimmunity45,55-58 (Figure 20-4). The presence 
of thyroiditis without adrenal disease but associated 
with either type 1 diabetes, pernicious anemia, vitiligo, 
or alopecia has been referred to by some authors as 
APS III, whereas additional combinations of autoim-
mune disease have been referred to as APS IV (i.e., 
vitiligo plus alopecia, type 1 diabetes plus celiac dis-
ease, or type 1 diabetes and vitiligo).59 However, be-
cause APS III and IV differ from APS II only by the 

presence or absence of adrenocortical disease (and 
share similar susceptibility genes and immunologic 
features), we do not recognize APS III or IV as unique 
syndromes and consider them extensions of the APS II 
constellation.

CLINICAL ASPECTS

APS I
The major disease components, frequencies, and differ-
ences between APS I and II are shown in Table 20-1. 
Although the disease is not common, the largest cohorts 
of patients have been reported from Finland, the United 
States, and among Iranian Jews.51,52,54,60,61 The Finnish 
cohort of 91 subjects is the largest and most well charac-
terized APS I group of patients in the world.52

Persistent mucocutaneous candidiasis is usually the 
first sign (60% of all APS I patients) and usually appears 
during the first year or two of life. In the Finnish cohort, 
50% developed candidiasis by age 5 years, 94% by age  
20 years, and 100% by 40 years of age.52 All patients with 
refractory mucocutaneous candidiasis should be thor-
oughly investigated not only for a T-lymphocyte abnor-
mality (absolute lymphocyte count, enumeration of  
T-cell subpopulations, assessment of T-cell function) but 
also for the presence of a polyendocrinopathy. Candidal 
infections in the diaper area are found early in life,  
with vulvovaginal candidiasis developing at puberty in 
females. Colonization of the gut by Candida can lead to 
intermittent abdominal pain and diarrhea. Infection of 
the nails with chronic candidiasis may lead to a darkened 
discoloration, thickening, or erosion. Retrosternal pain 
in patients with oral candidiasis suggests esophageal  
candidiasis and can be confirmed by esophagoscopy. 
Chronic oral mucosal candidiasis must be treated aggres-
sively as candidiasis associated carcinoma of the oral 
mucosa or esophagus was reported in 7 of the 55 Finnish 
APS I patients over 25 years of age (note that 5 of the  
7 were also smokers).51,62

Oral mucous membranes must therefore be protected 
from exposures that can increase susceptibility to candi-
dal infections. Specifically, patients should be advised to 
avoid hard, sharp, or spicy foods, as well as whitening 
toothpastes or abrasives. Dentures or orthodontics can 
provide additional surfaces for Candidal growth.51 Data 
suggest that prolonged therapy with fluconazole, keto-
conazole, and miconazole leads to reduced azole suscep-
tibility.63,64 As such, azole therapy should be limited to 
two to three courses per year utilizing two polyene anti-
fungals. Specifically, a 1- to 2-minute swish with 2 mL of 
nystatin followed by an amphotericin B lozenge that is 
allowed to dissolve without chewing should be given four 
times daily for 4 to 6 weeks.51,64 When candidiasis is re-
current, pulse prophylaxis should follow using a 1-week 
course of either polyene (as described previously) every  
3 weeks. Alternatively, 1 week of twice-daily chlorhexi-
dine mouth rinse has also been used as prophylaxis.51 
If topical therapy fails, a 1-week course of high-dose flu-
conazole (200 to 300 mg in adults) is typically efficacious, 
though intravenous antifungal therapy may occasionally 
be required.

APS I APS II

Hypoparathyroidism

Autoimmune
hepatitis

Chronic
mucocutaneous

candidiasis

Pernicious anemia

Gonadal
failure

Addison
disease

Autoimmune thyroid
disease

Type 1 Diabetes

Association
Diagnostic relationship

FIGURE 20-4 n  Diagnostic relationships and common associa-
tions in APS I and APS II. The solid lines indicate diagnostic re-
lationships. The dashed lines indicate common associations. 
The diagnosis of APS I depends on the coexistence of Addison 
disease (or adrenal autoantibodies) plus either hypoparathy-
roidism or chronic mucocutaneous candidiasis or both. The  
diagnosis of APS II depends on the coexistence of Addison  
disease (or adrenal autoantibodies) plus either autoimmune 
thyroid disease or type 1 diabetes or both (or their associated 
autoantibodies).
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Hypoparathyroidism is typically the first endocrinop-
athy to develop in APS I and eventually occurs in more 
than 85% of patients. Hypoparathyroidism usually pre-
sents after the onset of mucocutaneous candidiasis but 
before puberty with 33% of APS I patients diagnosed 
with hypoparathyroidism by 5 years, 66% by 10 years, 
and nearly 85% by age 30. Severe hypocalcemia as evi-
denced by seizures, carpopedal spasms, muscle twitching, 
and laryngospasm may be presenting features of APS I, 
although these symptoms may be masked in the presence 
of adrenal insufficiency. Hypocalcemia, hyperphosphate-
mia and a low intact parathyroid hormone (PTH)  
level are diagnostic of hypoparathyroidism. Standard 
therapy consists of calcium salts and activated vitamin D 
(see Chapter 18 for management). Although data suggest 
that twice-daily administration of synthetic parathyroid 
hormone may provide optimal therapy,65 this approach 
has not yet been approved by the U.S. Food and Drug 
Administration (FDA).

Autoimmune adrenocortical insufficiency (Addison 
disease) is the third major component of APS I and typi-
cally occurs after mucocutaneous candidiasis and hypo-
parathyroidism have been diagnosed. Over 85% of APS 
I patients will eventually develop adrenal insufficiency. 
Unfortunately, adrenal insufficiency is often initially 
missed clinically with the diagnosis commonly made late 
or at the time of a life-threatening adrenal crisis. In the 
Finnish cohort of APS I patients, 40% had Addison dis-
ease by 10 years and nearly 80% by 30 years.52 Deficien-
cies of cortisol, aldosterone, and adrenal androgens  
may present simultaneously or may evolve over months 
to years. The initial symptoms of adrenal insufficiency 
are often nonspecific, mimicking psychiatric or gastroin-
testinal disease. These include fatigue, weight loss,  
myalgias, arthralgias, behavioral changes, nausea and 
vomiting, abdominal pain, and diarrhea. Over time,  
hyperpigmentation (due to elevated adrenocorticotropic 
hormone [ACTH]) in non–sun-exposed areas and pos-
tural hypotension can usually be found on careful exami-
nation. Unexplained hypotonic dehydration should raise 
the suspicion of Addison disease. Adrenal crises with  
hyponatremia, hyperkalemia, acidosis, and hypoglycemia 
may be fatal unless recognized and treated appropriately. 
As discussed in detail further, adrenal autoantibodies are 
used to predict adrenal cortical failure. If present, 
morning cortisol and renin measurements as well as 
ACTH stimulation testing may be used diagnostically in 
asymptomatic patients.

Autoimmune gonadal failure occurs in over 50% of 
women with APS I by age 20 years; less than 25% of 
males develop testicular insufficiency.52 Gonadal failure 
often presents with primary amenorrhea in young 
women, though menstrual irregularities, polycystic  
ovaries, or infertility may be presenting features.52,66 As 
with autoimmune adrenalitis, gonadal failure can be pre-
dicted by the presence of steroidal cell autoantibodies.67

Ectodermal dystrophy unrelated to hypoparathy-
roidism or mucocutaneous candidiasis has been exten-
sively documented in the Finnish cohort. Dental 
enamel hypoplasia of permanent (but not deciduous) 
teeth as well as nail dystrophy is commonly found. 
There may be complete absence of the enamel or 

transverse hypoplastic bands alternating with zones of 
well-formed enamel. Dystrophy of nails is manifest by 
0.5 to 1 mm pits. Nearly a third of the Finnish patients 
also had calcification of the tympanic membranes,68 
and 20% to 25% develop keratitis.52

As shown in Table 20-1, and in contrast to patients 
with APS II, type 1 diabetes and thyrogastric autoimmu-
nity (a descriptive term for the combination of autoim-
mune thyroid disease and atrophic gastritis) are associated 
with APS I but occur far less frequently than in APS II. 
When present, thyroiditis is typically atrophic rather than 
goitrous. Gastric-parietal cell autoimmunity, which leads 
to atrophic gastritis with resultant achlorhydria and in-
trinsic factor deficiency, typically presents as iron defi-
ciency anemia or vitamin B12-deficient pernicious anemia. 
Whereas iron deficiency anemia is microcytic and vitamin 
B12-deficient anemia is macrocytic, combined iron and 
vitamin B12 deficiency can be normocytic. It is also impor-
tant to recognize that the spinal cord consequences of 
vitamin B12 deficiency can occur in the absence of anemia. 
Atrophic gastritis occurs in 15% to 30% of APS I cases 
with a mean age of onset of 16 years.52,68

Nonendocrine organ-specific diseases include alope-
cia, vitiligo, autoimmune hepatitis, and malabsorption. 
All types of alopecia may occur. Progression to alopecia 
totalis (total loss of scalp hair) or universalis (total loss of 
all body hair including eyelashes, eyebrows, and scalp 
hair), which are most common, usually occurs before 
puberty. Vitiligo presents initially as small, pale pigment-
lacking skin patches. These may be missed unless specifi-
cally sought. Ultraviolet light examination of the skin 
may be necessary. The appearance of clay-colored stools, 
dark urine, and jaundice confirms the diagnosis of chronic 
active autoimmune hepatitis, unrelated to infectious hep-
atitis. Hepatitis occurs in 10% to 15% of APS I patients 
and is the leading cause of death. Consequently, all pa-
tients suspected of having APS I should have their liver 
function regularly monitored. Autoimmune hepatitis is 
typically treated with glucocorticoids until stabilized and 
with azathioprine if steroids can be successfully weaned.51 
Malabsorption, which may occur intermittently (and 
typically of fat), has been linked to hypoparathyroidism, 
bacterial and fungal overgrowth, gluten sensitivity (celiac 
disease), and IgA deficiency. There have also been  
rare reports of APS I with diabetes insipidus, growth 
hormone deficiency, ACTH deficiency, rheumatoid ar-
thritis, Sjögren disease, tubulointerstitial nephritis, auto-
immune bronchiolitis, and myopathy.51,69,70

APS II
APS II is the most common of the autoimmune polyen-
docrinopathies (excluding the coincidences of type 1  
diabetes and autoimmune thyroid disease). Associated 
with HLA-DR3 and DR4 as well as HLA-DQA1 and 
DQB1, APS II does not have a single defining gene mu-
tation like APS I. Unlike APS I, APS II usually has its 
onset in adulthood, particularly during the third or 
fourth decades, and is at least three times more common 
in females than males, whereas APS I is equally common 
in males and females. In 1926, Schmidt first described the 
association of adrenocortical and thyroid gland failure, 



20  Autoimmune Polyglandular Syndromes 909

and in 1964, Carpenter extended this description to  
include insulin-dependent diabetes mellitus.55,56 In 1957, 
the autoimmune nature of these diseases was suggested 
by Doniach and Roitt’s discovery of thyroglobulin auto-
antibodies in patients with Hashimoto thyroiditis.71 
APS II was originally defined by the occurrence of adre-
nocortical insufficiency (Addison disease) with autoim-
mune thyroid disease or type 1 diabetes mellitus. This 
female bias in APS II is almost certainly related to the 
coexistence of autoimmune thyroid disease (AITD).  
Adrenocortical failure is the presentation in approxi-
mately 50% of APS II cases. The disease usually has its 
onset between ages 20 and 50 years, although it is not 
unusual to find cases before or after these ages.58,72,73 
Several of the disease components may be present at  
diagnosis. Type 1 diabetes coexists in nearly 50% of  
patients with Addison disease, whereas AITD coexists in 
about two thirds of patients with Addison disease. Thus, 
type 1 diabetes and AITD should be vigorously pursued 
in any patient presenting with Addison disease.

The most common component of the APS II to occur 
as an isolated condition is AITD. AITD affects nearly 
4.5% of the U.S. population74 with 80% to 90% of all 
cases occurring in females. AITD has an increased inci-
dence during the teen years with a peak appearing in the 
fifth and sixth decades. Chronic lymphocytic thyroiditis 
(Hashimoto disease) is by far the most common form of 
AITD, although Graves disease may also occur. Postpar-
tum thyroiditis is best considered to be a transient mani-
festation of autoimmune thyroiditis following childbirth. 
Manifestations of postpartum thyroiditis can vary from 
hypo to hyperthyroidism and discrete periods of hypo- 
and hyperthyroidism can be seen in individual affected 
women. Postpartum thyroiditis affects ,5% of all preg-
nancies with a frequency of ,10% in pregnancies of 
women with type 1 diabetes. Postpartum thyroiditis usu-
ally remits by 1 year following delivery. Several studies 
have reported on the coexistence of anti-islet immunity 
(3% to 8%) or even overt type 1 diabetes and AITD.75,76 
Just 1% of patients with otherwise isolated thyroiditis 
have serologic evidence of adrenal autoimmunity.

Although “polyglandular syndrome” involvement in 
patients with autoimmune thyroid disease is infrequent, 
thyroid autoimmunity or a family history of thyroiditis is 
common in patients with pernicious anemia, vitiligo, alo-
pecia, myasthenia gravis, and Sjögren syndrome.77-79 
More patients with APS I than APS II have vitiligo, but 
because APS I is far less common, most patients with 
vitiligo who have another autoimmune disease have  
APS II. Approximately 20% to 40% of vitiligo patients 
have another component of APS II, with thyrogastric 
autoimmunity (concurrent autoimmune thyroid disease 
and lymphocytic gastritis) being the most common.80,81 
Up to 15% of patients with alopecia (areata, totalis,  
universalis) and 5% of their first-degree relatives have 
thyroid disease. Most patients with vitiligo are asymp-
tomatic, and evidence of concurrent autoimmunity can 
only be ascertained by autoantibody screening. Segmen-
tal vitiligo with involvement of dermatomal regions is 
not associated with autoimmunity.82

Nearly 30% of patients with myasthenia gravis (autoim-
mune disease characterized by muscle weakness worsening 

during muscular contraction and associated with antiace-
tylcholine receptor autoantibodies) have AITD. Both 
Hashimoto thyroiditis and Graves disease may occur in 
patients with myasthenia.83,84 Interestingly, patients with 
concomitant AITD tend to have milder expression of their 
myasthenia and a lower incidence of thymic disease and 
acetylcholine receptor a-chain autoantibodies. However, 
the incidence of ocular myasthenia is higher in patients 
with Graves disease.

Type 1 diabetes mellitus is a diagnostic component of 
APS II.85 The worldwide incidence of type 1 diabetes 
continues to rise, particularly in children less than 5 years 
of age. The disease has a peak incidence during the teen 
years with a smaller but increasing incidence occurring  
in the preschool years.86 Nevertheless, the disease may 
have its onset at any age. Approximately 10% to 15% of  
“type 2 diabetes” patients with disease onset after  
40 years actually have slowly progressive autoimmune 
disease (latent autoimmune diabetes of adults [LADA]).87 
Unlike APS II, in which there is a female gender bias 
despite the occurrence of type 1 diabetes, no gender bias 
is present in patients with isolated type 1 diabetes. AITD 
(denoted by the presence of thyroperoxidase or thyro-
globulin autoantibodies) occurs in 20% to 25% of  
patients with type 1 diabetes with women representing 
nearly two thirds of the autoantibody-positive patients.72 
Despite the high prevalence of thyroid autoantibodies, 
less than 20% of patients with thyroid autoantibodies 
have evidence of thyroid dysfunction defined as an ele-
vated thyroid-stimulating hormone (TSH) concentra-
tion. Gastric parietal cell autoantibodies (PCA) are  
present in approximately 10% of females and 5% of 
males with type 1 diabetes.88 Although pernicious anemia 
typically affects women after the fifth decade, children 
with PCA should be closely monitored for the develop-
ment of pernicious anemia. Atrophic gastritis may lead to 
the development of a megaloblastic anemia due an  
inability to produce intrinsic factor with the consequent 
inability to absorb vitamin B12. Iron deficiency anemia 
may occur in both adolescents and adults due to an  
impaired ability to absorb iron consequent to decreased 
acid production (achlorhydria).89 Adrenocortical autoim-
munity is much less frequent among patients with type 1 
diabetes, with serologic evidence reported in 1.5% of 
cases.90,91 Tissue transglutaminase or endomysial auto-
antibodies suggestive of celiac disease are present in  
3% to 7% patients with type 1 diabetes.92 Celiac disease 
should be suspected in patients with unexplained diar-
rhea, weight loss, failure to gain weight, or failure to 
thrive and should be confirmed by intestinal biopsy.93,94

Approximately 10% of women less than 40 years of age 
with APS II develop ovarian failure. Ovarian failure may 
present as either primary or secondary amenorrhea. In fe-
males with biopsy-proven lymphocytic oophoritis, adreno-
cortical failure or subclinical adrenal autoimmunity is often 
present.95 In contrast, progression to gonadal failure is very 
rare among males with Addison disease.

Pituitary involvement is occasionally seen in APS II.96,97 
Hypophysitis and empty sella syndrome have been de-
scribed, usually leading to isolated failure of secretion of 
growth hormone (GH), ACTH, TSH, follicle-stimulating 
hormone (FSH), or luteinizing hormone (LH).
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Several nonendocrinologic conditions have also been 
reported in association with APS II. These include ulcer-
ative colitis,98 primary biliary cirrhosis,99 sarcoidosis,100,101 
achalasia,102 myositis,103 and neuropathy.104

Immune Dysregulation, 
Polyendocrinopathy, Enteropathy, 
and X-linked Inheritance (IPEX)
Neonatal onset type 1 diabetes, dermatitis, enteropathy, 
thyroiditis, hemolytic anemia, and thrombocytopenia are 
all part of the rare IPEX constellation. Enhanced under-
standing of the regulatory T-cell function and the role 
FOXP3 has led to its characterization. Patients with IPEX 
have an absence of FoxP3 expression.105-108 To date, only 
long-term immunosuppression or bone marrow transplan-
tation, with the goal of enhancing regulatory T-cell func-
tion, have been effective therapies for IPEX. Sustained  
expression of FoxP3 may reprogram effector T cells to act 
as regulatory T cells.109,110 Approaches aimed at enhancing 
the function of regulatory T cells may potentially be  
applied to treating all autoimmune diseases.

DIAGNOSTIC APPROACH AND FOLLOW-UP

The approach to diagnosing polyglandular syndromes is 
threefold (1): autoantibody screening to (i) verify the 

autoimmune nature of the suspected endocrinopathy and 
(ii) test for the involvement of other organs and tissues; 
(2) full assessment of endocrine function in patients with 
confirmed autoantibodies and autoantibody-negative 
subjects in whom disease may be suspected clinically;  
(3) mutation analysis to both confirm the diagnosis and 
screen siblings and other relatives for their potential car-
rier status.

Recognition of multiorgan autoimmune diseases 
prior to their symptomatic phases is vital in minimize 
associated morbidity and mortality. A thorough  
history and physical examination should always be  
performed and a high index of suspicion should be 
maintained. In addition, family history of multiorgan 
autoimmune disease should increase the suspicion for 
a potential APS.

As discussed later, perhaps the greatest single 
achievement in the early diagnosis of APS I patients 
since the early 2000s has been the discovery of the as-
sociation of autoantibodies to type 1 interferons and 
APS I.111 Although not indicative of a tissue-specific 
immune attack, autoantibodies to interferon (a and v) pro-
vide a nearly 100% sensitive and specific screening  
test for APS I.112-114 The presence of autoantibodies 
to interferons should be followed by confirmatory  
testing for AIRE mutations as well as testing for  
tissue specific autoantibodies (Figure 20-5). These 
include 21-hydroxylase or adrenal cortex cytoplasmic 
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FIGURE 20-5 n  Antibody and end-organ testing in patients with suspected APS. This flow diagram shows which autoantibodies should 
be obtained when APS is suspected due to clinical signs and symptoms. Given its sensitivity and specificity, primary screening with 
interferon-v antibodies is likely adequate if APS is suspected. That said, we recommend autoantibody testing in subjects with a 
suspected APS-related disease (adrenalitis, chronic mucocutaneous candidiasis, or autoimmune hypoparathyroidism) at the time of 
initial diagnosis. We also recommend autoantibody testing in subjects with two or more associated autoimmune diseases (i.e.,  
T1D and autoimmune thyroiditis). Unfortunately, data are lacking to provide firm recommendations regarding the need for repeat 
autoantibody testing in patients who are initially autoantibody negative. However, if antibodies are negative, we recommend repeat 
autoantibody testing in early puberty if clinical signs or symptoms of APS persist. For those who are antibody positive, annual  
testing of end-organ function should be obtained as shown. When autoantibody assays are unavailable, clinicians must use frequent 
testing of disease-specific end points to identify associated comorbidities.
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autoantibodies (for autoimmune Addison disease), 
GADA, IA-2A, IAA , and more recently ZnT8 auto-
antibodies (for type 1 diabetes), thyroperoxidase and 
thyroglobulin autoantibodies (for autoimmune thyroid 
disease), steroidal cell autoantibodies (for ovarian fail-
ure), and transglutaminase or endomysial autoantibod-
ies (for celiac disease). In addition, although not readily 
available, autoantibodies to 17-hydroxylase, side-chain 
cleavage enzyme and 3-hydroxysteroid dehydrogenase 
can be used to detect gonadal and adrenal autoimmu-
nity. Autoantibodies to NALP5 (NLR family, pyrin 
domain containing 5; NLR 5 NACHT, leucine rich; 
NACHT 5 nucleotide oligomerization domain-like 
receptors) and the calcium-sensing receptor (putative 
parathyroid autoantigens) document risk for autoim-
mune hypoparathyroidism,115,116 and antibodies to human 
pituitary enolase may provide evidence of autoimmune 
hypophysitis.117 Notably, measurement of certain auto-
antibodies may not be available to all clinicians and 
require individualized approaches to screening and 
follow-up. In addition, although autoantibodies have 
yet to be identified, data suggest a number of cytokines 
(IL-17A, IL-17F, and IL-22) may act as autoantigens 
associated with mucocutaneous candidiasis.118 Although 
there is a clear link between the presence of organ-
specific autoantibodies and either the presence of pre-
existing disease or subsequent progression to disease, 
the number of associated disorders that will develop 
and their age of appearance are unpredictable. Conse-
quently, long-term follow-up is necessary in both auto-
antibody-positive and negative subjects.

All patients with a single autoimmune disease must be 
considered at risk for other autoimmune diseases. 
Whether and when to screen for other autoantibodies is 
based on the likelihood of finding another autoimmune 
disease, cost effectiveness, and the likelihood that screen-
ing will prevent morbidity and mortality from other dis-
eases (e.g., diabetic ketoacidosis, Addisonian crisis, or 
hypocalcemia with seizures) in the future.

Because of the high incidence of AITD in patients 
with type 1 diabetes, we recommend that such patients 
have thyroperoxidase and thyroglobulin autoantibodies 
measured biannually. We prefer this approach over 
 the assessment of thyrotropin (TSH) levels, because 
autoantibody seroconversion is a much earlier event  
in the evolution of thyroid disease and their presence 
would warrant more frequent monitoring (every  
6 to 12 months). Measuring both thyroid autoantibod-
ies has close to 90% sensitivity for the detection of  
AITD. That said, some clinicians prefer to follow  
at-risk patients by means of TSH given that treatment 
is typically not initiated until the TSH becomes  
elevated.

Screening for all components of APS is not recom-
mended in patients with isolated autoimmune thyroid 
disease. However, several reports have demonstrated an 
increased incidence of parietal cell autoantibodies in such 
patients.89,119 Thus, screening for parietal cell autoanti-
bodies in children with AITD should be considered.  
In hypothyroid patients with confirmed APS, evidence 
for adrenal autoimmunity must be sought before starting 

thyroid hormone replacement therapy because thyroid 
hormone replacement can precipitate an adrenal crisis in 
patients with marginal adrenocortical function (by  
increasing metabolism and catabolism of steroid  
hormones).

Delayed diagnoses and even preventable deaths still 
occur in patients with undiagnosed adrenocortical fail-
ure. As mentioned previously, the presentation is often 
vague and nonspecific until an Addisonian crisis ensues. 
In patients with type 1 diabetes, unexplained hypoglyce-
mia or other unexplained improvement in blood glucose 
control might be a clue to the diagnosis of Addison  
disease. Improved sensitivity to injected insulin and  
improved glycemia may represent the loss of counter-
regulatory (anti-insulin) activity associated with gluco-
corticoid deficiency.

All patients with prolonged or unexplained chronic 
mucocutaneous candidiasis or hypoparathyroidism 
should be evaluated for APS I. Screening for APS 
should also be considered in females with premature 
ovarian failure.

Assessment of end organ function in any patient  
with positive autoantibodies is recommended annually 
(see Figure 20-5). Fasting or 2-hour postprandial blood 
glucose testing, calcium, phosphate, and PTH and TSH 
levels can effectively assess pancreatic islet, parathyroid, 
and thyroid function in asymptomatic individuals. Due 
to its limited sensitivity, we do not recommend the use 
of HbA1c as a screening tool for T1D. Elevated FSH 
and LH levels with concomitant low sex steroids  
confirm gonadal failure. Serial assessments of hemoglo-
bin, hematocrit, and red blood cell indices can assess 
progression to atrophic gastritis in patients with gastric 
autoimmunity. The findings of a megaloblastic anemia 
with an elevated mean corpuscular volume (MCV)  
suggest vitamin B12 deficiency, whereas a microcytic 
hypochromic anemia suggests iron deficiency. Vitamin 
B12 levels should be followed in all patients with parietal 
cell autoantibodies as neuropathy can develop without 
anemia. Before starting therapy, both vitaminB12 level 
and an iron profile should be obtained. Methylmalonic 
acid levels are not routinely needed in patients with 
gastric autoimmunity but may be helpful if vitamin B12 
levels are borderline low.120 Liver function tests and 
antimitochondrial autoantibodies should be obtained in 
patients with APS I. Patients with tissue transglutamin-
ase or endomysial autoantibodies are frequently asymp-
tomatic and should be referred to a gastroenterologist 
to discuss the need for an intestinal biopsy and potential 
confirmation of celiac disease.

Low early morning cortisol levels, electrolyte ab-
normalities (hyponatremia/hyperkalemia), and hypo-
glycemia represent late changes occurring at or just 
before the onset of adrenal insufficiency. Just as the 
natural history of pre–type 1 diabetes is well character-
ized (see Chapter 19), a similar pattern is seen prior  
to the development of adrenocortical insufficiency 
(Figure 20-6). Four stages have been described subse-
quent to the detection of adrenal autoantibodies: stage 1: 
increased plasma renin activity with normal to low  
aldosterone; stage 2: decreased cortisol response after 
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APS I.124 APS I has been mapped to chromosome 21q22.1 
and the AIRE gene subsequently cloned.14 Patients with 
APS I are homozygous (possess two mutated copies) for 
the AIRE gene with their parents being heterozygous for 
the mutated gene. AIRE is expressed in the thymus, lymph 
nodes, and fetal liver as well as in pancreas, adrenal cortex, 
and testes. The gene spans 11.9 kb, contains 14 exons, and 
the protein is 545 amino acids.15

Initially, five AIRE mutations were described: one 
nonsense mutation and four frameshift mutations.14,124 
Now, more than 70 mutations in the AIRE gene have 
been reported; mutations are present in over 98% of 
patients with APS I.53,125-127 Multiple shared and unique 
mutations have been defined in Sardinians, Britons,  
Italians, Finns, Japanese, and North Americans.54,128,129 
Sequence analysis demonstrates that the AIRE tran-
scribed protein displays features common to many  
transcription factors.3,130 Further understanding of the 
AIRE protein’s function may provide fundamental in-
sights into the nature of autoimmunity.

GENETICS OF APS II

Whereas APS I displays an autosomal recessive Mende-
lian pattern of inheritance, APS II is not inherited as a 
single gene mutation. APS II is much more typical of 
other autoimmune endocrinopathies where cases  
can occur either sporadically or within families with 
APS II.

Overall, like patients with type 1 diabetes, patients 
with APS II have similar HLA associations, especially 
having increased frequencies of HLA-DR3 (DQB1*0201), 
DR4 (DQB1*0302), and DQA1*0301.85,131 This is not 
surprising, as type 1 diabetes, a frequent component of 
APS II, is strongly HLA associated. However, when pa-
tients with type 1 diabetes are removed from the APS II 
subject group, the association between HLA-DR alleles 
and APS II disappears. Thus HLA-DR, in the absence of 
type 1 diabetes, is not a major locus for the development 
of APS II. Previous studies have shown that Addison 
disease and type 1 diabetes not only share the major risk 
DR3/DR4 genotype but also that Addison disease is  
particularly associated with DRB1*0404 and DRB1*0301 
haplotypes.132 It is estimated that 1 in 20 patients with 
type 1 diabetes with this haplotype will have adrenal  
autoantibodies.133,134 Another high-risk allele for Addison 
disease is DRB5 (DQB1*0301). Graves disease is more 

Stage Renin Aldosterone Basal Cortisol
Cortisol Post 
ACTH Basal ACTH

1 Elevated N or Low N N N
2 Elevated N or Low N Low N
3 Elevated N or Low N Low Elevated
4 Elevated Low Low* Low Elevated

TABLE 20-3  Stages in the Development of Autoimmune 
Addison Disease

*Clinical Addison disease.
ACTH, adrenocorticotropic hormone; N, normal.
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FIGURE 20-6 n  Proposed model of the natural history of an organ-
specific autoimmune disease. In genetically susceptible indi-
viduals, the onset of autoimmunity (identified by the presence 
of serum autoantibodies) is thought to be triggered by environ-
mental agents. These organ-specific autoantibodies can be 
identified months to years before the disease becomes clinically 
manifest, allowing for the prediction and early diagnosis of the 
disease before the clinical manifestations or metabolic abnor-
malities can usually be detected.

parenteral ACTH administration; stage 3: elevated basal 
ACTH; and stage 4: low basal cortisol (Table 20-3).121,122 
In individuals with adrenocortical autoantibodies, 
screening with a measurement of the morning cortisol 
concentration should be done. If normal, mid-afternoon 
ACTH and supine renin levels should be measured. 
Complete assessment of adrenocortical function should 
be carried out in those with ACTH levels . 55 pg/mL 
or in those with elevated renin concentrations.

TREATMENT

Hormone replacement or other therapies for the compo-
nent diseases of APS I and APS II are similar whether the 
ailments occur in isolation or in association with other 
conditions. Specific therapies are described in the indi-
vidual chapters.

GENETICS OF APS I

APS I is inherited in an autosomal recessive fashion.123 
Unlike APS II, specific HLA alleles are not associated with 
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often associated with HLA-DR3 as opposed to Hashi-
moto thyroiditis, which is associated with HLA-DR4 or 
DR5.135,136 Autoimmune hypoparathyroidism and muco-
cutaneous candidiasis do not display associations with 
specific HLA alleles.

Because the association of APS II with specific HLA 
alleles is only modest, other genes must be important in 
providing susceptibility. To identify non-HLA genes that 
influence susceptibility to APS II, genome-wide scan or 
linkage studies are necessary. The G allele of the CTLA-4 
exon 1 A/G diallelic polymorphism has been associated 
with Addison disease in APS II and less strongly associ-
ated with isolated Addison disease.137

AUTOANTIBODIES IN AUTOIMMUNE 
POLYGLANDULAR SYNDROMES

Autoantibodies are antibodies, predominantly IgG, that 
bind to self (auto)antigens. Autoantibodies may be patho-
genic as observed in Graves disease or myasthenia gravis. 
In Graves disease, agonistic autoantibodies directed 
against the thyroid follicular cell TSH receptor stimulate 
overproduction of thyroid hormone causing hyperthy-
roidism.138 In myasthenia gravis, autoantibodies directed 
against the motor end plate acetylcholine receptor located 
on myocytes stimulate internalization of the acetylcholine 
receptor producing muscular weakness. Usually, however, 
autoantibodies serve solely as serologic markers of auto-
immunity such as in type 1 diabetes where islet cell auto-
antibodies (ICA), insulin autoantibodies (IAA), glutamic 
acid decarboxylase autoantibodies (GADA), insulinoma 
associated autoantibodies (IA-2A), and autoantibodies to 
the zinc transporter 8 (ZnT8A) are indicators of ongoing 
autoimmunity.139,140 Interestingly, in patients with APS I, 
GADA are not as predictive of the subsequent develop-
ment of type 1 diabetes.51

Detection of autoantibodies in the autoimmune 
polyglandular syndromes serves several important func-
tions. First, detection of autoantibodies allows for a 
specific autoimmune diagnosis to be established.141 
Second, autoantibody detection in asymptomatic indi-
viduals indicates an increased risk for the later develop-
ment of clinical disease.90 Third, the presence of an 
autoantibody or one autoimmune disease in an individ-
ual may suggest an increased risk for other associated 
autoimmune diseases.

Non–Organ-Specific Autoantibodies
Anti-Interferon Autoantibodies (AIA)

Autoantibodies to interferons (a and v) provide a highly 
sensitive screening test for APS I. First used clinically as 
indicators of risk for myasthenia gravis and thymoma, 
high-titer AIA were unexpectedly found in 60/60 Finnish 
APS I patients and 16/16 Norwegian APS I patients.111 
Notably, AIA were typically detected (using stored serum 
samples) in known APS I patients prior to the onset of 
organ specific autoantibodies. In fact, several APS I  
patients developed AIA prior to the onset of mucocuta-
neous candidiasis. As further evidence of the specificity  

of AIA, subjects with AIRE mutations but lacking  
classic features of APS I (mucocutaneous candidiasis, 
hypoparathyroidism, or adrenal insufficiency) have also 
demonstrated high titers to AIA. As such, AIA are likely 
to become the primary screening test for APS I. The 
specificity of AIA for APS I suggests that interferon-g 
(an interferon without detectable autoantibodies in APS 
I patients) could provide effective immunotherapy in 
APS I patients.111 Finally, AIA can be detected by a com-
petitive immunoassay.114

Autoantibodies to IL-17A, IL-17F, and IL-22

Mucocutaneous candidiasis is often the presenting clini-
cal abnormality in APS I. Although anti-interferon anti-
bodies can predict APS I, they do not predict the order 
or severity of the known APS I components. Disease or 
organ specific autoantibodies are therefore needed to 
provide patients and physicians with optimal anticipatory 
guidance. Improvements in our understanding of host 
defense to Candida led several groups to hypothesize that 
autoantibodies to specific cytokines, IL-17A, IL-17F, and 
IL-22, may both predict and explain the mucocutaneous 
candidiasis associated with APS I. In one study, 33/33 
patients with APS I and mucocutanous candidiasis dem-
onstrated high titer autoantibodies to IL-17A, IL-17F, 
and IL-22 (versus 0/37 controls), and 0/103 patients with 
isolated autoimmune diseases were positive.118 These 
observations have subsequently been confirmed in other 
cohorts and indeed suggest that autoantibodies to  
IL-17A, IL-17F, and IL-22 may be a useful tool in pre-
dicting mucocutaneous candidiasis.142,143 Currently these 
autoantibodies are only used in the research setting.  
Recall that under normal circumstances IL-17 and IL-22 
are involved in the activities of Th17 cells that enhance 
local cellular innate immunity.

Organ-Specific Autoantibodies
Adrenal Cytoplasmic Autoantibodies (ACA)

Adrenal cytoplasmic autoantibodies (ACA) were first 
detected using a complement-fixation technique with 
saline extracts of adrenal tissue and soon afterward by 
indirect immunofluorescence.144 Usually all layers of the 
adrenal cortex (but not the medulla) fluoresce.121 The 
microsomal localization of autoantigens has been con-
firmed using ultracentrifuged cellular components.145 
Other assays for adrenal autoantibodies include solid-
phase radioimmunoassays and nonradioactive enzyme-
linked immunoabsorbent assays.122,146

Up to 75% to 80% of subjects with new-onset  
Addison disease exhibit ACA.121 Approximately 50% of 
asymptomatic ACA-positive individuals develop Addison 
disease in less than 3 years. In a follow-up of 20 ACA-
positive children followed for up to 11 years, the cumula-
tive risk for developing Addison disease was 100%.121 
ACA are also predictive of the subsequent development 
of Addison disease in adults, although less frequently 
than in children. Higher titers of ACA and complement 
fixing ACA have been associated with an increased risk of 
displaying clinical disease.147
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Autoantibodies to the surface of adrenal cortical  
cells have been described but are not detected routinely 
because of the difficulty in obtaining fresh human or 
animal adrenal tissue that can be used for such assays. 
However, almost 90% of individuals with Addison dis-
ease were reported to exhibit such autoantibodies.148

ACA are detected in all forms of autoimmune Addison 
disease, be it isolated Addison disease or as part of APS I 
or APS II. As stated previously, subjects with other forms 
of organ-specific autoimmune disease exhibit increased 
frequencies of ACA, which are highly predictive of the 
subsequent development of adrenal insufficiency.

Adrenal Enzyme Autoantibodies

Typical of many organ-specific autoimmune diseases, ma-
jor autoantigens that serve as targets of autoantibodies in 
APS are enzymes. Such enzymes are expressed in the tis-
sues that are being targeted for humoral or cell-mediated 
autoimmune attack. Examples of various autoimmune 
diseases where enzymes are targeted are illustrated in 
Table 20-2. A discussion of adrenal hormone synthesis 
can be found in Chapter 13.

21-hydroxylase (P450c21) is a major autoantigen rec-
ognized by sera from patients with Addison disease.149 
There is a strong correlation between positivity for ACA 
and P450c21 autoantibodies, and P450c21 autoantibod-
ies appear to be an even more sensitive indicator of  
disease.150 Other enzymes have been identified as autoan-
tigens in patients with either isolated autoimmune  
Addison disease or APS including P450 cholesterol side 
chain cleavage enzyme (P450scc), 17a-hydroxylase 
(P450c17), and 3b-hydroxysteroid dehydrogenase (which 
is not a P450 enzyme).150

Adrenal Enzyme Autoantibodies in APS I

Although autoantibodies to P450c21 (21-hydroxylase), 
P450ssc (side-chain cleavage enzyme), and P450c17 
(17-hydroxylase) have been reported, autoantibodies to 
P450c21 are most commonly identified in patients with 
adrenal autoimmunity. Nearly 75% of APS I and APS II 
patients have P450c21 autoantibodies present.121

The autoantigenic epitopes of the P450c21 enzyme are 
located in the C-terminal end and in a central region of 
the enzyme.151 It has been reported that two of four epit-
opes recognized by P450c17 autoantibodies cross-reacted 
with P450c21, indicating that reactivity to one of these 
autoantigens could actually reflect molecular mimicry be-
tween such epitopes.152 Except for the N-terminal amino 
acids 1-40 and the C-terminal amino acids 456-521,  
immunoreactive epitopes have been described throughout 
P450c21.153

Higher titers of both ACA and P450c21 autoantibod-
ies appear to correlate with both greater impairment of 
adrenocortical function and the predicted development 
of Addison disease.121 As with many autoimmune dis-
eases, an inverse correlation exists between autoantibody 
titer and duration of disease in patients with Addison 
disease.154 This is consistent with the concept that once 
an autoantigen is completely destroyed, the immune sys-
tem is no longer stimulated to produce autoantibodies.

Adrenal Enzyme Autoantibodies in APS II

When clinical or preclinical Addison disease is present, 
there is no unique combination of adrenal or gonadal 
antibodies that separate APS I from APS II.141,155,156 The 
differentiation of APS I from APS II is made either on 
clinical grounds or, in asymptomatic patients, by detect-
ing concomitant autoantibodies associated with APS II. 
Furthermore, there are no unique epitopes recognized by 
P450c21 autoantibodies that allow differentiation of  
isolated Addison disease versus APS I or APS II.157 
However, APS I can be distinguished from APS II via 
molecular diagnostic tests for mutation in the AIRE 
gene.

Steroidal Cell/Gonadal Autoantibodies (SCA)

Some individuals with ACA have sera that cross-react 
with reproductive-steroid-producing tissues including 
the theca interna of the graafian follicle, Leydig cells of 
the testis, or syncytiotrophoblastic layer of the pla-
centa.134,158 Sera that recognize antigens in both adrenal 
and reproductive-steroid–producing tissues whose im-
munoreactivity cannot be absorbed with adrenal extracts 
are termed SCA. Such variability in immunoreactivity 
likely represents differences in autoantigen density or 
epitope availability differences among the tissues.

In asymptomatic patients, SCA are associated with  
an increased risk of developing primary autoimmune 
gonadal failure. In women, this usually manifests as  
either primary amenorrhea or premature menopause. 
Men are usually asymptomatic. When ACA are present 
in the absence of SCA, gonadal failure is rare.134 Overall, 
approximately one third of individuals with ACA have 
SCA (using ovary, testis, or placenta as the antigen 
source). SCA are more common in APS I than in APS II 
patients. It is estimated that 60% of subjects with APS I 
and Addison disease express SCA, compared to 30% of 
patients with APS II.

Premature ovarian failure independent of APS may can 
also occur as a consequence of autoimmunity.159 However, 
Addison disease coexists in approximately 2% to 10% of 
women with autoimmune-mediated premature ovarian 
failure.160 Like other organ-specific autoimmune diseases, 
autoimmune ovarian failure is characterized histologically 
by ovarian infiltration with inflammatory cells.161 Many 
patients with either isolated premature ovarian failure or 
premature ovarian failure associated with APS express 
SCA.162 Five of 5 women with SCA, all of whom also had 
ACA consistent with an autoimmune polyglandular syn-
drome, manifested ovarian failure.163

SCA, depending on the assay used, have been re-
ported in 4% to 87% of women with premature ovarian 
failure.158,164,165 SCA are also predictive of later gonadal 
failure in APS women with normal menses at the time of 
initial study. It has been reported that 100% (11 of 11) 
of APS I patients who were positive for SCA developed 
primary ovarian failure during a follow-up period of up 
to 12 years.163 Autoantibodies reacting strongly to 
the pig zona pellucida as determined by indirect immu-
nofluorescence were observed in 6 of 22 women with 
infertility.166
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The nature of the ovarian autoantigens in premature 
ovarian failure is controversial. Because the adrenal cor-
tex and gonad share several synthetic pathways common 
to cells producing both adrenocortical steroids and sex 
steroids, humoral autoimmunity to shared autoantigens 
might be expected in patients with both Addison disease 
and gonadal failure. The synthesis of sex and adrenal 
steroids requires P450scc, 3b-hydroxysteroid dehydro-
genase, and P450c17. Data are, however, contradictory. 
In one study, SCA activity was removed by preabsorption 
with recombinant human 3b-hydroxysteroid dehydroge-
nase, suggesting that this enzyme was a major autoanti-
gen detected by SCA-positive sera.167 Another study 
suggested that SCA correlated best with reactivity to 
P450scc and a 51-kilodalton autoantigen that binds to 
the aromatic L-amino acid decarboxylase present in 
granulosa cells, placenta, liver, and pancreatic beta 
cells.168

Autoantibodies in Hypoparathyroidism

Autoimmune hypoparathyroidism is a characteristic disor-
der essentially unique to APS I. Hypoparathyroidism is 
absent in subjects with APS II. In the original report of 
parathyroid autoantibodies detected using indirect immu-
nofluorescence, nearly 40% of patients with autoimmune 
hypoparathyroidism were found to have parathyroid cyto-
plasmic autoantibodies versus 6% of controls.169,170 How-
ever, other laboratories did not confirm the initial reports 
of the existence of such parathyroid cytoplasmic autoanti-
bodies.171,172 It was shown that autoantibodies detected 
by indirect immunofluorescence directed against the  
parathyroid gland could be preabsorbed with human mito-
chondria, indicating that such autoantibodies were not 
tissue specific.172

Several different antiparathyroid autoantibodies 
have been reported in patients with hypoparathyroid-
ism. These include autoantibodies that may bind to 
cultured bovine endothelial cells.173,174 Unrelated to 
APS I or APS II, autoantibodies that bind to anti-PTH 
antibodies (employed in a PTH immunoassay—i.e., 
anti-idiotypic PTH autoantibodies) have been de-
scribed.175 Autoantibodies to the extracellular domain 
of the calcium receptor have also been described.116,176 
In contrast, autoantibodies that block the calcium re-
ceptor have been described that cause hyperparathy-
roidism (e.g., “autoimmune hypercalcemia”).177 More 
recently, screening of human parathyroid complemen-
tary DNA libraries with sera from patients with known 
APS I and hypoparathyroidism identified NACHT 
leucine-rich repeat protein 5 (NALP5) as an important 
parathyroid autoantigen. Autoantibodies were detected 
in 49% of patients with APS I and hypoparathyroidism 
but were absent in all 293 controls.115 Notably, NALP5 
autoantibodies appear to be specific for hypoparathy-
roidism related to APS I, as they are rarely (0.69%) 
seen is patients with idiopathic hypoparathyroidism.178

Other Autoantibodies in APS I and II

In addition to the autoantibodies discussed in detail ear-
lier, autoantibodies to tyrosine hydroxylase have been 

reported in ,40% of patients with APS I and correlate 
with alopecia areata.179 Antibodies to liver/kidney micro-
some type 1 (LKM1) are found in nearly 100% of  
patients with type 2 autoimmune hepatitis.180 Forty per-
cent of such patients have associated autoimmune disease 
commonly seen in APS I. The hepatic autoantigens 
P450IA2 and P4502A6 have been reported as targets of 
these antibodies. Autoantibodies to aromatic L-amino 
acid decarboxylase have also been recognized in APS I 
and isolated cases of Addison disease.168 Finally, pteridine-
dependent hydroxylases have also been proposed as auto-
antigens in APS I.181

SUMMARY

The autoimmune polyglandular syndromes result from a 
loss of tolerance to self-antigens. A thorough under-
standing of tolerance induction and defects in tolerance 
is required to fully understand the immunopathogenesis 
of APS. APS I, an autosomal recessive disorder mapped 
to the AIRE gene, is defined by the presence of at least 
two of the following three findings: (1) adrenocortical 
autoimmunity, (2) hypoparathyroidism, or (3) mucocuta-
neous candidiasis. APS II is defined by the coexistence of 
autoimmune adrenocortical insufficiency or serologic 
evidence of adrenalitis with autoimmune thyroiditis  
or type 1 diabetes mellitus. The occurrence of any  
one component disease of an APS may be linked to the 
occurrence of others through shared autoimmunity  
background genes that lead to a loss of tolerance. As 
such, a high index of suspicion should be maintained 
whenever one autoimmune disorder is diagnosed. For 
example, in type 1 diabetes, it is routine to screen for 
thyroid autoimmunity and celiac disease.

Treatment of APS should be aimed at optimal man-
agement of the specific underlying diseases. Screening 
for the presence of associated autoimmune disorders 
should be performed regularly. An improved understand-
ing of the interaction among susceptibility genes,  
environmental triggers, and the development of impaired 
immune tolerance should prove to be the best path to 
improved diagnostic and therapeutic modalities in the 
care of patients with APS.
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QUESTIONS

 1. Mutations in which one of the following genes causes 
autoimmune polyglandular syndrome type 1?
 a. Menin
 b. Ret proto-oncogene
 c. Autoimmune regulator
 d. Hepatic nuclear factor-1
 e. Nuclear factor kappa B

Answer: c

 2. Genetic predisposition to autoimmune polyglandular 
syndrome type 2 (especially when type 1 diabetes is 
present) is most strongly associated with which one of 
the following loci?
 a. MHC class I genes
 b. MHC class II genes
 c. MHC class III genes
 d. CTLA-4
 e. Insulin gene

Answer: b

 3. Which one of the following autoantibodies is the 
strongest predictor of the development of pernicious 
anemia?
 a. Autoantibodies to thyroperoxidase
 b. Autoantibodies to the acetylcholine receptor alpha 

chain
 c. Autoantibodies to voltage-gated Ca21 channel
 d. Autoantibodies to extrinsic factor
 e. Autoantibodies to the Na1/H1 ATPase pump

Answer: e

 4. Which one of the following autoantibodies is the 
strongest predictor of the development of Hashimoto 
thyroiditis?
 a. Autoantibodies to thyroperoxidase
 b. Autoantibodies to thyroglobulin
 c. Autoantibodies to the Na1/I2 symporter
 d. Autoantibodies to intrinsic factor
 e. Autoantibodies to the TSH receptor

Answer: a

 5. Which one of the following autoantibodies is most 
specific for Graves disease?
 a. Autoantibodies to thyroperoxidase
 b. Autoantibodies to thyroglobulin
 c. Autoantibodies to the Na1/I2 symporter
 d. Autoantibodies to intrinsic factor
 e. Autoantibodies to the TSH receptor

Answer: e

 6. What is the major target autoantigen in autoimmune 
Addison disease?
 a. Galactose-1-phosphate uridylyltransferase
 b. 21-hydroxylase
 c. Glutamic acid decarboxylase
 d. Phenylalanine hydroxylase
 e. 11 beta-hydroxylase

Answer: b

 7. Which one of the following problems occurs in auto-
immune polyglandular syndrome type 1 but not in 
autoimmune polyglandular syndrome type 2?
 a. Ectodermal dysplasia
 b. Pernicious anemia
 c. Vitiligo
 d. Addison disease
 e. Autoimmune thyroid disease

Answer: a

 8. A child presents with a hypocalcemia seizure and  
extensive candidal infection of the nails. What is the 
most likely diagnosis?
 a. Addison disease
 b. Autoimmune thyroid disease
 c. Autoimmune polyglandular syndrome type 1
 d. Autoimmune polyglandular syndrome type 2
 e. Multiple endocrine neoplasia syndrome type 2B

Answer: c

 9. What is the risk of a sibling of the above child being 
similarly affected?
 a. , 1%
 b. ,5%
 c. ,25%
 d. ,50%
 e. ,100%

Answer: c

 10. Which one of the following findings is the earliest 
biochemical evidence of Addison disease?
 a. Low AM cortisol
 b. Low cortisol response to cosyntropin
 c. Elevated basal ACTH
 d. Elevated renin

Answer: d

919.e1
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Hypoglycemia in the Toddler  
and Child
David R. Langdon, MD • Charles A. Stanley, MD • Mark A. Sperling, MD 

INTRODUCTION

Hypoglycemia is less common than hyperglycemia after 
early infancy, but it can be caused by a greater variety of 
problems and conditions and can be especially harmful to 
a developing brain. As the growing infant goes longer 
between feedings, a variety of endocrine and metabolic 
adaptations maintain a steady fuel supply. Depending on 
inherent severity, congenital defects of these systems can 
first manifest hypoglycemia later in infancy, and acquired 
defects can produce hypoglycemia in older children  
and adults. However, throughout life the many forms of 
hyperinsulinism are among the most important and  
dangerous causes. This chapter describes an approach to 
diagnosis based on identifying which system of endocrine/
metabolic adaptation is responsible for the failure to 
maintain normal fuel homeostasis. Key diagnostic infor-
mation is often best derived from specimens obtained 
immediately before reversing hypoglycemia (the so-called 
critical samples).

Different definitions of hypoglycemia serve different 
purposes,1,2 and the effects of specific plasma glucose 
levels may vary among patients, especially those with 
previous hypo- and hyperglycemia. As there is no exact 
correspondence between risk of harm and either severity 

of symptoms or specific plasma glucose level, hypoglyce-
mia should be treated as an emergency. Defensive hormonal 
and autonomic responses are triggered at glucose levels 
between 55 mg/dL and 68 mg/dL,3-6 and major neurogly-
copenic manifestations can occur below 50 mg/dL.7,8 

Thus a plasma glucose level of 55 serves as a reasonable 
threshold for diagnostic investigation and therapeutic 
reversal. A plasma glucose concentration between 70 and 
100 mg/dL should be the target range for acute and  
ongoing management of hypoglycemia.

PHYSIOLOGIC DEVELOPMENT OF GLUCOSE 
METABOLISM DURING INFANCY AND 
CHILDHOOD
Glucose Utilization and Production
As a meal is digested, glucose is in ample supply, but during 
postabsorptive fasting, glucose production must match 
glucose utilization rates that are markedly higher per  
kilogram of body weight in infants than in adults, due to 
their larger brain size relative to body weight.9 Bier and 
coworkers showed by stable isotope measurements of glu-
cose turnover rates that the brains of infants and children 
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smaller muscle mass of infants relative to body mass limits 
the duration of fasting.11

Because brain growth is nearly complete as the body 
reaches 40 kg at 10 to 12 years of age, little additional 
glucose production is needed in adolescents and adults, 
and glucose can be maintained above 70 mg/dL for pro-
gressively longer durations. Infants from 1 week to 1 year 
of age should be able to tolerate 15 to 18 hours of fasting 
before plasma glucose concentrations fall below 70.12,13 
By 1 year of age, a normal child should be able to fast up 
to 24 hours.14-16 By 5 years of age, a fast of up to 36 hours 
may be tolerated, whereas most adults can maintain fast-
ing glucose above 70 mg/dL for 48 to 72 hours.17 Hypo-
glycemia induced by fasting of shorter duration than ex-
pected for age should, therefore, alert the clinician to the 
possibility of an underlying disorder.18

Fasting Adaptation to Longer Feeding 
Intervals
With feeding, plasma insulin concentrations rise from 
values of 3 to 10 mU/mL to peaks of 20 to 50 mU/mL and 
stimulate glycogen synthesis, inhibit gluconeogenesis, and 
enhance peripheral (muscle) glucose uptake (Table 21-1). 
Simultaneously, triglyceride synthesis is activated and  
lipolysis and ketogenesis are curtailed. In the postabsorp-
tive state, plasma glucose levels decline, and at an average 
threshold of 81 mg/dL (4.5 mmol/L) insulin secretion  
is reduced.7 Coupled with a rise in counter-regulatory 
hormones (glucagon and epinephrine) that begins to occur 
as the glucose reaches 68 mg/dL (3.8 mmol/L) and sym-
pathetic activation at 55 (3 mmol/L), the fall in insulin 
levels reverses the anabolic pathways to ensure adequate 
supplies of glucose, fatty acids, and ketones (Box 21-1).19,20 
The fatty acids mobilized from adipose tissue serve as  
alternative fuels for muscle, including cardiac muscle, 
thereby sparing glucose for brain metabolism. Glucose 
utilization is further spared by partial oxidation of fatty 
acids to ketones in the liver, which are then released to 
serve as substrate for the brain.21

The first phase in the metabolic defense against hypo-
glycemia is hepatic glycogenolysis (Figure 21-2). In infants, 
liver glycogen stores may provide glucose for up to 4 hours. 
As the child grows, glycogen reserves relative to brain glu-
cose utilization are greater and may provide glucose for up 
to 8 hours of fasting. Glucagon and epinephrine, as insulin 
levels are suppressed, trigger glycogenolysis. Deficiency of 
these two hormones is unusual except in children on beta-
blocker drugs. Therefore, hypoglycemia occurring early in 
fasting suggests either excess insulin secretion or a primary 
disorder in glycogenolysis.

FIGURE 21-1 n  Glucose production as a function of body weight 
(top) and estimated brain weight (bottom). Note the change in 
slope at approximately 40 kg of body weight when brain growth 
is complete. (From Bier, D. M., Leake, R. D., Haymond, M. W., et al. 
(1977). Measurement of “true” glucose production rates in infancy 
and childhood, with 6,6-dideuteroglucose. Diabetes, 20, 1016.)

Hormone
Hepatic  
Glycogenolysis

Hepatic  
Gluconeogenesis

Adipose Tissue 
Lipolysis

Hepatic  
Ketogenesis

Insulin Inhibits Inhibits Inhibits Inhibits
Glucagon Stimulates Stimulates
Epinephrine Stimulates Stimulates Stimulates Stimulates
Growth hormone Stimulates Stimulates
Cortisol Stimulates

TABLE 21-1 Hormonal Regulation of Fasting Metabolic Systems

use glucose at rates of 4 to 6 mg/kg/min, equivalent to  
almost all endogenous glucose production during fasting.10 
(Figure 21-1) The rate of glucose production by the liver is 
linearly correlated with estimated brain weight at all ages. 
Muscle amino acids are the principal source of gluconeo-
genic precursors during fasting, but the substantially 
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Symptoms of HypoglycemiaBOX 21-1

NEurOgENIC SympTOmS DuE TO ACTIvATION 
Of AuTONOmIC NErvOuS SySTEm

• Sweating
• Shakiness, trembling
• Tachycardia
• Anxiety, nervousness
• Weakness
• Hunger
• Nausea, vomiting
• Pallor
• Hypothermia

NEurOglyCOpENIC SympTOmS DuE TO DECrEASED 
CErEbrAl gluCOSE uSE

• Headache
• Visual disturbances
• Lethargy, lassitude
• Restlessness, irritability
• Difficulty with speech and thinking, inability to  

concentrate

• Mental confusion
• Somnolence, stupor, prolonged sleep
• Loss of consciousness, coma
• Hypothermia
• Twitching, convulsions, “epilepsy”
• Bizarre neurologic signs
• Motor disturbances
• Sensory disturbances
• Loss of intellectual ability
• Personality changes
• Bizarre behavior
• Outburst of temper
• Psychological disintegration
• Manic behavior
• Depression
• Psychoses
• Permanent mental or neurologic damage

FIGURE 21-2 n  Contribution of major fasting systems to brain metabolism over time. Key metabolic pathways of intermediary me-
tabolism. Disruption of the elements of these pathways may be pathogenetic in the development of hypoglycemia. Not shown is 
the hormonal control of these pathways. Indicated are (1) glucose 6-phosphatase, (2) glucokinase, (3) amylo-1,6-glucosidase,  
(4) phosphorylase, (5) phosphoglucomutase, (6) glycogen synthetase, (7) galactokinase, (8) galactose 1-phosphate uridyl transfer-
ase, (9) uridine diphosphogalactose-4-epimerase, (10) phosphofructokinase, (11) fructose 1,6- diphosphatase, (12) fructose  
1,6-diphosphate aldolase, (13) fructokinase, (14) fructose 1-phosphate aldolase, (15) phosphoenolpyruvate carboxykinase, and  
(16) pyruvate carboxylase. UDP, uridine diphosphate. (From Pagliara, A. S., Karl, I. E., Haymond, M., & Kipnis, D. M. (1973). Hypoglycemia 
in infancy and childhood. J Pediatr, 82, 365–379, 558–577.)
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Breakdown of adipose tissue triglycerides (lipolysis) is 
triggered by secretion of the counter-regulatory hor-
mones (epinephrine and growth hormone [GH]) and by 
declining levels of insulin. In infants, elevation of plasma 
ketones begins by 12 to 18 hours into fasting. In older 
children, ketonemia may not appear until 18 to 24 hours 
of fasting.22 Cortisol, produced during stress, can further 
accelerate gluconeogenesis.

Defects in gluconeogenesis (e.g., fructose-1,6-
bisphosphatase deficiency) will usually become manifest 
only after glycogen stores have been depleted and will 
thus not occur in the recently fed state. FAO disorders 
can be triggered by more prolonged fasting. In the first 
months of life, feeding intervals gradually increase from 
the typical 2 to 3 hours for the on-demand breastfed  
infant to 4 hours, and eventually to 8 to 12 hours as 
nighttime feedings are omitted. For this reason, disor-
ders of gluconeogenesis and FAO rarely present as hypo-
glycemia in the newborn period when feeding is fre-
quent, but rather later in infancy as fasting is prolonged 
(or, rarely, immediately after birth before lactation is  
established). Congenital or acquired deficiencies of the 
counter-regulatory hormones that facilitate these pro-
cesses (cortisol and growth hormone) may also result in 
hypoglycemia—in the newborn period if congenital and 
severe or later in infancy when longer periods of fasting 
occur. Combined deficiency of cortisol (adrenocortico-
tropic hormone [ACTH]) and GH in hypopituitarism 
may produce earlier onset and more severe hypoglycemia 
than occurs with isolated hormone deficiencies.

SYMPTOMS, SIGNS, AND EFFECTS 
OF HYPOGLYCEMIA

Neuroendocrine defenses against hypoglycemia consist of 
the counter-regulatory hormones that shift metabolic 
processes toward glucose production and the autonomic 
responses that provide most of the recognizable symp-
toms. Counter-regulatory hormones rise as the plasma 
glucose drops below an average of 68 mg/dL, though  
the rise of these hormones is not usually clinically detect-
able nor rapidly measurable (Table 21-2).5,19,20,23 Of the 

FIGURE 21-3 n  Changes in major metabolic fuels during fasting in 
a normal infant. Note that plasma glucose declines toward hy-
poglycemic values by 24 hours as hepatic glycogen reserves are 
depleted. The level of lactate, a representative gluconeogenic 
substrate, declines gradually during the fast. Late in fasting, 
levels of plasma free fatty acids (FFA) increase as lipolysis is 
activated—followed by an increase in b-hydroxybutyrate as 
rates of hepatic fatty acid oxidation and ketogenesis increase.

Plasma Glucose References

mg/dL mmoL/L

Reduction of insulin secretion 80-85 4.4-4.7 20
Slight slowing of auditory response time 72 4 44
Increased glucagon and epinephrine release 68 3.8 5, 20, 42, 486
Increased cortisol and growth hormone release 60 3.3 5, 20, 42, 486
Autonomic responses and awareness of  

hypoglycemia
55 3 5, 42, 486

Subtle EEG changes 55 3 45
Insulin secretion minimal 50 2.8 487
Obviously impaired cognitive function 49 2.7 5, 486
Reduced level of consciousness, seizures 30-40 1.7-2.2 7
Neuronal death and brain damage , 18 , 1 7

TABLE 21-2 Mean Thresholds of Hypoglycemic Defenses and Effects

As glycogen stores become depleted, there is a greater 
reliance on gluconeogenesis to maintain plasma glucose 
levels. The main gluconeogenic precursors are amino 
acids, especially alanine, most of which is generated from 
skeletal muscle. To prevent excessive breakdown of mus-
cle protein, adipose tissue provides an additional fuel 
source in the form of triglycerides hydrolyzed to glyc-
erol, which the liver can use for gluconeogenesis, and 
free fatty acids, which become the major fuel source for 
the body at later stages of fasting. Mitochondrial fatty 
acid oxidation (FAO) in the liver produces ketone bodies 
(b-hydroxybutyrate and acetoacetate) that can be used 
especially by the brain but also by muscle, including car-
diac muscle, for energy production (Figure 21-3). This 
decreases glucose utilization by these organs and helps 
ensure an adequate supply of glucose to the brain and to 
tissues that use only glucose as fuel (e.g., red blood cells). 
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counter-regulatory hormones, glucagon and epinephrine 
exert the largest immediate effects on glucose metabolism 
cortisol and growth hormone effects are slower, and the 
many other hormones (e.g., prolactin, vasopressin) that 
rise in response to hypoglycemia are less important still. 
Control of the counter-regulatory responses is at least 
partially local, with intra-islet control of glucagon release 
by release of insulin suppression, and multiple effects on 
glucose metabolism and eating behavior are influenced  
by glucose sensing in the portal vein.24-26 However, the 
primary site of glucose sensing and response is in the 
ventromedial nucleus of the hypothalamus.27

Clinically recognizable signs and symptoms of hy-
poglycemia occur at slightly lower plasma glucose 
levels and most fall into one of two categories: auto-
nomic or neuroglycopenic (see Box 21-1). Autonomic 
manifestations resulting from activation of the sympa-
thetic nervous system, typically at a plasma glucose 
threshold of 55 mg/dL (3 mmo/L), provide the most 
recognizable signal to a person that glucose is falling 
and food is needed.7,28 Adrenergic symptoms such as 
tachycardia, tremor, and anxiety are produced both by 
local sympathetic neural effects and by the peripheral 
effects of epinephrine released from the adrenals. 
Cholinergic symptoms include sweating, hunger, and 
paresthesias.28 Hypothermia often occurs with prolonged 
hypoglycemia in older children and adults; evidence 
suggests a neurogenic mechanism.29,30

The trigger for counter-regulatory responses is the 
plasma glucose level itself. The rate of glucose fall and 
the level of insulin have little effect.5,31 Activation thresh-
olds for these neuroendocrine responses (both the coun-
ter-regulatory hormones and sympathetic activation) 
have been best established for healthy young adults and 
vary only slightly by sex,32 age,33 exercise,34 sleep,35 and 
nutritional status (Figure 21-4).36 Certain drugs can 
dampen (e.g., beta-blockers) or amplify (e.g., caffeine) 
the responses.37

The most clinically important alterations of neuroen-
docrine response thresholds result from prior hypo- and 
hyperglycemia. Even a single episode of moderately se-
vere hypoglycemia can blunt or lower the activation 
thresholds for 24 hours or more.38-40 Prolonged or recur-
rent hypoglycemia can so reduce the autonomic re-
sponses (termed hypoglycemia-associated autonomic failure 
[HAAF]) that neuroglycopenic effects may be the sole 
clinical manifestation of severe hypoglycemia.41 The 
effect can be demonstrated not just in adults and children 
with diabetes but also in nondiabetic adults and in infants 
with recurrent hypoglycemia due to hyperinsulinism.40 
Conversely, chronic hyperglycemia is associated with 
higher glucose thresholds for counter-regulatory re-
sponses.42,43

Neuroglycopenic effects become progressively more 
severe as glucose deprivation affects brain function. For 
the affected person, neuroglycopenic effects are less rec-
ognizable than the autonomic symptoms and are better 
characterized as a continuum of increasing impairment 
than a single “threshold.” However, prior hypoglycemia 
does not lower the threshold levels for the objectively 
measurable neuroglycopenic effects.20 A plasma glucose 
decline from 87 to 72 mg/dL increases the latency of 

P300 waves, an auditory event-related potential said to 
be a sensitive and specific test of cognitive function that 
occurs at glucose levels above the neurogenic symptom 
threshold.44 Subclinical epileptiform electroencephalo-
graphic changes occur in most children at glucose levels 
approaching 55 mg/dL (3.1 mmol/L).45 More obvious 
cognitive effects, such as slower response times and im-
paired judgment, occur at an average threshold of 49 mg/dL 
(2.7 mmol/L).7,46,47 At even mildly lower plasma glucose 
levels, lethargy or confusion become evident, followed  
by seizures and coma. In infants and young children, 
neuroglycopenic manifestations may involve twitching, 
poor feeding, irritability, high-pitched crying, or even 
vomiting.48 With prolonged hypoglycemia in older chil-
dren and adults, bizarre, uncharacteristic, or “automatic” 
behavior (including physical aggression or, rarely, criminal 
offenses) can occur.49-51 All of these cognitive, behavioral, 
and consciousness effects are typically completely reversed 
when the glucose level is raised, though subtle neuropsy-
chological impairment may be measurable days later.52

More severe and prolonged glucose deprivation  
produces brain damage from neuronal death.7,53,54 In 
experiments with primates, 5 to 6 hours of glucose levels 
below 20 mg/dL (1.1 mmol/L) reliably produced severe 
damage.7 Severe hypoglycemia causes characteristic 
pathologic changes in cortical tissue and white matter, 
though the cerebellum and brainstem are usually 
spared.55 Magnetic resonance imaging changes charac-
teristic of hypoglycemic damage can be seen in both in-
fants and adults.56,57 Permanent cognitive impairment is 
measurable in many children and adults with a history of 
recurrent, severe hypoglycemia.58-62

Facilitated glucose transport across the blood-brain 
barrier, mediated by the glucose transporter-1, is depen-
dent on the arterial plasma glucose concentration and 

FIGURE 21-4 n  Plasma epinephrine response of children and 
adults to step decreases in blood glucose concentration during 
a hyperinsulinemic clamp procedure. Note that the increase in 
epinephrine concentration occurs at a significantly higher glu-
cose concentration in children than in adults. In addition, at 
comparable glycemia of less than 60 mg/dL, epinephrine re-
sponses in children are approximately threefold higher than in 
adults. (From Jones, T. W., Borg, W. P., Boulware, S. D., et al. (1995). 
Enhanced adrenomedullary response and increased susceptibility to 
neuroglycopenia: mechanisms underlying the adverse effects of 
sugar ingestion in healthy children. J Pediatr, 126, 171.)
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independent of insulin. Reduction of neurogenic symp-
toms with repeated hypoglycemia does not depend on 
increased glucose transport.63 The conditions in which 
ketones or lactate can be used as alternate fuels during 
hypoglycemia are uncertain, but the ability to replace 
glucose is limited.64-67 A final intracerebral defense during 
hypoglycemia is afforded by small stores of astrocyte gly-
cogen that can be converted to lactate and may provide up 
to 20 minutes of fuel support for neuronal function.68,69

Other signs and symptoms of hypoglycemia are not as 
clearly related to the counter-regulatory or neurogenic 
defenses, or to the neuroglycopenic effects. The younger 
the child, the more nonspecific the manifestations may 
be, including cyanosis, bradycardia, apnea, and apparent 
respiratory distress.48,70

DEFINITION OF HYPOGLYCEMIA

A clinically useful definition of hypoglycemia cannot be 
based simply on a single value of plasma glucose concen-
tration.1,71 For children and adults, hypoglycemia is best 
defined as a plasma glucose concentration low enough to 
elicit defensive neuroendocrine responses or to impair 
brain function. Counter-regulatory hormones rise at an 
average threshold of 68 mg/dL, and autonomic effects 
and the most recognizable symptoms of hypoglycemia 
occur at an average threshold of 55, but, as noted previ-
ously, these responses can be blunted or the thresholds 
shifted by prior hypo- and hyperglycemia. Brain func-
tion is slightly affected at plasma glucose levels as high 
as 70, and more clearly at an average threshold of 49 but 
these effects may be less obvious in young children.

The Endocrine Society has developed guidelines for 
the evaluation and management of adult hypoglycemia, 
which emphasize the value of Whipple’s triad for con-
firming hypoglycemia in adults: (1) symptoms or signs  
of hypoglycemia occurring with (2) a low measured 
blood glucose and (3) resolving when glucose is raised.71 
Although this is also a useful approach for older children, 
Whipple’s triad may be less applicable to infants and 
young children, in whom the observable effects of hypo-
glycemia can be less specific, who are too young to report 
symptoms, and for whom establishing a threshold defini-
tion of hypoglycemia has been difficult.72-75 Despite the 
frequency with which hypoglycemia is not accompanied 
by obvious symptoms in infants, evidence of harm to  
the brain from prolonged or recurrent hypoglycemia 
suggests the same clinical thresholds and treatment goals 
are applicable to young and old alike.

For the purposes of this chapter and for clinical prac-
tice, two hypoglycemia thresholds are used: a level suffi-
ciently low for obtaining diagnostic tests and a level that 
is the goal for treatment. For diagnostic purposes, a 
plasma glucose value of less than 55 mg/dL (3 mmol/L) 
is sufficiently low for obtaining samples for determining 
the etiology of the hypoglycemia and for terminating 
provocative tests. In contrast, the lower limit of the 
plasma glucose range for therapeutic purposes should be 
70 mg/dL (3.9 mmol/L), which is also the lower end  
of the “target range” for therapy in diabetic patients.  
Setting $ 70 mg/dL as the therapeutic goal is especially 

important to avoid periods of low glucose that may blunt 
the neuroendocrine and symptomatic responses to hypo-
glycemia and lead to greater susceptibility to subsequent 
episodes of hypoglycemia.

Plasma glucose values must be interpreted with an 
awareness of numerous physiologic, technical, and arti-
factual sources of variation. Because whole-blood glucose 
levels are 10% to 15% less than plasma concentrations,  
it is preferable to consistently refer to plasma glucose 
concentrations.76 As blood from large veins will have 
lower glucose values than simultaneous blood from arter-
ies, especially postprandially, it is important of refer to 
arterialized venous plasma glucose concentrations as the 
standard.77 When blood is drawn but not immediately 
separated, glucose levels decline due to red cell glycoly-
sis; this is a common cause of artifactually low glucose 
levels reported in metabolic panels run by commercial 
labs.78 Glucose meters originally designed for diabetes 
management are useful for screening purposes, but none 
of the currently available meters is sufficiently accurate 
for a diagnosis of hypoglycemia without laboratory cor-
roboration.79 Any meter plasma glucose level , 60 mg/dL 
should be confirmed by an accurate laboratory determi-
nation of plasma glucose.80

MAJOR CAUSES OF HYPOGLYCEMIA 
IN THE INFANT, CHILD, AND YOUNG ADULT
Hyperinsulinism
Hyperinsulinism is the most common and the most severe 
form of hypoglycemia in infancy.81-83 The hypoglycemia of 
hyperinsulinism is particularly dangerous to the brain be-
cause it is associated with inadequate amounts of all brain 
fuels (low plasma ketones and glucose).62 Although 60% of 
patients with congenital hyperinsulinism present in the 
first week of life, milder forms continue to be a significant 
cause of hypoglycemia throughout infancy and later. De-
spite a lengthening list of known genetic causes of con-
genital hyperinsulinism, many infants have forms for 
which the underlying mechanism remains unknown.84,85

Congenital hyperinsulinism often becomes evident af-
ter the first months of life, when the feeding intervals 
lengthen and night feedings are omitted. Such infants may 
present with early morning seizures or lethargy. Many will 
have a history of hypoglycemia in the newborn period that 
was not fully appreciated or will have a history of previous 
seizures.86 Some of these children may have previously 
unexplained developmental delay. In dominant forms of 
hyperinsulinism, a parent or other relative may report a 
more subtle history of hypoglycemia.87 Defects of adenos-
ine triphosphate (ATP)-sensitive potassium channel 
(KATP channel) are the most common form of congenital 
hyperinsulinism, but a growing number of other defects  
in insulin secretion are being identified. As outlined in 
Chapter 5, all of the genetic causes of hyperinsulinism may 
initially present in the older infant and child.88-90

Hypoglycemia due to hyperinsulinism after the neo-
natal period is likely to present as recurrent episodes of 
neuroglycopenic symptoms in an otherwise well child. 
The hypoglycemia may be mild or severe, occurring after 
overnight fasting or in a “reactive” pattern 2 to 3 hours 
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after a meal. Obvious adrenergic signs (pallor, perspira-
tion) are common but not invariably present; seizures are 
frequent. The diagnosis of hyperinsulinism is suggested 
when hypoglycemia is accompanied by the absence of 
hyperketonemia and injection of glucagon is followed by 
a large increase in plasma glucose. A critical specimen 
obtained during hypoglycemia that demonstrates mea-
surable amounts of insulin, C peptide, or proinsulin 
(Table 21-3) can be conclusive. However, it is not always 
easy to demonstrate elevated insulin levels.91

Standard insulin assays may not detect exogenous insu-
lin analogs such as lispro, aspart, glargine, glulisine, and 
detemir.92 Plasma free fatty acids and beta-hydroxybutyr-
ate (bOHB) are inappropriately low during hypoglycemia 
due to hyperinsulinism, as is insulin-like growth-factor-
binding protein-1 (IGFBP1).93 A glycemic response to 
glucagon at the time of hypoglycemia is strong evidence of 
hyperinsulinism as well.12,94,95 Because of the increased 
glucose utilization of hyperinsulinism, a glucose infusion 
rate above 8 mg/kg/min may be needed to maintain glu-
cose above 70 mg/dL in young infants. However, this is 
usually more difficult to demonstrate or is inconsistently 
present in older children.

KATP Channel Hyperinsulinism

Two genes, SUR1 and Kir6.2, encode the two subunits of 
the adenosine triphosphate KATP channel in the plasma 
membrane of the beta cell. Potassium efflux through this 
channel hyperpolarizes the beta cell plasma membrane 
and is a key negative regulator of insulin secretion;  
defects that impede potassium efflux or inhibit KATP 
channel activity cause excessive insulin secretion. As de-
scribed in Chapter 5, three distinct defects of these genes 
are known to cause hyperinsulinism:

• Autosomal-recessive inheritance of two KATP mu-
tations produces a severe neonatal onset of disease 

that is unresponsive to diazoxide. These mutations 
are associated with diffuse histologic changes in the 
pancreatic islets.96

• A clone of beta cells possessing a single recessive 
mutation on the paternal chromosome may lose the 
normal maternal allele, resulting in homozygosity 
for a recessive KATP channel mutation.89 This 
“two-hit defect” produces a focal area of adenoma-
tosis in the pancreas.

• Rarer, dominantly inherited autosomal mutations 
usually cause a milder form of KATP hyperinsulinism 
that often presents after infancy and responds to  
diazoxide. Dominant KATP mutations that produce 
severe, diazoxide-unresponsive disease have also been 
reported.97,98

The diffuse and focal forms of KATP hyperinsulinism 
account for more than 90% of cases of congenital hyper-
insulinism in infancy and are similar in their clinical 
manifestations. Both may require surgery to maintain safe 
glucose levels. After confirmation of hyperinsulinemic 
hypoglycemia by the criteria presented in Table 21-3 and 
exclusion of the more rare forms described in the follow-
ing discussion, a KATP channel defect can be presumed 
the most likely diagnosis. While blood is being tested  
for specific mutations (e.g., www.genetests.org ), manage-
ment may proceed without molecular confirmation. 
Treatment measures able to maintain blood glucose levels 
above 70 mg/dL without surgery are referred to as “medical 
management” (Table 21-4).

Diazoxide (5 to 15 mg/kg/day) is the first-line drug, 
but it is often ineffective for KATP hyperinsulinism. Oc-
treotide may be given by subcutaneous injection or infu-
sion at 15 to 20 mg/kg/day.99 Calcium channel blockers 
have occasionally been tried but are generally not consid-
ered effective.100 If medical management does not main-
tain the plasma glucose concentration . 70 mg/dL with 
a normal feeding schedule, surgery may be necessary. 

Normal
Indicative of  

Hyperinsulinism
Typical of 

Insulinoma

Time to glucose 
nadir, hours

. 48 , 48 2-48

Glucose, mmol/L 
Glucose, mg/dL

. 2.2
. 40

, 2.5
, 45

1.4-3
25-55

Insulin, pmol/L
Insulin, mU/mL

, 18
, 2.5

. 18
. 2.5

6-200
3-42

Proinsulin, pmol/L
Proinsulin, ng/mL

, 5
, 0.2

. 5

. 0.2
10-800
0.1-9

C-peptide, nmol/L
C-peptide, ng/mL

, 0.2
, 1

. 0.2

. 1
0.2-1.8

1-9
bOHB, mmol/L . 2.7 , 2.7 , 2
Glucose peak after 

glucagon
, 1.4

, 25
. 1.4

. 25
1.5-5.4
27-90

TABLE 21-3 Fasting Test Results Consistent with Insulinoma

Values are compiled from several large series of mostly adult patients.193,195,198,488 Levels were 
obtained at time of symptomatic hypoglycemia or when glucose fell below 2.5. Levels for normal 
patients are at the end of a 48- or 72-hour fast. In each series, up to 3% of patients were 12 to  
20 years old, though fasting longer than 24 hours is rarely necessary for the diagnosis of hypogly-
cemia in children. Normal ranges are somewhat assay specific and not precisely arithmetically 
convertible. In each series, a few patients in each category fell outside these ranges for single  
parameters, so diagnoses should not be based on single values near the edges of expected ranges.

http://www.genetests.org
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Surgical treatment for focal KATP hyperinsulinism is 
curative, whereas for diffuse disease even a 95% to 99% 
pancreatectomy may not cure the hypoglycemia (and dia-
betes is a frequent sequela).95 18F-DOPA PET scanning 
may localize a focal lesion preoperatively, but definitive 
differentiation of focal and diffuse disease is made intra-
operatively by repeated examination of frozen sections.94 
This difficult procedure requires a patient surgeon and a 
dedicated team of histopathologists.101-103

Glutamate Dehydrogenase Hyperinsulinism

Hyperinsulinism can also be caused by activating mutations 
in the gene (GLUD1 on 10q) for glutamate dehydrogenase 
(GDH).90 This disorder, also known as the hyperinsulinism-
hyperammonemia syndrome, is a milder form of hyperin-
sulinism than KATP hyperinsulinism and is more likely to 
present in late infancy and early childhood than in the new-
born period.104,105 Mutations in GDH cause disease in an 
autosomal-dominant fashion, but up to 80% cases may be 
de novo mutations. Severity may vary within a family from 
seizures in infancy to mild postprandial hypoglycemia in 
adults. Ingestion of protein without carbohydrate may be 
especially likely to depress the blood glucose.

Activating mutations of GDH in the beta cell amplify 
leucine-triggered production of ATP, independent of glu-
cose levels, which then causes closure of KATP channels 
and insulin release. In the kidney, the same mutation in-
creases oxidation of glutamate to a-ketoglutarate with the 
production of ammonia. In addition to increased renal 
ammonia production, the low levels of glutamate in the 
liver may impair the production of N-acetylglutamate, an 

important allosteric activator of the urea cycle. Thus, the 
same mutation causes excessive insulin production in the 
pancreas, excessive ammonia production by the kidneys, 
and, possibly, impaired urea synthesis in the liver.106

The diagnosis of GDH hyperinsulinism is similar to 
that of other forms of hyperinsulinism. In addition to the 
usual laboratory findings of hyperinsulinism, however, 
persistently elevated ammonia levels (typically 80 to  
120 mmol/L) are diagnostic of this disorder.107 Most 
patients respond to diazoxide, and surgery is never neces-
sary.104,108 High ammonia levels do not appear to cause 
problems in GDH hyperinsulinism because the hyper-
ammonemia is not associated with elevated neuronal 
glutamine, the substance thought to be principally re-
sponsible for the central nervous system (CNS) toxicity 
evident with other forms of hyperammonemia.109

Glucokinase Hyperinsulinism

Glucokinase is the enzyme that serves as the glucose sen-
sor in the beta cells of the pancreas.110 Gain-of-function 
mutations can result in a lower glucose threshold for in-
sulin secretion, leading to persistent hypoglycemia, just 
as loss-of-function mutations produce a higher glucose 
secretion threshold, causing a common form of mild 
monogenic diabetes (MODY2).111 At least 15 different 
dominantly expressed mutations have been reported.112 
Enzyme activities, glucose thresholds, and clinical severity 
of these mutations can vary. The more severe mutations 
tend to be de novo rather than inherited. The in vitro 
enzyme kinetics of each mutation is of limited value for 
predicting clinical severity and course.112

GSD Protein Gene Inheritance
Relative 

Incidence
Fasting Hypo
glycemia

0 Glycogen synthase  
deficiency

Glycogen synthase GYS2 on 12p12.2 AR U Usually mild

Ia von Gierke disease Glucose 6-phosphatase G6PC on 17q21 AR C Universal, severe
Ib Glucose 6-phosphate 

translocase
SLC37A4 on 11q23 AR R Universal, severe

IIIa Cori or Forbes  
disease, debrancher 
deficiency, limit 
dextrinosis

Amylo-1,6-glucosidase 
in liver and muscle

AGL on 1p21 AR C Mild to moderate

IIIb Cori or Forbes  
disease, debrancher 
deficiency, limit 
dextrinosis

Amylo-1,6-glucosidase 
in liver

AGL on
1p21

AR R Mild to moderate

IV Andersen disease,  
amylopectinosis

Branching enzyme GBE on 3p12.2 AR U With advanced 
liver failure

VI Hers disease Glycogen phosphorylase PYGL on 14q22.2 AR U Mild
IXa Hug or Huijing disease a subunit of phos 

b kinase
PHKA2 on Xp22.13 XL C Mild to moderate

IXb b subunit of phos 
b kinase

PHKB on 16q12.1 AR R Mild to moderate

IXc g subunit of phos 
b kinase

PHKG2 on 16p11.2 AR R Mild

XI Fanconi-Bickel disease Glucose transporter 2 GLUT2 on 3q26.2 AR R Mild

TABLE 21-4 Disorders of Glycogen Storage Causing Hypoglycemia

GSD, glycogen storage disease; AR, autosomal recessive; XL, X-linked. Relative incidence compared to other GSDs: C, common; U,  
uncommon; R, rare.
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In some cases, glucokinase mutations have produced 
neonatal hypoglycemia severe enough to require pancre-
atic surgery to stabilize glucose levels. Other cases have 
presented as hypoglycemic seizures in childhood or even 
reactive hypoglycemia in older relatives. Like the KATP 
forms of hyperinsulinism, glucokinase mutations can 
cause apparently transient neonatal hypoglycemia that 
becomes asymptomatic for many years, only to recur 
later in life.113,114 In some cases, older relatives with the 
same mutations have had milder degrees of severity.115

Glucokinase hyperinsulinism (GCK-HI) presents some 
challenges to diagnosis: when glucose falls below the  
insulin secretion threshold, free fatty acids and bOHB 
can rise. In the two GCK-HI patients in whom it was 
tested, the acute insulin response to intravenous glucose 
was greater than is usually seen with KATP hyperinsulin-
ism.86 Ammonia levels are normal, and GCK-HI patients 
do not have protein-sensitive hypoglycemia. The re-
sponse to diazoxide has been partial in most patients. 
Severe cases could not be controlled on diazoxide and 
required pancreatectomy.116

SCHAD (or HADH) Hyperinsulinism

Short chain 3-hydroxyacyl-CoA dehydrogenase (SCHAD 
or HADH) is an enzyme of mitochondrial fatty acid oxida-
tion that catalyzes oxidation of straight-chain 3-hydroxyacyl-
CoAs, and is involved in multipathway complexes with other 
enzymes in several tissues.117 Pancreatic beta cells have rela-
tively high levels of SCHAD activity, where it is associated 
with, and helps negatively regulate, GDH, the enzyme  
of hyperammonemic hyperinsulinism.118 Homozygous 
mutations of the HADH gene on chromosome 4 at q22-26 
lead to an absence of SCHAD protein, deficient enzyme 
activity, an elevation of plasma short chain acyl-carnitine 
metabolites, and an autosomal recessive form of congenital 
hyperinsulinism.119

More than 20 patients, of at least 8 kindreds and with 
12 different HADH mutations, have been reported with 
varying degrees of hyperinsulinemic hypoglycemia.120 
Studies of the mouse model of SCHAD-HI suggest that 
a deficiency of HADH allows amplified activity of gluta-
mate dehydrogenase (GDH), the same enzyme involved 
in hyperammonemic hyperinsulinism.118 Some cases 
have displayed severe hypoglycemia as newborn infants, 
but some showed no signs of hypoglycemia until several 
months of age.121,122 HADH hyperinsulinism resembles 
other forms of hyperinsulinism, with elevated insulin 
levels during hypoketotic hypoglycemia. Elevated lev-
els of 3-hydroxybutyryl-carnitine in plasma and 
3-hydroxyglutarate in urine have suggested the diagnosis 
in some patients. Affected patients share some features 
of hyperammonemic hyperinsulinism, such as a marked 
sensitivity to protein-induced hypoglycemia, but with-
out the hyperammonemia characteristic of GDH-HI. 
Unlike other fatty acid oxidation disorders, muscle and 
liver function have not been clinically affected. Hypo-
glycemia has been severe enough in some patients to 
cause brain damage, but treatment with diazoxide was 
effective in all cases so far described.120,123,124

The oldest patient with HADH hypoglycemia was 
originally reported in 1977 as an instance of glucagon 

deficiency, in part because of a brisk rise of glucose after 
glucagon was given. This case was cited as an example of 
glucagon deficiency for years, before it was recognized 
that a glycemic response to glucagon was a characteristic 
feature of hyperinsulinemic hypoglycemia.125 Reinvesti-
gation of the proband and other family members discov-
ered the HADH mutation.126,127 Although this condition 
is usually (maybe irreversibly) referred to as a SCHAD 
deficiency in the endocrine literature, this nomenclature 
has been criticized as misleading, as another enzyme— 
a member of the short chain dehydrogenase/reductase 
superfamily with a role in brain development and perhaps 
Alzheimer and Parkinson diseases—has been officially and 
more accurately termed short chain 3-hydroxyacyl-CoA 
dehydrogenase (SCHAD) for years.128

HNF4A Hyperinsulinism

Hepatocyte nuclear factor 4a is a transcription factor 
important for pancreatic beta cell development and insu-
lin secretion. Heterozygous inactivating mutations of the 
HNF4A gene are a well-recognized cause of monogenic 
diabetes (MODY1). Recently it was recognized that 
these mutations also cause excessive insulin secretion in 
early life, manifested by fetal macrosomia and persistent 
neonatal hypoglycemia. Although the diazoxide-responsive 
hyperinsulinemic hypoglycemia is usually transient, it 
may persist for several years into childhood.129 In most 
cases of HNF4A, the birthweight has been above aver-
age, hypoglycemia occurred in the first days of life, and  
a parent has had a history of monogenic diabetes.130,131 
In one case, diazoxide-responsive hyperinsulinism was 
recognized on the first day of life, but the infant also 
developed hepatomegaly and renal Fanconi syndrome in 
the first year, suggesting that expression of the GLUT2 
transporter was impaired by the defect in HNF4A.132

HNF1A Hyperinsulinism

Hepatocyte nuclear factor 1 is another transcription 
factor important for beta cell development. Mutations 
can cause a common form of monogenic diabetes known 
as MODY 3. Two cases of mutations causing transient, 
diazoxide-responsive hyperinsulinemic hypoglycemia 
presenting at 3 and 20 months of age have been de-
scribed. In both cases, the specific mutations have been 
reported in older patients with MODY3 and were in-
herited from the fathers.132

Exercise-Induced Hyperinsulinemic 
Hypoglycemia

A small number of children (infants to adolescents) have had 
hypoglycemic seizures or syncope after intense anaerobic 
exercise such as soccer or swimming.133 So far, 13 patients 
belonging to three families have been found with exercise-
induced hyperinsulinemic hypoglycemia (EIHI).134 Clinical 
presentations have varied, with some having severe hypo-
glycemic episodes from infancy, some presenting with  
hypoglycemic syncope after exercise as adolescents, and 
some only mildly affected as adults. Lab tests in severe  
episodes have indicated hyperinsulinism, with low ketones 
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and free fatty acids, and inappropriately measurable insu-
lin.134 Most patients with EIHI maintained normal glucoses 
during prolonged fasting. Provocative testing with brief, 
intense bicycle exercise induced the normal rise in plasma 
lactate and pyruvate levels, but affected patients’ insulin 
levels rose markedly for about 10 minutes after the exercise, 
causing hypoglycemia within the next 45 minutes.135 Intra-
venous infusion of 300 mmol pyruvate over 3 minutes  
produced a fivefold elevation of insulin within 3 minutes in 
patients with EIHI and has been proposed as an alternative 
diagnostic test. Recurrent hypoglycemia of those more se-
verely affected was only partially preventable with diazoxide 
treatment.

Excessive insulin secretion in EIHI occurs because the 
beta cells express abnormal amounts of the MCT1 
monocarboxylate transporter due to a mutation of the 
gene (SLC16A1) that normally prevents expression on 
beta cells. Although pyruvate makes an excellent sub-
strate for ATP production, normal beta cells do not have 
the MCT1 transporter and hence remain unaffected by 
high postexercise levels of lactate and pyruvate. EIHI is 
inherited as an autosomal dominant condition in three of 
the affected families.134,136

This mechanism seems confirmed by the report of a 
16-year-old boy with an insulinoma characterized by 
expression of MCT1 and hyperinsulinemic hypoglyce-
mia induced by exercise and cured by resection of the 
insulinoma.137

Carbohydrate-Deficient Glycoprotein 
Hyperinsulinism

Congenital disorders of glycosylation (CDG) are caused by 
deficient glycosylation of proteins or lipids.138 Many CDGs 
are known and more are being identified each year. Whole 
exome sequencing is allowing rapid identification of re-
sponsible genes,139 and a newer gene-based nomenclature 
system is replacing an older categorization based on trans-
ferrin isoelectrofocusing patterns.140 Hypoglycemia due to 
hyperinsulinism has been reported in children with three of 
the earliest identified defects of N-glycosylation: CDG Ia, 
Ib, and Id (OMIM IDs: 601785, 602579, and 601110). The 
initial confirmatory test for all of these forms of CDG is 
abnormal isoelectric focusing of transferrin.

Most cases of CDG hyperinsulinism have been identi-
fied in the newborn period, but many have been diagnosed 
later in infancy or early childhood. CDG hyperinsulinism 
is usually accompanied by manifestations affecting other 
organ systems—especially the brain, liver, gut, and  
skeleton—but cases of all three types have been reported 
in which hyperinsulinemic hypoglycemia was the pre-
senting or dominant problem.141-143 The mechanism of 
excessive insulin production has not been determined.

PMM2-CDG (CDG-Ia) is the most common type of 
CDG and involves deficient activity of phosphomanno-
mutase 2 resulting from mutations of PMM2. Many 
organ systems can be variably affected.144 Most patients 
have severe developmental delay, cerebellar hypoplasia, 
hypotonia, and seizures. Protein-losing enteropathy and 
liver disease contribute to failure to thrive. Deficient levels 
of antithrombin III can cause thromboses. Dysmorphic 
features can be subtle or obvious, including unusual fat 

distribution and inverted nipples. Hyperinsulinemic hypo-
glycemia occurs in only a minority of patients but can be 
mild or severe enough to warrant pancreatectomy.141,145

MPI-CDG (CDG-Ib) involves deficient activity of 
phosphomannose isomerase resulting from mutations of 
MPI. Although the sialotransferrin pattern resembles 
that of PMM2-CDG, the central nervous system is 
spared, and hyperinsulinemic hypoglycemia is a common 
feature, presenting in the first days of life or later in the 
first year.142,146 Hepatic disease and protein-losing enter-
opathy are usually the dominant clinical problems.147 
Some children have had cyclic vomiting. Clinical severity 
is variable, and mildly affected adults have been diag-
nosed. Oral mannose in doses of up to 150 mg/kg/day 
correct most of the clinical abnormalities, making MPI-
CDG the only CGD with a specific treatment.148

ALD3-CDG (CDG-Id) involves deficient activity of 
mannosyltransferase 6 resulting from mutations of ALD3. 
Clinical features resemble those of PMM2-CDG, with se-
vere central nervous system damage. One case with severe 
neonatal hyperinsulinemic hypoglycemia has been reported; 
modest beta cell hypertrophy was observed at autopsy.

Uncoupling Protein 2 Hyperinsulinism

Uncoupling protein 2 plays a role in the modulation of 
oxidative metabolism in mitochondria. Increased UCP2 
activity reduces ATP generation. A loss-of-function mu-
tation of UCP2 has been found to cause enhanced ATP 
generation and consequently amplified insulin secretion 
severe enough to cause hyperinsulinemic hypoglycemia. 
Of the two initial cases, one had developed hypoglycemia 
shortly after birth, but the other presented with a hypo-
glycemic seizure at 8 months of age.149,150 Both cases 
responded to treatment with diazoxide.

Hyperinsulinism in Tyrosinemia

Hyperinsulinemic hypoglycemia occurs in many infants 
and young children with type 1 (hepatorenal) tyrosin-
emia due to deficient fumarylacetoacetate hydrolase ac-
tivity (OMIM ID: 276700).151 Problems may include 
acute liver failure, cirrhosis, hepatomegaly, glomerulo-
sclerosis, renal Fanconi syndrome with rickets, and acute 
crises with painful neuropathy. Most expanded newborn 
screening programs detect tyrosinemia. Plasma amino 
acid screening reveals markedly elevated tyrosine, and 
urine organic acid screening contains increased succinyl-
acetone. Current treatment options include liver trans-
plant or NTBC [2-(2-Nitro-4-Trifluoromethylbenzoyl)-
1,3-Cyclohexanedione]. The mechanism of excessive 
insulin secretion is not known, but beta cell hyperplasia 
has been seen in the pancreas. Some infants have been 
born with macrosomia and cardiac hypertrophy sugges-
tive of fetal insulin excess. Hypoglycemia can be severe 
enough to threaten the brain, but it responds to diazoxide 
and improves with age.152

AKT2 Hypoglycemia

Hypoglycemia with the characteristics of hyperinsulin-
ism (except excessive insulin secretion) could be expected 

http://www.omim.org/entry/601785
http://www.omim.org/entry/602579
http://www.omim.org/entry/6011110
http://www.omim.org/entry/276700
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to result from excessive activity of insulin receptors or 
amplification of postreceptor signals. Among the major 
effects of insulin receptor activation is amplification of 
intracellular AKT serine/threonine kinase activity; loss of 
AKT kinase activity produces insulin resistance. Three 
children with hypoglycemia due to gain of function mu-
tations of AKT2 have been described.153 Beginning 
around 6 months of age, all had episodes of severe, symp-
tomatic hypoketotic hypoglycemia characterized by low 
levels of insulin, proinsulin, and free fatty acids. Other 
clinical features included large birth weight and postnatal 
left-sided overgrowth of body or face. The three patients 
were unrelated and each had the same de novo mutation of 
AKT2. The mutations were postzygotic and mosaic, which 
probably explains the localized nature of the overgrowth.

Hyperinsulinemic Hypoglycemia Associated 
with Insulin Resistance

Hypoglycemia accompanying insulin resistance might seem 
paradoxical, but several forms occur. Insulin resistance can 
result from defects of the insulin receptor, of downstream 
signaling, or secondary effects. Recessive mutations of the 
insulin receptor gene INSR at 19p13.2 produce three of the 
most severe forms of insulin resistance known: Donohue 
syndrome (OMIM ID: 246200), Rabson-Mendenhall syn-
drome (OMIM ID: 262190), and type A insulin resistance 
(OMIM ID: 610549).154 Clinical features and specific muta-
tions distinguish the three syndromes. Insulin secretion and 
insulin levels are increased manyfold, and the beta cells are 
often hyperplastic. Hypoglycemia can occur with all three 
by mechanisms not entirely understood. Chronic beta cell 
insulin overproduction may impair the ability to reduce  
secretion when glucose is falling or may be associated with 
reduced clearance of circulating insulin.

Infants with Donohue syndrome are diagnosable in 
the newborn period and most die of infection in the first 
years of life. Features include intrauterine growth retar-
dation, diminished subcutaneous fat, an unusual face 
(“leprechaunism”), enlargement of breasts or clitoris, 
hirsutism, acanthosis, and postprandial hyperglycemia. 
Hypoglycemia after a few hours of fasting typically be-
gins in the first days after birth and persists throughout 
life. Despite high insulin levels, and unlike most forms 
of hyperinsulinemic hypoglycemia, some of the best-
studied infants have demonstrated shortened fasting 
tolerance and accelerated ketosis suggestive of inade-
quate glycogen stores.155 Frequent feedings have been 
the mainstay of management, but diazoxide has been 
tried in some with variable responses.156,157

Children with Rabson-Mendenhall syndrome lack  
the extreme lipodystrophy and dysmorphic features of 
Donohue syndrome and typically develop severe, insulin-
resistant diabetes mellitus.158 Additional features of the 
originally described syndrome include abnormal teeth 
and skin, hypertrichosis, acanthosis, and pineal hyperpla-
sia. Many have been reported to have hypoglycemia, but 
more often reactive than fasting. Death in childhood from 
diabetic ketoacidosis is common.

Postprandial (reactive) hypoglycemia has also been re-
ported in adolescents with type A insulin resistance (acan-
thosis, polycystic ovary syndrome), in which diabetes 

mellitus develops more gradually, sometimes as the  
adolescent reaches adulthood.154 One unusual familial 
mutation of the insulin receptor has been described with 
episodes of postprandial hypoglycemia severe enough to 
cause seizures, attributed to slower insulin clearance.159

Reactive hypoglycemia has also been reported in insulin-
resistant conditions due to post-receptor disorders.160

Factitious Hyperinsulinism

Instances of factitious hyperinsulinism have been reported 
in infants and children, typically the result of a caregiver 
administering insulin or an insulin secretogogue.161 This is 
a form of child abuse referred to as Munchausen by proxy 
or Meadow syndrome.162 In most reported cases, the par-
ent was a nurse or other medical professional—or family 
members used insulin or sulfonylureas for diabetes.162-165 
This type of child abuse may be lethal.166

Insulin administration may be difficult to detect, par-
ticularly because conventional insulin assays vary as to 
sensitivity for insulin analogues (lispro, aspart, glargine, 
glulisine, detemir, degludec).92,167,168 Typically, classic 
symptoms of hyperinsulinism are present on an irregular 
basis. Fasting studies in the absence of the caregivers will 
be normal. As in other forms of excessive insulin, hypo-
glycemia is accompanied by a suppression of free fatty 
acids, ketones, and a positive response to glucagon—  
indicating that glycogen deposits are abundant and their 
release inhibited by insulin.

In cases in which regular or NPH insulin have been 
given, insulin levels may be remarkably high at the times of 
hypoglycemia. The most conclusive evidence of exogenous 
insulin is the suppression of C peptide to undetectable  
levels at the time other evidence indicates insulin excess, 
indicating that endogenous insulin production has been  
suppressed.169 Insulinomas may secrete high insulin levels, 
but proinsulin levels will also be persistently elevated.170

Oral hypoglycemic agents that induce insulin secre-
tion, especially sulfonylureas, will cause elevation of both 
insulin and C peptide.171-173 Many cases of hypoglycemia 
occurring or persisting up to 24 hours after single-dose 
ingestions of sulfonylureas in toddlers and adolescents 
have been reported.174,175 Because they induce endoge-
nous insulin secretion, its use is difficult to detect unless 
suspected because the age suggests ingestion. Routine 
toxicology screens on blood and urine may not detect 
sulfonylureas, but if a sample of the suspected drug can 
be supplied, specific testing can be arranged. Recovery 
with intravenous glucose support is usual; diazoxide and 
octreotide have been used in severe cases.

Autoimmune Hypoglycemia

Three types of autoimmune hypoglycemia have been 
reported, mediated by antibodies to insulin, to insulin 
receptors, and to beta cells. Hypoglycemia due to anti-
insulin antibodies has been described most often in  
Japanese women (“Hirata disease”176), but cases have 
been reported in both sexes, all ages, and from many 
regions.177 Nearly all autoimmune hypoglycemia in in-
fants and children has been of this type.178-181 The pre-
sumed mechanism of hypoglycemia is slow dissociation of 

http://www.omim.org/entry/246200
http://www.omim.org/entry/262190
http://www.omim.org/entry/610549
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insulin from antibodies during the postprandial or posta-
bsorptive periods. The hypoglycemia is most often reac-
tive, but may be fasting, and has sometimes been severe 
enough to cause seizures or coma.182 Metabolic features 
are those of hyperinsulinism, with low ketone and fatty 
acid levels, but intermittent ketosis accompanying severe 
hypoglycemia was reported in two affected children. 
Measured levels of insulin can be high, but because 
much of it is not freshly secreted, C-peptide levels are 
lower than typical of insulinoma or most endogenous 
hyperinsulinism, though not as undetectable as is usual 
with exogenous hyperinsulinism.177 Most older patients 
with this condition have other autoimmune diseases, and 
a number of drugs (especially methimazole) have been 
apparent precipitants.183 Among treatments reported 
to improve the hypoglycemia have been courses of  
glucocorticoids, plasmapheresis, and intravenous immu-
noglobulin infusions.

Autoimmune hypoglycemia due to antibodies that bind 
to and activate insulin receptors rather than insulin has 
occurred almost exclusively in adults, usually in association 
with acanthosis and type B insulin resistance, or a malig-
nancy or severe inflammatory disorder. Some patients 
have had both anti-insulin and antireceptor antibodies.184 
A case in an infant has been described.181 C-peptide and 
insulin levels (with some exceptions) are typically unde-
tectable. An even rarer form of autoimmune hypoglycemia 
has been postulated to involve antibodies directed against 
surface antigens on beta cells, resulting in stimulation of 
inappropriate insulin release.185

Insulinoma

Insulin-secreting adenomas of the pancreas are rare tu-
mors but are the most common cause of new, severe 
hypoglycemia due to endogenous insulin in otherwise 
well adolescents and adults. Fewer than 100 childhood 
cases have been reported since the 1960s, but a few have 
occurred even in the first year of life.186,187 Most insuli-
nomas are sporadic, solitary tumors 0.5 to 2 cm in size, 
but a minority are multiple.188 About 10% of adult cases 
are malignant (i.e., metastatic or locally invasive), but 
childhood insulinomas are only rarely malignant.189 
Surgical excision is usually curative, except in cases with 
multiple lesions, as in common with MEN1. Diazoxide 
can temporarily control the hypoglycemia in most.190,191

Insulinomas in older children and adults usually present 
as episodes of neuroglycopenic and autonomic symptoms 
(e.g., confusion and diaphoresis), often recurring for 
months before the diagnosis is made.192,193 Autonomic 
symptoms may diminish as hypoglycemia recurs (hypogly-
cemia unawareness).194 Although some patients have had 
recurrent seizures or other symptoms for years before diag-
nosis, there have been no detailed reports of cases in which 
only autonomic symptoms without neuroglycopenic effects 
led to the diagnosis of an insulinoma. The hypoglycemic 
episodes occur most commonly with fasting, but they may 
be reactive (postprandial) in some patients, and sometimes 
can be associated with exercise.193,195,196 Accelerated weight 
gain in the year prior to diagnosis is common.192 In many 
cases the evaluation is initiated by a new hypoglycemic 
seizure. When symptoms are milder, the initial step of the 

evaluation is directed toward determining whether the 
Whipple criteria are fulfilled: measurably low glucose levels 
at the time of characteristic neuroglycopenic and auto-
nomic symptoms, with relief by carbohydrates.197 A diag-
nostic fast may be necessary to confirm a hyperinsulinemic 
form of hypoglycemia.191,198 In most cases glucose will fall 
below 50 mg/dL (2.8 mmol/L) well before 24 hours, and 
insulin, proinsulin, and C-peptide concentrations will be 
elevated while bOHB levels remain suppressed. Despite 
attempts to identify test results or ratios (e.g., insulin:glucose, 
proinsulin:insulin, C-peptide ratio) that would specifically 
confirm the presence of an insulinoma, results are charac-
teristic of hyperinsulinism. Typical results reported in large 
series of adult patients are listed in Table 21-3199; results 
from a much smaller number of pediatric insulinomas have 
been comparable.200 When symptoms have been primarily 
postprandial, a mixed meal tolerance test may be more 
likely confirmative than a fast.196

As no hormone testing distinguishes a solitary, resect-
able insulinoma from other forms of diffuse endogenous 
hyperinsulinism or multiple insulinomas, it is helpful to 
visualize the tumor before surgery.191 Routine imaging of 
the pancreas by ultrasound, spiral computed tomography, 
or magnetic resonance may fail to reveal the tumor in 
20% to 40% of patients, especially when it is smaller than 
2 cm in size, and many enhanced imaging procedures 
have been devised.201,202 Endoscopic ultrasonography has 
been preferred at many institutions.203 Positron emission 
tomography (PET) scanning with various labels may 
show multicentric or extrapancreatic tumors.204,205 When 
imaging fails to reveal a tumor, attempts have been made 
to localize the tumor to a region of the pancreas by  
pancreatic arterial stimulation with calcium and venous 
sampling (PASVS) of insulin levels.206 Calcium-stimulated 
venous sampling, like many other localization tech-
niques, has the highest success rates in experienced 
hands. Intraoperative ultrasonography can reveal most 
insulinomas not localized preoperatively.191

About 5% to 10% of adults with insulinomas, and a 
higher percentage of children, have multiple endocrine 
neoplasia syndrome 1 (MEN1, Wermer syndrome).188,207 
MEN1 insulinomas are usually multiple and can occur in 
childhood.191 This disorder is characterized by functioning 
or nonfunctioning adenomas of the parathyroids, pituitary, 
and pancreas and is inherited in an autosomal-dominant 
fashion. MEN1 is caused by inactivating mutations of  
the MENIN gene on chromosome 11.208 Gene testing in 
affected families can identify children at risk for insulin-
oma; annual fasting glucose, insulin, and proinsulin are 
recommended from the age of 5 years.209

Hyperinsulinism after Gastrointestinal 
Surgery

Gastrointestinal hormones and signals—the enteroinsular 
axis—play an important role in regulating both insulin 
secretion and sensitivity. Disruption of this system by 
gastric surgery can result in hypoglycemia from intermit-
tently excessive postprandial insulin release.210 This 
“alimentary hypoglycemia” is usually postprandial (i.e., 
reactive) rather than fasting and is due in large part to an 
amplified release of glucagon-like peptide 1 (GLP-1).211
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In young children, postprandial hypoglycemia is com-
mon after Nissen fundoplications for gastroesophageal 
reflux, sometimes accompanying bowel symptoms as part 
of the “dumping syndrome,” and sometimes as isolated 
neuroglycopenic and autonomic symptoms 1 to 3 hours 
after meals.212,213 Hypoglycemia can usually be confirmed 
during symptoms after a typical feeding or a mixed meal 
tolerance test. Hypoglycemia can sometimes be abated 
by dietary measures that slow digestion, such as avoiding 
simple sugars, providing fat and protein with carbohy-
drates, or adding pectin or uncooked cornstarch.214 In 
more severe cases, hypoglycemia can be prevented with 
acarbose, an alpha-glucosidase inhibitor that slows starch 
digestion, or a long-acting somatostatin analog such as 
octreotide.215 Acarbose doses between 25 and 100 mg per 
feeding have been reported to be effective.216

Bariatric surgery of older patients can produce a similar 
phenomenon.217 Amplified insulin release or improved in-
sulin sensitivity after gastric bypass, banding, or sleeves can 
produce immediate improvement in patients with type 2 
diabetes. However, in some nondiabetic patients, the insulin 
effect has been severe enough to cause symptomatic hypo-
glycemia.218 Dietary measures for slowing digestion are 
sometimes effective, and both acarbose and octreotide have 
been used.210 In a few, continuous feeding or subtotal pan-
createctomy has been required to control the hypoglycemia.

Hyperinsulinemic Hypoglycemia Prodromal 
to Diabetes Mellitus

Although the most common and familiar type of hypo-
glycemia occurs during treatment of diabetes with insu-
lin or insulin secretagogues, hypoglycemia preceding or 
accompanying the development of diabetes has been 
documented in a variety of circumstances. A relation-
ship, “dysinsulinism,” between reactive hypoglycemia 
and common type 2 diabetes was postulated as early as 
1930219 and widely recognized among diabetologists in 
the middle of the 20th century.220-224 Pediatric cases 
were reported.225 Early diabetes is often characterized by 
loss of the first-phase insulin response to food, resulting 
in higher glucose excursions but followed by lower glu-
cose nadirs. In most cases the hypoglycemia does not 
reach levels low enough to cause neuroglycopenic symp-
toms. Over subsequent decades, research demonstrated 
the unreliability of oral glucose tolerance tests (OGTTs) 
for pursuing purely autonomic postprandial symptoms, 
which led to diminished interest in this phenomenon, 
though many laypeople have heard of the relationship.226

Instances of both fasting and postprandial hypoglycemia 
occurring prior to the onset of type 1 diabetes, or during an 
insulin-free “honeymoon,” have also been reported, and 
mechanisms involving insulin antibodies, excessive second-
phase insulin release after defective first-phase insulin re-
lease, or insulin release during inflammatory destruction of 
beta cells are plausible.227-231

Although the pathophysiology of cystic fibrosis–related 
diabetes (CFRD) is distinct from both type 1 and type 2, 
spontaneous fasting hypoglycemia and reactive hypoglyce-
mia associated with early impairment of glucose tolerance 
occur, though whether either predicts the progression of 
CFRD is controversial.232,233

Nonislet Tumor Hypoglycemia

Certain non–insulin-secreting tumors are sometimes as-
sociated with paraneoplastic hypoglycemia.234 Most cases 
have involved large, malignant tumors of mesenchymal, 
epithelial, or hematopoietic origin, referred to as the 
Doege-Potter syndrome.235,236 Cases in children are rarer 
but have been reported with neuroblastoma and Wilms 
tumor.237 The hypoglycemic episodes typically occur while 
fasting, with inappropriately low free fatty acids, increased 
glucose utilization, and suppressed hepatic glucose output 
suggestive of insulin excess. Proinsulin, insulin, and  
C-peptide levels are low, and diazoxide and somatostatin 
are ineffective, suggesting activation of insulin receptors 
by other circulating factors.238 In most cases, levels of 
insulin-like growth factor 2 (IGF-2) have been found that 
are high enough to cross-activate both insulin and insulin-
like growth factor 1 (IGF-1) receptors, producing hypoglyce-
mia with the metabolic characteristics of insulin excess.239 
IGF-2 is normally produced in the liver and limited 
amounts are secreted in blood, bound to IGF-binding 
protein (IGF-BP3) and the acid-labile subunit (ALS).  
Tumor-produced IGF-2 can be incompletely processed 
and bound, hence more active, or structurally abnormal—
a large molecular form called “big IGF-2.” Stimulation of 
the insulin receptor causes hypoglycemia, whereas stimu-
lation of the IGF-2 receptor causes down-regulation of 
growth hormone secretion, resulting in low levels of 
IGF-1 and IGF-BP3.240

The combination of elevated IGF-2 with suppressed 
IGF-1 and insulin confirms tumor hypoglycemia of this 
variety and suggests an effective intervention if the tumor 
cannot be completely removed. Treatment with growth 
hormone raises IGF-BP3 levels, which reduces the free 
IGF pool and thereby ameliorates hypoglycemia.237

Not all paraneoplastic hypoglycemia is mediated by 
IGF-2. Hypoglycemia attributed to increased anaerobic 
glucose metabolism has been reported in lymphomas 
and leukemias, in association with lactic acidosis.241,242 
Paraneoplastic autoimmune hypoglycemia was described 
earlier.

Glycogen Storage Diseases
Most glycogen occurs in hepatocytes, where it serves as a 
glucose reservoir for postabsorptive periods. Glycoge-
nolysis provides a large portion of plasma glucose begin-
ning a few hours after each meal and continuing until it 
is largely depleted 16 to 24 hours later. Glycogen is re-
synthesized after meals when glucose and insulin levels 
rise. Approximately a dozen enzyme systems are involved 
in movement of glucose into and out of liver cells, glyco-
gen synthesis and glycogenolysis, and defects of these 
enzymes impair a variety of organs.243 Traditionally the 
glycogen storage diseases (GSDs) are numbered and de-
scribed as defects of specific enzyme activities, but the 
discovery that multiple proteins and genes are involved 
in some of the enzyme activities explains the multiple 
forms and inheritances of some of the specific GSDs. 
Several of them can interfere with the maintenance of 
plasma glucose and cause postabsorptive hypoglycemia 
(see Table 21-4).
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Glucose 6-Phosphatase Deficiency  
(Types 1a and 1b GSD)

Hydrolysis of glucose 6-phosphate to free glucose, cata-
lyzed by glucose 6-phosphatase, is the final step in both 
the glycogenolytic and gluconeogenic pathways, and im-
pairment of this activity results in severe postabsorptive 
hypoglycemia. Although hypoglycemia is present from 
birth, GSD 1 in its classic form (type 1a, with an estimated 
incidence of 1:100,000),244 is more often recognized later 
in the first or second year of life as the hepatomegaly pro-
duces an increasingly protuberant abdomen and the child 
fails to grow. Metabolic acidosis is common and is caused 
by marked lactic acidosis and mild ketosis. Levels of tri-
glycerides and cholesterol may be high enough to cause 
lipemic serum and xanthomas.245 Hypophosphatemia, hy-
peruricemia, and anomalies of platelet adhesiveness also 
characterize GSD 1.

Affected children display a remarkable tolerance to 
their chronic hypoglycemia. Blood glucose values in the 
range of 20 to 50 mg/dL are associated with few auto-
nomic or neuroglycopenic symptoms of hypoglycemia, 
reflecting the adaptation of the CNS to alternative 
sources of fuel (lactate), and the down-regulation of 
counter-regulatory autonomic responses with prolonged 
hypoglycemia. However, insulin is appropriately sup-
pressed, and the counter-regulatory hormones—GH, 
glucagon, cortisol, and catecholamines—are elevated. 
These hormonal changes stimulate glycogenolysis and 
gluconeogenesis to produce glucose 6-phosphate, with 
lactic acidosis reflecting increased formation and de-
creased utilization of lactate. The hormonal changes also 
promote exaggerated lipolysis, resulting in elevations of 
triglycerides and fatty liver.245

Depletion of hepatic ATP and inorganic phosphate 
increases the rate of uric acid production by stimulating 
the degradation of preformed nucleotides, and reduced 
clearance of uric acid due to competition with lactic acid 
for common shared renal tubular secretory sites results in 
hyperuricemia severe enough to cause damage to kidneys 
and joints. The defect in platelet adhesiveness and result-
ing clotting abnormalities are consequences of the hyper-
triglyceridemia and may be the consequence of ATP  
depletion. Although the liver in GSD 1 is laden with 
glycogen and triglycerides, results of liver function tests 
remain essentially normal other than mild elevations of 
serum aspartate aminotransferase levels.243

Renal tubules and intestinal mucosa also express the 
enzyme glucose 6-phosphatase. Renal biopsy reveals ex-
cessive glycogen deposition. Long-term renal dysfunction 
can occur with histologic findings remarkably similar to 
those found in diabetes (focal glomerulosclerosis). Renal 
manifestations include kidney enlargement, glomerular 
hyperfiltration, hypercalciuria, and a mild tubular acido-
sis.246 Late renal complications may include Fanconi 
syndrome, nephrocalcinosis, progressive proteinuria, and 
eventually end-stage renal failure.247 Intestinal effects 
are uncommon but can include diarrhea. Nodular liver 
enlargement and adenomas often develop after the first 
decade of life.248

The clinical heterogeneity reflects the complexity of he-
patic glucose 6-phosphatase, a multicomponent system whose 

enzyme activity is tightly linked to the inner aspect of the 
endoplasmic reticular membrane. Glucose 6-phosphatase 
activity depends on three translocase systems that allow 
entry of glucose 6-phosphate (T1), exit of phosphate 
(T2), and exit of glucose (T3) from the lumen of the 
endoplasmic reticulum. Classic deficiency of enzyme ac-
tivity is termed type 1a, whereas deficiency of translocase 
T1 is termed type 1b. Deficiencies of the T2 and T3 
transporters might cause GSD and have been tentatively 
termed GSD 1c and 1d but have not been definitively 
documented.243

Type 1b occurs in children with biochemical features 
that are similar to those of type 1a but with the addition 
of neutrophil deficiency, oral lesions, perianal abscesses 
attributed to the neutropenia, and chronic enteritis indis-
tinguishable from Crohn disease.243,249 Treatment with 
granulocyte-macrophage colony-stimulating factor to in-
crease the neutrophil count ameliorates the enteritis.

GSD 1 should be suspected in children with growth 
failure, protuberant abdomen due to massive hepato-
megaly, or hypoglycemia with lactic acidosis. A finding 
of elevated lactate levels with hypoglycemia combined 
with an abnormal fed glucagon stimulation test clinches 
the diagnosis. In the normal child, a 2-hour postprandial 
(fed) glucagon stimulation test will cause a rise in glu-
cose of 30 mg/dL within 30 minutes and no change in 
lactate. In a patient with GSD 1, lactate rises (but not 
glucose). Fructose 1,6-diphosphatase deficiency resem-
bles GSD 1, but the fed glucagon stimulation test will be 
normal. Liver biopsy with estimation of glucose- 
6-phosphatase activity was the classic means of definitive 
diagnosis, but genetic testing for GSD1a and 1b1 is now 
commercially available.250

Treatment regimens have transformed the prognostic 
outlook for duration and quality of life and have resulted 
in the reversal of most of the metabolic disturbances in 
GSD1.251,252 Acceptance of these regimens, including 
passage of a nasogastric tube for nocturnal provision of 
glucose, is excellent, and the long-term outcome of this 
innovative approach is promising.253 Patients are fed every 
2 hours during the day and have a continuous supply of 
glucose through a nasogastric tube overnight. The rate of 
glucose infusion is tailored to the individual but is usually 
6 to 8 mg/kg/min (slightly greater than normal hepatic 
glucose production).254 Intermittent cornstarch therapy 
has been successfully used in patients older than 1 year. 
Uncooked cornstarch is given in doses of 1 to 2 g/kg every 
4 hours, and in some children it is given every  
6 hours overnight.255

Long-term therapy with uncooked cornstarch and 
overnight tube feedings improves linear growth and di-
minishes osteoporosis. Most patients require treatment 
with allopurinol for hyperuricemia. Although there are 
no controlled trials of the effect of good metabolic con-
trol of GSD on renal disease, some evidence supports the 
hypothesis that good control lessens the degree of renal 
impairment.256 This is assumed from an apparent trend 
toward later onset of renal disease since the adoption of 
more effective current treatments.257 Liver transplanta-
tion is not routinely recommended but offers the promise 
of a long-term cure for patients who develop liver nodules 
that become malignant.258
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Amylo-1,6-Glucosidase Deficiency 
(Debrancher Deficiency, GSD Type 3)

A deficiency of debrancher enzyme activity results in GSD 
type 3, often affecting both liver and muscle. Children 
with this disease usually present with hepatomegaly and 
poor growth. Liver function tests (especially transami-
nases) may be markedly increased. The AGL gene locus 
is on 1p21, and mutation analysis (at least for common 
mutations) is available from commercial labs.

These patients have an inability to degrade glycogen 
beyond the 1:4/1:6 branch point, with the result that only 
the outer 5% to 10% of glucose residues can be released by 
phosphorylase and the remaining glycogen accumulates as 
a limit dextrin. In the fed state, glucagon elicits a normal 
glycemic response but after liver glycogen reaches the limit 
dextrin stage during fasting, glucagon no longer raises 
plasma glucose. This partial defect of glycogenolysis results 
in the development of hypoglycemia and ketosis during 
fasting, though postabsorptive hypoglycemia is less com-
mon and less severe than in GSD type 1. Because gluco-
neogenic pathways are intact, lactic acidosis, hyperurice-
mia, and severe lipemia do not occur. Both hypoglycemia 
and liver disease tend to improve substantially after puberty.

However, debrancher enzyme is a large enzyme with 
two active sites, with the various mutations resulting in a 
range of possible clinical effects in muscle and other tissue. 
Creatinine phosphokinase is often elevated in children 
with GSD 3 but does not always predict severe myopathy. 
Children with GSD 3 often have subclinical muscle  
weakness with subtle signs, but significant proportion  
will develop more severe and debilitating myopathies in 
the third decade of life. Severe cases may involve life-
threatening cardiomyopathy.

Two dietary regimens have been advocated for GSD 
type 3.259 For those with liver involvement alone, frequent 
feedings and uncooked cornstarch have been recommended 
in the expectation that an avoidance of prolonged fasting 
will be sufficient to prevent hypoglycemia and improve 
growth.260 However, in patients with liver and muscle in-
volvement, the use of a low-carbohydrate, high-protein 
diet has been advocated—with the argument that providing 
glucose by gluconeogenesis from protein precursors re-
duces the need to deplete muscle alanine stores. There are 
no large controlled trials comparing the efficacies of the 
two approaches. Nasogastric or intravenous glucose infu-
sions may occasionally be indicated if caloric intake cannot 
be maintained during intercurrent illness.

Liver Phosphorylase and Phosphorylase 
Kinase Deficiency (GSD Types 6 and 9)

Phosphorylase is the key enzyme of glycogenolysis. Defi-
cient activity results in several forms of glycogen storage 
disease with hepatomegaly and postabsorptive or fasting 
hypoglycemia. Phosphorylase requires activation by phos-
phorylase kinase, and similar clinical problems can result 
from genetic defects of phosphorylase kinase. Disease re-
sulting from mutations of the PYGL gene for phosphory-
lase itself is referred to as GSD 6.261 Phosphorylase kinase 
is a large protein consisting of four copies of four different 
subunits, encoded by four genes.243 Liver disease resulting 

from mutations of the genes for phosphorylase kinase  
is referred to as GSD 9, and three forms have been found 
to cause hypoglycemia (see Table 21-4).262,263 Several 
attempts to number and distinguish these forms of GSD 
before the underlying gene defects were entirely under-
stood have left a history of contradictory numbering  
systems and nomenclature.243

Although the different forms of GSD 6 and 9 are clini-
cally similar, there is some heterogeneity of features and  
severity.262 Hepatomegaly from excessive deposition of gly-
cogen, some growth retardation, and occasional symptom-
atic hypoglycemia occur. The hypoglycemia is milder than 
that of GSD 1, and it is not accompanied by marked lactic 
acidosis or hyperuricemia. Patients with GSD 9b gradually 
develop a myopathy as well as the liver disease. Gene tests 
are commercially available. Frequent feedings with a diet low 
in sugar and higher in complex carbohydrates and protein 
will suffice for most. Some will need parenteral glucose sup-
port for illness or surgery. Patients with GSD 6 and 9 gener-
ally do very well, but a few have more severe hypoglycemia 
with intermittent elevations of lactic acid, and there has been 
a report of liver cirrhosis in a patient with GSD type 9.263,264

Glycogen Synthase Deficiency

Impairment of glycogen synthesis results in reduced rather 
than excessive glycogen storage, and it does not result in liver 
enlargement but can still cause intermittent hypoglycemia. 
Although less common than some of the other GSDs, 
enough cases of glycogen synthase deficiency have been re-
ported to describe the phenotype.265,266 Glycogen synthase 
activity is markedly reduced in liver but normal in muscle. 
Infants and children with GSD 0 may have symptoms of 
fasting-induced hypoglycemia and hyperketonemia from 
infancy. However, a high-carbohydrate meal may result in 
transient hyperglycemia with glucosuria after meals.267

During fasting hypoglycemia, levels of the counter-
regulatory hormones, including catecholamines, are ap-
propriately elevated or normal—whereas insulin levels are 
appropriately low. Exogenously administered glucagon 
produces a glycemic response soon after meals but no re-
sponse after a 12-hour fast because glycogen synthase activ-
ity is markedly reduced in liver but normal in muscle so 
that the glycemic response soon after meals represents the 
release of glucose from muscle glycogen stores. Gluconeo-
genic capacity is intact. In the index case, protein-rich feed-
ings at frequent intervals resulted in dramatic clinical im-
provement, including improved growth. Since the initial 
case reports, more patients have been described. Treatment 
with uncooked cornstarch has been helpful. Although the 
majority of cases are recessive mutations, one pedigree has 
been reported in whom the mother of two affected children 
had some hypoglycemia. This condition mimics the syn-
drome of ketotic hypoglycemia and should be considered 
in the differential diagnosis of that syndrome.

Glycogen Branching Enzyme Deficiency 
(Type 4 GSD)

Deficiency of glycogen branching enzyme results in  
Andersen disease. The impairment of glycogenolysis is 
minimal and gluconeogenesis is normal, so hypoglycemia 
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is a rare problem in infancy. However the progressive 
liver damage is more severe than in other GSDs, and 
fasting hypoglycemia has been reported with advanced 
liver disease in GSD 4.243

Fanconi-Bickel Syndrome

Fanconi-Bickel syndrome is an autosomal recessive disease 
caused by mutations of the GLUT2 gene that encodes the 
principal glucose transporter of the hepatocyte mem-
branes.268 Movement of glucose across the membrane of 
liver cells is necessary for glucose homeostasis and defects 
of the membrane glucose transporter can result in both 
hypoglycemia and glycogen accumulation in the liver. The 
hypoglycemia is fasting and often accompanied by ketosis. 
It is attributed to a combination of impaired transport of 
glucose from the hepatocyte cytoplasm to the blood, and 
to excessive urinary glucose loss. Postprandial hyperglyce-
mia can occur. The principal renal manifestation is defec-
tive proximal tubular reabsorption (Fanconi syndrome), 
with glucosuria and phosphaturia. Phosphaturia can be 
severe enough to cause hypophosphatemic rickets. Growth 
in childhood is poor. Treatment consists of avoidance  
of excessive sugar, and cornstarch if necessary to support 
adequate glucose and growth.

Ketotic Hypoglycemia
“Hypoglycemia with ketosis” is a diagnostic category  
and “ketotic hypoglycemia” a specific diagnosis. Ketosis 
accompanying new hypoglycemia suggests it has not 
been caused by any of the many varieties of hyperinsulin-
emic and reactive hypoglycemia, though not infallibly.269 
A single episode of hypoglycemia and ketosis can occur 
during the stress and anorexia of an illness like gastroen-
teritis.270 Hypoglycemia with ketosis can also occur, 
sometimes repeatedly until diagnosed, from a variety  
of inborn errors of carbohydrate metabolism, hormone 
deficiencies, ingestions, and prolonged starvation. How-
ever, most otherwise healthy young children who suffer 
repeated episodes of morning hypoglycemia and ketosis 
will be diagnosed with ketotic hypoglycemia with no other 
underlying disease.271

Ketotic hypoglycemia has been recognized for nearly 
a century as a common type of childhood hypoglyce-
mia,272 with a well-characterized presentation and course 
but an incompletely understood pathophysiology.273-275 
Usually this condition presents as recurrent episodes of 
morning hypoglycemia in the second or third year of 
life—but onset as early as 6 months has been reported. 
The condition usually remits spontaneously by the age of 
8 to 9 years. The classic history is of a child who has 
eaten poorly or misses an evening meal, is difficult to 
rouse from sleep the next morning, and displays neuro-
glycopenic symptoms that may range from lethargy to 
seizure. Hypoglycemic episodes are especially likely  
to occur during an illness, when food intake is limited.

At the time of documented hypoglycemia, high levels of 
ketones are found in plasma and urine and plasma insulin 
concentrations are low (typically under 2 mU/mL using a 
high-sensitivity assay). It remains unsettled whether these 
children display an accelerated, but qualitatively normal, 

metabolic response to fasting (i.e., one tail of the normal 
distribution) or whether ketotic hypoglycemia is a hetero-
geneous group of metabolic disorders of limited substrate 
availability awaiting further delineation.276,277

Several studies have shown that ketotic hypoglycemia 
reflects underproduction rather than overutilization of 
glucose.278 Children with ketotic hypoglycemia have 
plasma alanine concentrations that are reduced in the 
basal state after an overnight fast and fall still farther with 
prolonged fasting.21,279 Infusions of alanine, fructose, or 
glycerol produce a rise in plasma glucose concentration 
without significant changes in blood lactate or pyruvate 
levels, indicating that the entire gluconeogenic pathway 
from the level of pyruvate is intact, and suggesting that a 
deficiency of substrate rather than a defect in gluconeo-
genesis is involved.280

Glycogenolytic pathways are also intact because gluca-
gon induces a normal glycemic response in affected children 
during the fed state but not at the time of hypoglycemia. 
Plasma glycerol levels are normal in these children, in 
both the fed and fasted states. The metabolic response to 
infusion of b-hydroxybutyrate does not differ from that of 
normal children. Finally, the levels of hormones that 
counter hypoglycemia are appropriately elevated, whereas 
insulin levels are appropriately low.275

Alanine is the major amino acid used for gluconeogen-
esis. Its formation and release from muscle during periods 
of caloric restriction is enhanced by the presence of a 
glucose-alanine cycle, as well as by de novo formation 
from other substrates such as branched chain amino acids. 
Although defects in any of the complex steps involved in 
protein catabolism, oxidative deamination of amino acids, 
transamination, alanine synthesis, or alanine or glutamine 
efflux from muscle could contribute to ketotic hypoglyce-
mia, no specific defects can be demonstrated in the major-
ity of children with ketotic hypoglycemia. It was pointed 
out in the original description of this syndrome that chil-
dren with ketotic hypoglycemia are frequently smaller 
than age-matched controls and often have a history of 
transient neonatal hypoglycemia. Thus, a compromised 
supply of gluconeogenic substrate may simply reflect the 
reduced reserve of a small muscle mass at an age when 
glucose demands per unit of body weight to support brain 
metabolism are relatively high.

Ketosis represents the attempt at switching to an  
alternate fuel supply. Those with ketotic hypoglycemia 
may represent the low end of the spectrum of capacity to 
tolerate fasting.277 Similar relative intolerance to fasting 
is present in normal children, who cannot maintain nor-
mal blood glucose levels after 20 to 36 hours of fasting 
(compared with the capacity of adults for prolonged fast-
ing). Spontaneous remission by age 8 to 9 years might be 
explained by the increase in muscle bulk relative to brain 
size, with a resultant increase in the supply of endoge-
nous substrate and the relative decrease in glucose re-
quirement per unit of body mass with increasing age.

Ketotic hypoglycemia should be considered only a diag-
nosis of exclusion, as episodic hypoglycemia with ketosis 
can occur with deficiencies of several hormones or a variety 
of defects of gluconeogenesis or glycogen metabolism, es-
pecially hypopituitarism and glycogen storage diseases.281,282 
The diagnosis of ketotic hypoglycemia is confirmed by a 
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supervised fast. Hypoglycemia with elevated plasma free 
fatty acids, b-hydroxybutyrate, and acetoacetate develops 
within 14 to 24 hours in most of these children, whereas 
normal children of similar age can withstand fasting  
without developing hypoglycemia for at least 24 hours.

Episodes of ketotic hypoglycemia can be prevented or 
minimized by avoidance of prolonged fasting. The over-
night fast should be shortened to less than 10 to 12 hours 
with a carbohydrate bedtime snack and prompt breakfast. 
When episodes have been triggered by illness, parents may 
test the child’s urine for ketones—the appearance of which 
precedes the hypoglycemia by several hours and indicates 
a need for high-carbohydrate liquids. If these cannot  
be tolerated, the child should be taken to the emergency 
department for intravenous glucose. A letter of explana-
tion and treatment recommendation may expedite the 
emergency department response.

Hormone Deficiency
Four primary counter-regulatory hormones—glucagon, 
epinephrine, cortisol, and growth hormone—help main-
tain blood glucose levels and can produce hyperglycemia 
in excess. In experimental circumstances, glucagon and 
epinephrine are the primary hormonal defenses against 
hypoglycemia, yet spontaneous deficiencies of only corti-
sol and GH are clearly demonstrable causes of clinically 
significant hypoglycemia in childhood.

Growth Hormone Deficiency  
and Hypopituitarism

Although growth hormone has been shown to play only a 
minor role in defending glucose levels against acute insu-
lin-induced hypoglycemia, it is more important in support-
ing glucose during prolonged fasting by limiting insulin 
sensitivity, reducing glucose utilization, and inducing li-
polysis.283-285 The occurrence of symptomatic and asymp-
tomatic hypoglycemia in both isolated growth hormone 
deficiency and in multiple pituitary deficiencies was recog-
nized as soon as growth hormone was measurable and the 
clinical features of hypopituitarism were delineated.286,287-289

In the newborn period, hypopituitarism can produce 
persistent or recurrent hypoglycemia.290 Some infants may 
require a glucose infusion rate high enough to resemble 
congenital hyperinsulinism.291 In males, a microphallus 
may provide a clue to coexistent pituitary gonadotropin 
deficiency. Neonatal jaundice is a common accompani-
ment of congenital hypopituitarism and may result from 
either indirect or combined hyperbilirubinemia. Choles-
tatic jaundice with liver enzyme elevation may suggest 
neonatal hepatitis but can occur solely from congenital 
hypopituitarism.292 The diagnosis of congenital growth 
hormone deficiency cannot be based on a single growth 
hormone obtained during hypoglycemia293 but is usually 
based on a combination of clinical evidence, including  
pituitary or other midline defects by imaging.294

Morning hypoglycemia with ketosis is a potential pre-
senting indicator of isolated idiopathic GH deficiency in 
young children.295,296 Insulin levels are quite low, and gly-
cemic response to glucagon during spontaneous hypogly-
cemia is poor. However, the degree of ketosis at time of 

hypoglycemia may be lower than in the more common 
type of ketotic hypoglycemia, perhaps reflecting the in-
creased insulin sensitivity, and this relative deficiency of 
alternate fuel generation may make the hypoglycemia of 
GH deficiency more dangerous to the brain.297 Low GH 
levels at the time of spontaneous or fasting-induced hypo-
glycemia are suggestive of deficiency, though this is an in-
consistent and often unreliable finding.293,298 Poor growth 
and low IGF-1 levels may be more reliable clues after early 
infancy, and the diagnosis of GH deficiency severe enough 
to cause hypoglycemia can be confirmed by low GH re-
sponses to standard provocative tests. Hypoglycemia has 
been reported in older children and adults with either iso-
lated GH deficiency or multiple pituitary deficiencies, usu-
ally precipitated by stress, starvation, or exercise.288,299

Growth Hormone Resistance and IGF-1 
Deficiency

Recurrent fasting hypoglycemia is common in the most 
extreme form of growth hormone resistance due to genetic 
absence of the GH receptor (Laron dwarfism).300,301 The 
hypoglycemia tends to improve in adolescence, though still 
can occur with prolonged fasting. Similar frequencies of 
hypoglycemia (45% or more) have been reported in the 
two largest populations with this condition in Israel and 
Ecuador, suggesting it may not be the entire explanation 
for the lower intelligence levels described in the Israeli 
patients. The vulnerability to fasting hypoglycemia im-
proves with treatment with synthetic insulin-like growth 
factor 1 (mecasermin), though one of the insulin-like  
effects of the treatment can be hypoglycemia within an 
hour of the injection if the child has not eaten.

Cortisol and Adrenocorticotropin 
Deficiencies

Although cortisol seems to play a secondary role in 
counter-regulatory responses to acute hypoglycemia, it 
supports glucose production during fasting and stress  
by increasing gluconeogenic enzyme activities and by 
mobilizing precursors.4,302 Cortisol also plays an indirect 
role in hypoglycemia defense by enabling epinephrine 
release from the adrenal medullas: activity of phenyletha-
nolamine N-methyl transferase (PNMT), the enzyme 
that converts norepinephrine to epinephrine in the adre-
nal medulla, depends on cortisol.303 Cortisol deficiency 
amplifies insulin sensitivity, so the diminishing insulin 
requirement and increasing hypoglycemia is a long- 
recognized presentation of Addison’s disease in develop-
ing in insulin-dependent diabetes.304

Fasting or postabsorptive hypoglycemia can occur in 
all forms of glucocorticoid deficiency, but it is more com-
mon in some patients and circumstances than others. 
Younger patients, especially infants, are more vulnerable 
than adolescents and adults.305 Hypoglycemia is most 
likely to occur after prolonged fasting or during the stress 
of illness, especially if the usual daily glucocorticoid  
replacement has been interrupted by illness.306,307

ACTH deficiency or unresponsiveness is more likely to 
produce hypoglycemia than primary adrenal failure, espe-
cially as part of congenital hypopituitarism with growth 
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hormone deficiency. Congenital ACTH deficiency pre-
senting with early hypoglycemia has been reported with 
mutations of several genes involved in pituitary develop-
ment (POU1F1, PROP1, TPIT).294,308,309 Some of the 
patients have had other pituitary deficiencies. In some of 
them, ACTH insufficiency was not clinically apparent in 
early infancy when initial testing was performed, but it 
became clinically apparent later in childhood.

An increasing number of specific genetic defects result-
ing in isolated ACTH deficiency or resistance have been 
identified as well. Red hair and early-onset obesity are bet-
ter known than ACTH deficiency in POMC mutations, 
but at least one death has been described.310 Hypoglyce-
mia in an infant due to ACTH deficiency has been attrib-
uted to a defect of prohormone cleavage.311 Idiopathic 
ACTH deficiency can be acquired in childhood, adoles-
cence, or later adult life.312 Circumstantial evidence such 
as an association with autoimmune thyroiditis suggests 
autoimmune hypophysitis as a common cause. In some 
instances, antipituitary antibodies have been demon-
strated.313 Hyperpigmentation accompanies other mani-
festations of adrenal insufficiency in ACTH resistance.314

Iatrogenic suppression of adrenal function is one of 
the most common causes of glucocorticoid insufficiency, 
but it may be overlooked because the obvious electrolyte 
abnormalities of mineralocorticoid deficiency are absent. 
An adrenal crisis with prostration, vomiting, hypoten-
sion, and hypoglycemia can be triggered by a stressful 
event in a child recently weaned from high-dose gluco-
corticoid therapy and has been reported even on alter-
nate day low-dose therapy.232 More often, hypoglycemia 
and milder manifestations may be caused by the inhaled 
and nasal glucocorticoid preparations that have become 
the mainstay of allergy treatment for millions of other-
wise healthy children.233 Although most tolerate it well, 
ongoing combined use of topical and inhaled glucocorti-
coid preparations can cause enough adrenal suppression 
to produce episodic hypoglycemia and interference with 
growth in older children.315 Absence of the 0800 cortisol 
peak in a child receiving topical or inhaled glucocorti-
coids suggests this possibility.

Hypoglycemia is a less common presentation of  
primary adrenal insufficiency, but it often occurs during 
illness or starvation in patients already being treated with 
replacement glucocorticoids.305,306 Primary adrenal insuf-
ficiency often accompanied by deficient epinephrine re-
sponses to hypoglycemia, and hypoglycemia manifested 
by neuroglycopenic rather than adrenergic symptoms 
may be less recognizable.316 The most common form 
of primary adrenal insufficiency is congenital adrenal 
hyperplasia, and surveys and case reports document hy-
poglycemia as a relatively frequent manifestation during 
treatment.305,317,318

Diagnosis of cortisol or ACTH deficiency as a cause of a 
child’s hypoglycemia cannot be based on a single low corti-
sol during hypoglycemia, but on other clinical evidence or 
standard adrenal stimulation tests.293 Primary adrenal insuf-
ficiency is best sought by measurement of ACTH concen-
trations, which will be elevated even when the cortisol 
concentration itself remains in the normal range, similar to 
the elevation of TSH that occurs in early (subclinical) hypo-
thyroidism while T4 or fT4 is still within the normal range.

Epinephrine and Glucagon Deficiencies

The importance of epinephrine and glucagon in the 
counter-regulatory responses to hypoglycemia suggests 
that isolated deficiency of either hormone would be likely 
to cause hypoglycemia, but no instances of hypoglycemia 
caused by isolated, primary deficiency of either hormone 
have been well-demonstrated in children.

Although there have been case reports of reduced 
epinephrine excretion in patients with hypoglycemia, 
evidence from patients with diabetes and insulinomas 
suggests that repeated hypoglycemia is more likely to 
cause diminished epinephrine excretion than vice versa. 
A reduction in insulin-induced hypoglycemia restores 
normal catecholamine responses. Much attention was 
paid to below average epinephrine responses in ketotic 
hypoglycemia in the early investigations, but no primary 
defects of epinephrine were demonstrated.319,320 Defective 
epinephrine responses accompany adrenal insufficiency 
but can be at least partly restored by adequate glucocor-
ticoid replacement.

Perhaps the best candidate for an example of hy-
poglycemia caused by epinephrine deficiency in 
childhood is the occasional episode of severe hypo-
glycemia, usually fasting, occurring in a young child 
taking propranolol or another beta-blocker (either 
therapeutically or accidentally).321

Impaired glucagon secretion also increases the vulner-
ability to hypoglycemia of people with type 1 diabetes, 
but no well-documented case of childhood hypoglycemia 
due to isolated glucagon deficiency has been reported. 
Insulin within islets is a major regulator of glucagon  
secretion, such that most forms of hyperinsulinism are 
accompanied by reversible suppression of glucagon. 125 
The case most often cited has since been recognized as 
an instance of familial SCHAD hyperinsulinism.126,127

Genetic Disorders of Gluconeogenesis
In the early postabsorptive hours, glucose is maintained by 
both glycogenolysis and gluconeogenesis. As fasting con-
tinues more than 12 to 16 hours and liver glycogen is  
depleted, gluconeogenesis contributes an increasing pro-
portion of circulating glucose. Alanine from muscle is the 
principal early substrate for gluconeogenesis, but lactic 
acid, oxidized to pyruvic acid, also contributes to the main-
tenance of normoglycemia via the Cori cycle, especially in 
larger children and adults. While substrate shortage can 
result in ketotic hypoglycemia during fasting, genetic de-
fects of the four major enzymes of gluconeogenesis (pyru-
vate carboxylase, phosphoenolpyruvate carboxykinase, 
fructose 1,6-diphosphatase, and glucose 6-phosphatase) 
can do so as well. Deficiency of glucose 6-phosphatase 
produces the severe hypoglycemia of type 1 GSD, de-
scribed previously. Lactic acidosis is a common feature of 
these defects of the last steps of gluconeogenesis.

Pyruvate Carboxylase Deficiency

Pyruvate carboxylase is a biotin-containing protein of four 
subunits that binds pyruvate, ATP, HCO3, and acetyl CoA, 
and produces oxaloacetate. It is a major regulatory enzyme 
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at the beginning of the gluconeogenic pathway. Activation 
is dependent on acetyl CoA, and occurs principally during 
mobilization of fatty acids during fasting. Several forms of 
deficiency have been described, typically presenting as se-
vere lactic acidosis and encephalopathy in early infancy, 
usually with metabolic decompensation during illness.322 
Hepatomegaly is common. Hypoglycemia has been re-
ported in several forms of pyruvate carboxylase deficiency 
but is not invariably present.323,324 Urine contains large 
amounts of a-ketoglutarate. The diagnosis can be con-
firmed by direct sequencing of the PC gene on 11q13. 
Management consists of frequent carbohydrate meals and 
intravenous dextrose support during illness.

Phosphoenolpyruvate Carboxykinase 
Deficiency

Phosphoenolpyruvate carboxykinase (PEPCK) enables con-
version of oxaloacetate to phosphoenolpyruvate. Cytosolic 
and mitochondrial isoforms are encoded by PEPCK1 and 
PEPCK2, respectively. Autosomal recessive deficiencies of 
both have been described with hypoglycemia but are rare.322 
Deficiency of the cytosolic form was described in 1976 in a 
patient with severe hypoglycemia and fatty infiltration of the 
liver.325,326 The hypoglycemia was found in the second day of 
life and had features of hyperinsulinism, but did not respond 
to diazoxide. Deficiency of the mitochondrial form in several 
children has caused lactic acidosis, hypoglycemia, and liver 
failure in the first year of life.327

Fructose 1,6-Diphosphatase Deficiency

Fructose 1,6-diphosphatase (FDPase, or fructose 
1,6-bisphosphatase) catalyzes the irreversible splitting of 
fructose 1,6-diphosphate to fructose-6-phosphate. It is 
encoded by FBP1 on chromosome 9q22.32. This is a key 
enzyme of gluconeogenesis; deficiency impairs the for-
mation of glucose from lactate, glycerol, and gluconeo-
genic amino acids such as alanine. Some of the clinical 
features of deficiency of FDPase resemble those of defi-
ciency of glucose 6-phosphatase (GSD 1), another major 
enzyme of gluconeogenesis, though glycogenolysis is not 
affected in FDPase deficiency.

Hypoglycemia due to FDPase deficiency was first de-
scribed in 1970 by Baker and Winegrad.328 FDPase defi-
ciency presents typically in the first days of life, but up to 
50% of cases present later than this. Typical manifestations 
include hyperventilation from lactic acidosis and ketoaci-
dosis, seizures and coma from hypoglycemia, and hepato-
megaly. Attacks are precipitated in infancy and childhood 
by prolonged fasting and intercurrent illness rather than by 
fructose ingestion. Unlike in hereditary fructose intoler-
ance, liver dysfunction and renal tubular dysfunction are 
rare. Uric acid is elevated. The diagnosis is suspected when 
fasting leads to hypoglycemia and lactic acidosis, with poor 
glycemic response to glucagon. The diagnosis may be con-
firmed by enzyme studies from liver biopsy material or by 
gene test. It may be differentiated from GSD type 1 by the 
fed glucagon stimulation test. Acute treatment is by intra-
venous glucose and bicarbonate infusion. Chronic treat-
ment is avoidance of prolonged fasting and a reduction but 
not total elimination of fructose from the diet.329

Hereditary Fructose Intolerance

Hereditary fructose intolerance (HFI) was first described 
as an idiosyncrasy to fructose330 and was later deter-
mined to be caused by mutation of the gene for aldolase 
B (ALDOB at 9q31.1).331,332 Aldolase splits fructose 
1-phosphate to dihydroxy-acetone phosphate and glyc-
eraldehyde, substrates for gluconeogenesis via fructose 
1,6-diphosphate. Fructose 1-phosphate accumulates in 
liver and kidney cells causing phosphate depletion and 
gradual long-term organ damage. Phosphate depletion 
further contributes to hypoglycemia by impairing glyco-
genolysis.333 Although discussed here with FDPase defi-
ciency, the hypoglycemia of HFI occurs in the hours 
after fructose ingestion and in timing is more a reactive 
than a fasting hypoglycemia.

HFI presents in infancy, after fructose is introduced to 
the diet in fruit or sucrose. Fructose ingestion induces 
vomiting, abdominal pain, diarrhea, and hypoglycemia.334 
With substantial ingestion, lactic and uric acids and mag-
nesium rise, and phosphorus, potassium, and bicarbonate 
fall. Severity of symptoms is somewhat proportional to 
the amount of fructose and in early infancy large amounts 
may produce shock, acute liver failure, and death. Acute 
treatment of hypoglycemia by intravenous glucose rap-
idly reverses symptoms, and the patient remains healthy 
if fructose exposure is discontinued. Chronic fructose 
ingestion causes failure to thrive and increasing liver 
dysfunction. The earliest renal effect is proximal tubular 
damage with glucosuria and phosphaturia, but prolonged 
exposure to fructose can lead to kidney failure.

Fructose challenge is potentially dangerous and not 
necessary to make the diagnosis as the gene test is com-
mercially available if clinical evidence suggests HFI.329 
Chronic treatment is the avoidance of all fructose- 
containing food (such as sucrose and high-fructose corn 
syrup); as sorbitol is metabolized to fructose, it needs to 
be excluded as well.329

Defects of Fatty Acid Oxidation

Fatty acid oxidation (FAO) provides a significant propor-
tion of energy required to sustain normal glucose levels 
during fasting. Glycerol serves as a direct substrate for 
gluconeogenesis, and mitochondrial oxidation of acyl-
CoA derived from free fatty acid metabolism produces 
ketones (b-hydroxybutyrate [BOHB] and acetoacetate 
[AcAc]) and reduces glucose consumption by muscle and 
other peripheral tissues. The key steps in carnitine up-
take, mitochondrial transport, and oxidation of fatty acids 
are outlined in Chapter 6. The spectrum of genetic dis-
orders of mitochondrial fatty acid transport and oxida-
tion is remarkably wide, with specific disorders affecting 
every organ system at any age to produce many different 
presenting problems. Newborn screening and improved 
methods of investigation are demonstrating that disor-
ders of fatty acid metabolism and mitochondrial function 
are relatively common.335

Hypoglycemia can be severe and persistent, manifest 
in the first days of life (Chapter 6), or may appear at sev-
eral months of age as feeding intervals lengthen. Defects 
of FAO are especially likely to become clinically apparent 
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during the accelerated starvation of catabolic illness as-
sociated with vomiting. Because FAO and ketone body 
generation is impaired, hypoglycemia associated with 
FAO disorders is usually hypoketotic. The hypoglycemia 
may be accompanied by an encephalopathy that has mim-
icked Reye syndrome and does not always immediately 
respond to glucose.336,337 Unrecognized, such episodes 
may be fatal and may resemble sudden infant death  
syndrome.338 Diagnosis is often suggested an abnormal 
plasma acylcarnitine profile or abnormal urine organic 
acids (especially dicarboxylic aciduria). Confirmation can 
be made by metabolic studies of liver tissue or cultured 
fibroblasts and increasingly by genotyping.

Cardiac and skeletal muscle weakness is a prominent 
feature with certain defects, principally long-chain acyl 
CoA dehydrogenase, carnitine transport deficiency, and 
carnitine transferase deficiency. In patients with carnitine 
transport deficiency, supplementation with carnitine may 
improve the clinical features—including improvement in 
the cardiomyopathy over a period of weeks to months.339

The primary treatment of these disorders of FAO is 
avoidance of fasting. In older children, fasting of as long 
as 10 to 12 hours may be possible without the manifesta-
tions. Once an index case has been identified, acute ill-
ness with fasting should be treated by rapid institution of 
intravenous glucose to reverse an evolving episode or to 
prevent its occurrence.

Several drugs or chemicals that interfere with FAO 
may mimic the features of inherited defects in FAO, in-
cluding hypoglycemia. Principal among these is the use 
of valproic acid, which has been associated with unusual 
episodes of hypoglycemia with a Reye-like syndrome and 
hypoketosis. Elevation of ammonia levels and secondary 
carnitine deficiency may make this side effect appear 
similar to an FAO defect, leading some to recommend 
carnitine as a supplement for infants receiving valproic 
acid.99 Urine organic acids and an acyl carnitine profile 
will easily distinguish these conditions.

Plant toxins can occasionally produce hypoglycemia by 
impairing fatty acid oxidation as well. Hypoglycine, a com-
ponent of unripe ackee fruit found in the Caribbean and 
Africa, causes hypoglycemia by interfering with FAO.100 
Atractyloside, found in certain Mediterranean plants, un-
couples oxidative phosphorylation in the mitochondria.101

Defects of Organic or Amino Acid Metabolism

Hypoglycemia may occur with several inborn errors of 
organic acid and amino acid metabolism. Many of these 
are diagnosed in the newborn period by extended new-
born screening tests based on mass spectrometry.  
In some patients with defects of organic or amino acid 
metabolism, hypoglycemia is a common manifestation 
presenting in early infancy; in most of the others it is 
atypical, infrequent, or mild. 340

Hypoglycemia usually occurs during episodes of  
encephalopathic metabolic decompensation, sometimes 
spontaneous and sometimes triggered by a stressful illness 
or starvation. Vomiting and sometimes tachypnea may be 
prominent symptoms. Many of the conditions result in 
impairment of physical growth or neuromuscular develop-
ment even when severe episodes are infrequent. The major 

clue to diagnosis is usually a pattern of characteristically 
abnormal organic acids in the urine. In most cases, man-
agement (or at least hypoglycemia prevention) consists of 
providing intravenous glucose at the onset of illness or at 
the earliest signs of decompensation.

Hypoglycemia also occurs in association with advanced 
liver disease in neonatal hemochromatosis, tyrosinosis  
type 1, S-adenosylhomocysteine hydrolase deficiency, type 3 
glycogenosis, and some of the disorders of mitochondrial 
function. Though galactosemia results in a depletion of 
hepatic phosphate that is similar to the aldolase deficiency 
of hereditary fructose intolerance, hypoglycemia is un-
common until liver damage is advanced.

Hypoglycemia accompanied by ketosis and lactic aci-
dosis has also been reported in late-onset maple syrup 
urine disease and glycerol kinase deficiency. In disorders 
of ketolysis (deficiencies of succinyl CoA transferase and 
3-ketothiolase), ketone levels may be quite high but lactic 
acidosis may not be present.

Hypoglycemia in Fasting, Starvation, 
Illness, and Stress
Under controlled conditions, well-nourished children can 
maintain glucose above 70 mg/dL (3.9 mM) for increasing 
durations between meals. As fasting is prolonged and keto-
sis supplies a greater proportion of fuel, plasma glucose 
levels will fall below 50 mg/dL (2.8 mM) in some healthy 
children and young women without autonomic or neuro-
glycopenic symptoms or apparent ill effects.17,22,341 This is 
occasionally found with preoperative fasting.342,343 In un-
controlled, real-life illnesses, alterations of carbohydrate 
metabolism can occur that are less predictable and benign. 
Most operate to enhance peripheral glucose uptake and 
utilization, to increase glucose production, and to depress 
glycogen formation and insulin sensitivity, resulting in hy-
perglycemia or hypoglycemia, depending on the patient’s 
nutritional state, severity and duration of illness, and other 
factors.344 Rewarming after hypothermia and salt-water 
near-drowning are examples of severe stresses in which 
hypoglycemia has been repeatedly observed.345,346

Hypoglycemia During Starvation  
and Malnutrition

The ability to maintain euglycemia is compromised by 
malnutrition, and hypoglycemia in malnourished infants 
and adults can be both dangerous and difficult to reverse, 
even with intravenous glucose.347,348 In African children 
with kwashiorkor, hypoglycemia has been reported to be 
both common and a predictor of death.349 In the devel-
oped world, anorexia nervosa is one of the most common 
causes of severe malnutrition and hypoglycemia is com-
mon and occasionally severe.350-353

Hypoglycemia with Prolonged Exercise

Glucose is utilized at a higher rate by muscle during pro-
longed exercise. Insulin sensitivity is acutely enhanced, at 
least partly by myocytes secreting a peptide (irisin) that 
stimulates energy expenditure by adipocytes.354,355 Hypo-
glycemia is normally prevented by increased secretion of 
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catecholamines.356-358 However, hypoglycemia has long 
been recognized as an occasional effect of intense exer-
cise even in presumably healthy adults and can be pre-
vented by complex carbohydrates but not extra sugar.359 
Cases of hypoglycemia severe enough to cause seizures 
after a marathon or comparable exercise have been re-
ported.360-362 Demonstration that exercise can acutely 
reverse the compensatory insulin resistance of starvation 
provides a likely explanation for many. 363 With the dis-
covery of exercise-induced hyperinsulinism (described 
previously), it may be that at least some of these instances 
reflect unsuspected disorders of metabolism.137

Diarrheal Illness

Hypoglycemia may occur in infants and children with se-
vere diarrhea.270 It is uncommon in previously healthy 
children with acute viral gastroenteritis (e.g., rotavirus) un-
less there has been a period of starvation (as occurs after 
prolonged use of water or sugar-free fluids).364 Hypoglyce-
mia in this setting is usually ketotic and has a good outcome. 
However, it is important that the history of prolonged star-
vation be confirmed and disorders of fatty acid oxidation be 
ruled out, as hypoglycemia is uncommon in healthy chil-
dren. In one survey of sequential emergency department 
patients with hypoglycemia, 28% had a significant unsus-
pected metabolic or hormonal disorder.281

When diarrhea develops in malnourished children, 
such as during cholera or shigella outbreaks in the Third 
World, hypoglycemia is a dangerous problem.365,366 Dur-
ing severe malnutrition, gluconeogenic substrates such as 
alanine and lactate are significantly reduced, the capacity 
to generate glucose by gluconeogenesis is markedly di-
minished, and alternative fuels such as ketones and lactate 
are also reduced. In this situation, almost half of patients 
with hypoglycemia plus diarrhea died with an encephalo-
pathic picture—indicating that hypoglycemia in the mal-
nourished child is a poor prognostic sign.367

Sepsis

Severe hypoglycemia is a potential presentation of sepsis, 
especially meningococcemia.368,369 Animal research sug-
gests that septicemia may produce early hyperglycemia 
followed by a drop of blood sugar attributed to increased 
glucose uptake by multiple organs, and that cytokines like 
tumor necrosis factor may amplify glucose uptake.370 
Limited measurements on humans indicate appropriate 
suppression of insulin and elevation of counter-regulatory 
hormones as well as cytokines.371

Specific Infections

Hypoglycemia has been described as occurring in ap-
proximately one third of children with severe malaria.372 
As in those with diarrhea and hypoglycemia, there is in-
creased mortality in children with malaria associated with 
hypoglycemia. Insulin levels in such children were re-
ported to be appropriately low, whereas ketones, lactate, 
and alanine levels were high—suggesting impaired gluco-
neogenesis.373 Provision of glucose is therefore indicated 
for such patients. In addition, the therapy for malaria  

(in particular, quinine) may aggravate hypoglycemia be-
cause of its ability to stimulate insulin release.374

Hypoglycemia has been repeatedly reported in pertus-
sis infection, with some animal evidence suggesting  
a hyperinsulinemic hypoglycemia rather than simply a 
fasting effect.375 Though infant insulin levels after per-
tussis immunization have been reported slightly higher, 
no instances of hypoglycemia have been attributed to 
pertussis immunization.171

Hypoglycemia in Organ System Disease

Hypoglycemia is common in critically ill patients of all 
ages376,377 and can occur in failure or severe disease of 
nearly every major organ system.

The liver is the principal source of glucose during 
postabsorptive periods, and under experimental condi-
tions, hypoglycemia occurs after a loss of 80% of the 
liver. Hypoglycemia in human liver disease is less pre-
dictable. In cirrhosis and progressive liver failure, glucose 
levels usually remain normal even into hepatic coma. 
However, fasting hypoglycemia can occur sporadically in 
many forms of liver disease, with little dependence on the 
severity of liver impairment by other measures.

Hypoglycemia has been reported in adults and chil-
dren with drug injury, poisoning,378 infectious hepati-
tis,379,380 suppurative cholangitis,381 and poor hepatic 
perfusion.382,383 Hypoglycemia can occur as an occasional 
complication of various rare genetic diseases that affect 
the liver. For example, citrin deficiency has an intermedi-
ate, childhood-onset form characterized by growth retar-
dation, episodic neurologic and behavioral abnormalities 
with hyperammonemia, and sometimes hypoglycemia.384

Renal gluconeogenesis also normally contributes to 
maintenance of blood glucose during fasting, and hypo-
glycemia may occur in patients with end-stage chronic 
renal failure.382,385-387 Because autonomic responses to 
hypoglycemia are often impaired in chronic renal failure, 
neuroglycopenic manifestations typically predominate. 
In many cases, hypoglycemia occurs as a complication of 
dialysis or other circumstances and the existence of a 
specific “uremic hypoglycemia” has been challenged.388

Many cases of fasting hypoglycemia associated with 
both acute and chronic pancreatitis have been reported  
in adults and children.364,389-391 Both hypoglycemia and 
hyperglycemia were recognized complications of mumps 
pancreatitis in children.390,392

The causes of hypoglycemia associated with severe heart 
disease, both cyanotic congenital heart disease in young 
children393 and congestive heart failure in older children,394-396 
are complex, with evidence of both increased glucose up-
take and impaired gluconeogenesis. In infants, hypoglycemia 
can cause heart failure that improves with restoration of 
normal glucose levels.397

Skeletal muscle contributes substrates to gluconeo-
genesis during fasting, and fasting hypoglycemia occurs 
with several forms of muscular dystrophy and spinal 
muscle atrophy characterized by reduced muscle 
mass.398-401 A novel mechanism for hypoglycemia due to 
intracranial disease would be alteration of the afferent 
or efferent limbs of hypothalamic glucose sensing; this 
can be demonstrated in rodents and has been invoked in 
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rare cases of hypoglycemia accompanying brain tumors 
and trauma.402,403

Hypoglycemia accompanied by lactic acidosis has 
been reported as both uncommon presentations and end-
stage events in patients with acute and chronic leukemias 
and lymphomas.404 However, children on prolonged che-
motherapy regimens have been found to have a high rate 
of fasting hypoglycemia due to depleted glycogen and 
gluconeogenic precursors and to direct effects of oral 
purine analogs.405-407

Hypoglycemia in the Intensive Care Unit

New, symptomatic hypoglycemia in a previously well 
child is uncommon and usually attributable to a single, 
identifiable diagnosis. In contrast, hypoglycemia occurs in 
up to 10% of critically ill children, is often asymptomatic, 
and is associated with poorer outcomes.376,408 In addition 
to processes specific to the underlying diseases, multiple 
contributing factors may include substrate depletion, ac-
celerated glucose consumption, undernutrition, impaired 
gluconeogenesis, cytokine effects, and adrenal insuffi-
ciency. Iatrogenic factors such as misplaced infusion lines, 
changes of intravenous dextrose, or drug effects need  
to be considered.409 Factors affecting measurement 
reliability (e.g., altered hematocrit, oxygenation, line 
draws, drugs) are more common in the intensive care unit 
(ICU).410 Finally, the treating physician should not forget 
the possibility that an acute illness is unmasking a previ-
ously compensated disorder of glucose metabolism, espe-
cially in a young child.281

Insulin use is the most common cause of hypoglyce-
mia in the ICU. With evidence suggesting that outcomes 
from stroke, myocardial infarction, surgery, and infection 
are better with suppression of hyperglycemia, intensive 
care physicians have striven for tighter glycemic control, 
and the frequency and risks of hypoglycemia are being 
scrutinized.411 It is not clear that iatrogenic hypoglycemia 
during intensive glycemic control has the same associa-
tion with adverse outcome reported with spontaneous 
ICU hypoglycemia.412 One study detected no neurocog-
nitive outcome differences in children a few years after 
surgical management with or without aggressive glyce-
mic control.413 A variety of methods and algorithms have 
been devised to reduce the hypoglycemia risk,414 and it 
seems likely that these will be further improved in the 
near future with continuous glucose sensors and limited 
closed-loop systems.376

Hypoglycemia Induced by Exogenous 
Agents
Insulin and various diabetes medications that stimulate 
insulin release are the most common exogenous causes 
of hypoglycemia at all ages, as discussed earlier in this 
chapter. Although the literature of the 20th century 
contains reports of hypoglycemia associated with hun-
dreds of other agents, the evidence of a causal relation-
ship is weak for most and represented by very few  
cases.171,173,415,416 In children, hypoglycemia due to 
exogenous agents usually represents accidental inges-
tions. Ethanol, salicylates, quinine, and beta-blockers 

such as propranolol are the most frequent single agents 
implicated in childhood hypoglycemia. Rare cases of 
hypoglycemia have also been reported with sulfon-
amide and cotrimoxazole use in children, as well as in 
hepatic failure due to acetaminophen overdose. Pent-
amidine is one of the most common nondiabetes medi-
cations reported to cause hypoglycemia in adults in 
therapeutic doses. Hypoglycemia is also an uncommon 
effect of recreational drugs such as ecstasy and parame-
thoxyamphetamine.376

Alcohol-Induced Hypoglycemia

Ethanol is a notorious cause of severe fasting hypoglycemia 
in young children and malnourished alcoholic adults, and 
occasionally in healthy adolescents who are intoxicated.417 
The liver consumes nicotinamide adenine dinucleotide 
(NAD1) and produces NADH as it oxidizes ethanol. The 
depletion of NAD1 slows oxidation of lactate to pyruvate, 
thus impairing gluconeogenesis and the production of glu-
cose during later stages of fasting.418 In young children who 
have been fasting overnight, consumption of even small 
quantities of alcohol can acutely precipitate hypoglyce-
mia.419 Cases of severe hypoglycemia have occurred from 
ingestion of mouthwash or skin absorption of rubbing  
alcohol.420,421 Numerous home products—including 
cologne, deodorants, and hand sanitizers—contain sub-
stantial amounts of ethanol.422

Salicylate Intoxication

In high doses, salicylates have enough hypoglycemic po-
tency that they have been used experimentally to treat 
diabetes, although the exact mechanism of action remains 
uncertain.423 Suggested mechanisms include stimulation 
of insulin release, inhibition of gluconeogenesis, increased 
peripheral glucose uptake, and suppression of lipolysis.424 
Infants appear to be more susceptible than older children 
to salicylate-induced hypoglycemia, and prior to their 
therapeutic abandonment for young children in the 1980s 
because of concerns about a role for salicylates in causing 
Reye syndrome, numerous cases were reported.425

Reactive Hypoglycemia and “Spells”
Reactive hypoglycemia refers to symptomatic hypoglycemia 
occurring 1 to 4 hours after a meal. The pathophysiologic 
concept is simple and familiar: if insulin secretion after a 
carbohydrate meal is excessive or prolonged in relation to 
incoming glucose during digestion, plasma glucose can fall 
to hypoglycemic levels. Potential causes of a mismatch of 
insulin secretion and carbohydrate digestion include accel-
erated carbohydrate digestion, disordered gastrointestinal-
beta cell signaling, delayed insulin secretion, abnormal 
prolongation of insulin action, and abnormal insulin release.

Symptomatic reactive hypoglycemia characterized by 
a measurably low glucose accompanying neuroglycope-
nic symptoms (i.e., Whipple’s triad) is uncommon, and a 
specific diagnosis should be sought among the forms of 
hyperinsulinism discussed earlier in this chapter. Alimen-
tary hyperinsulinism (discussed earlier in the chapter) 
after Nissen fundoplication or gastric bypass surgery 
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likely involves both acceleration of carbohydrate diges-
tion and excessive intestinal secretin signaling. Delaying 
gastric emptying is the primary treatment. Case reports 
of spontaneous acceleration of gastric emptying have 
been less convincing.426,427 The most common form of 
delayed insulin secretion occurs during the gradual de-
velopment of type 2 diabetes, when first-phase insulin 
response is diminishing and postprandial glucose peaks 
are higher. A similar pattern can occur with more severe 
forms of insulin resistance, but in these conditions the 
plasma glucose rarely falls to neuroglycopenic levels  
and may be difficult to distinguish from the purely auto-
nomic symptoms of idiopathic postprandial syndrome 
(discussed later). Insulin effects may be delayed and pro-
longed by antibody binding, as occurs with autoimmune 
hypoglycemia. In up to 25% of patients with insulinoma, 
the worst hypoglycemic episodes are reactive rather than 
fasting. In some forms of genetic hyperinsulinism  
detected after infancy, postprandial hypoglycemia may be 
more apparent than fasting hypoglycemia, but in these 
cases hypoglycemia is triggered by ingestion of protein, 
not carbohydrates. The initial evaluation should be  
directed toward obtaining a critical sample during docu-
mented hypoglycemia, during admission for a diagnostic 
fast if necessary.

History of the Reactive Hypoglycemia 
Controversy

In contrast to the theories presented earlier in this chap-
ter, the popular conception of reactive hypoglycemia as  
a likely explanation for any postprandial symptoms has 
persisted since the 1930s. Patients suspicious that they (or 
their children) have such a condition regularly present to 
the endocrine clinic. Within a decade of the first success-
ful diagnosis and surgical cure of an insulinoma in 1929,428 
it became clear that not all patients with symptoms of 
hypoglycemia had demonstrable insulinomas curable by 
surgery. Seale Harris postulated that in some people an 
exaggerated insulin response to carbohydrate meals could 
cause transient hypoglycemia 2 to 4 hours later.219 
In these patients, symptoms could often be alleviated or 
prevented by more frequent meals containing more pro-
tein and less sugar and starch. Some of the patients who 
demonstrated this pattern seemed to be in the early stages 
of developing diabetes. Very few had insulinomas, and 
Allen Whipple is credited with the criteria for identifying 
patients whose hypoglycemia was potentially dangerous  
and might be curable by surgery; referred to as Whipple’s 
triad, the criteria include (1) measurably low glucose ac-
companying (2) symptoms characteristic of hypoglycemia 
that are (3) relieved by raising the glucose.197 Nonetheless, 
diagnoses of reactive hypoglycemia, based solely on symp-
toms or on OGTT patterns, became epidemic. Various 
treatment regimens, ranging from benign (frequent 
snacks, avoiding sugar) to pernicious (oral diabetes drugs, 
elaborate dietary restrictions, vagotomy, expensive sup-
plements, or “adrenal extracts” of uncontrolled composi-
tion), have been offered.

However, further research shed doubt on the nature, 
and even the existence, of this common form of reactive 
hypoglycemia.429 The OGTT pattern often considered 

characteristic of reactive hypoglycemia, with a nadir be-
low the fasting glucose, occurs in most people.223,230 
A plasma glucose level below 50 mg/dL in the third, 
fourth, or fifth hour occurs without symptoms in 10% of 
adults.430,431 Few of the self-diagnosed patients’ symptoms 
coincided with low glucose levels, and low glucose levels 
were often not accompanied by symptoms.432,433 Some 
showed the same symptoms after a placebo.431 Symptoms 
could not be correlated with objective evidence of neuro-
glycopenia (e.g., electroencephalographic changes).  
Attempts to identify pathognomonic counter-regulatory 
hormone responses have been uncontrolled, unconfirmed, 
or demonstrated patterns indistinguishable from asymp-
tomatic people.434-438 Few patients with self-diagnosed 
reactive hypoglycemia show any abnormalities of glucose 
metabolism as determined by more rigorous tests for  
hyperinsulinism.439 A “diabetic pattern” of early hypergly-
cemia with an exaggerated decline can occur in predia-
betic adults but can also be produced by low carbohydrate 
intake prior to the OGTT.440 The reproducibility of pat-
terns and symptoms within the normal range is limited.441 
Symptoms provoked by a mixed meal tolerance test  
differed from those resulting after an OGTT.442,443 The 
diagnostic test with a stronger demonstrated association 
with reactive hypoglycemic symptoms than any measure 
of glucose metabolism was the Minnesota Multiphasic 
Personality Test.433,444,445 These problems led some endo-
crinologists to reject the entire concept of reactive or 
“functional hypoglycemia” as illusory or at least unrelated 
to glucose metabolism, preferring the term idiopathic 
postprandial syndrome as a more accurate descriptor.443 The 
American Diabetes Association and the Endocrine Soci-
ety formulated a position statement in 1973 supporting 
the need to demonstrate low glucose values at the time  
of symptoms, as well as improvement after glucose inges-
tion, in order to validate a diagnosis of hypoglycemia.446 
The value of the Whipple’s triad criteria for suspected 
reactive hypoglycemia was reiterated in the 2009 hypo-
glycemia guidelines of the Endocrine Society.71

Approach to the Patient with Episodic 
“Hypoglycemic” Symptoms

Pediatric endocrinologists are often asked to evaluate 
older children and adolescents who have had episodic 
autonomic or dysphoric symptoms attributed to hypo-
glycemia. A demonstration of low glucose at the time of 
neuroglycopenic symptoms warrants a diagnostic fast, as 
potentially dangerous forms of hypoglycemia are nearly 
always disorders of fasting.447 The differential diagnosis 
list for symptoms suggestive of hypoglycemia is lengthy 
and includes seizures, hyperventilation, and anxiety  
attacks448-451; syncope with exercise warrants immediate 
cardiac evaluation.452 Most adolescents with “spells” 
referred for hypoglycemia evaluation have simple ortho-
static hypotension or vasovagal syncope453 and, in a few, 
the more disabling postural orthostatic hypotension  
syndrome (POTS).454,455

If recurrent symptoms are frequent and sufficiently 
suggestive of hypoglycemia, an attempt should be made 
to measure plasma glucose concentration during symp-
toms. Although self-monitoring of plasma glucose by 
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meter may be useful, results may not be reliable. Because 
glucose meters often yield erratic patterns, especially in 
the hands of nondiabetic patients, multiple glucose tests 
at similar times of the day are needed for comparison.  
It is important to prepare the parent for interpreting  
the overall pattern, rather than focusing on one or two 
unusual glucose values, because healthy people can have 
occasional high or low glucoses.456 Normal meter glucoses 
do not exclude the possibility that symptoms may improve 
with the standard dietary recommendations for mild  
reactive hypoglycemia, which are that affected individu-
als (1) eat breakfast, (2) reduce sugar and starch intake in 
favor of low-glycemic index carbohydrates but do not 
restrict carbohydrates, (3) include fat and protein with 
meals and snacks, and (4) try a morning or afternoon 
snack.457 An oral glucose tolerance test is of no value for 
excluding serious disorders of fasting hypoglycemia and 
is also not useful for testing the possible benefit of the 
standard dietary modifications.458

Behavior Problems as Effects of 
Hypoglycemia or Dietary Sugar

Another category of problem often brought to the endo-
crine clinic as possible hypoglycemia is distressing or 
aggressive behavior, mood, or school problems that, to 
the parent, seem either caused by or relieved by sugar. 
Decades of psychologic,459,460 social science,461-463 crimi-
nological,50,464 childrearing,465 and alternative medicine 
literature466 perpetuate the putative connection between 
problem behavior and hypoglycemia or sugar ingestion. 
Supportive evidence tends to be poorly controlled or 
speculative; better-designed studies provide little support 
for such an effect.467-470 Although there is evidence that 
autonomic activity, sleep, mood, and behavior can be  
affected by dietary carbohydrates in humans and ro-
dents,471,472 these behavioral effects are not evidence of 
hypoglycemia and no tests of carbohydrate metabolism 
will provide guidance for diet or management. Even the 
link between hyperactive behavior and sugar ingestion 
evaporates when tested with careful controls.473,474

Artifactual Hypoglycemia
When a low glucose level is unexpectedly reported in a 
“well” child who has an outpatient chemistry profile drawn 
for reasons unrelated to carbohydrate metabolism, it is 
most often a spurious result. The most common cause of 
postphlebotomy artifactual hypoglycemia is glucose con-
sumption by red blood cells during a long delay before 
measurement.475,476 This can be reduced but not eliminated 
by chilling the specimen and by newer collection tubes 
designed to sequester cells from serum.477 Fluoride tubes 
reduce but do not eliminate glucose consumption, and 
glucose levels may decline by 20% or more when process-
ing is delayed for even a few hours.478 Unfortunately, post-
phlebotomy glycolysis consumes a higher proportion of 
glucose when the specimen contains a low level when 
drawn. Spurious hypoglycemia is more common when ei-
ther the red cell or the white cell counts are elevated.479,480

Blood glucose meters have an inherent imprecision of at 
least 15% even under optimal conditions.79,481 Continuous 

glucose sensors are being increasingly used to track pat-
terns of glucose, but absolute nadirs are often inaccurate 
and their usefulness in evaluating hypoglycemia is doubt-
ful.482-485 Nevertheless, it is important to stress that unex-
pected low glucose levels should not be ignored because of 
the possibility that a “fluke” lab test may detect an unrec-
ognized chronic hypoglycemic condition.

FASTING SYSTEM APPROACH 
TO DIAGNOSIS

The pathophysiology of fasting and the intricate balance 
of hormonal changes and their effects on intermediary 
metabolites is the key to discovering the cause of hypogly-
cemia. Normal infants, children, and adults may develop 
hypoglycemia if fasted long enough. At the time of hypo-
glycemia, a blood and urine sample (the critical sample) 
should demonstrate the normal adaptive changes that oc-
cur with time. In an infant or child who presents with 
unexplained hypoglycemia, the testing of this hypoglyce-
mic sample may be pivotal in making the diagnosis and 
may avoid prolonged, dangerous, or expensive testing.

History
For a previously well child, the timing of hypoglycemia 
in relation to the child’s last meal may provide a useful 
clue. Hypoglycemia occurring in the immediate post-
prandial period—reactive hypoglycemia—suggests ex-
cess insulin secretion. A previous fundoplication or other 
gastric surgery suggests alimentary hyperinsulinism. Hy-
poglycemia occurring in the early postabsorptive hours 
may be hyperinsulinism but can also occur with the more 
severe glycogen storage diseases. Hypoglycemia after 
several hours of fasting suggests disorders of FAO, of 
gluconeogenesis, or of the hormones that control these 
processes. The presence of sulfonylureas, insulin, or  
alcohol in the household suggests ingestion or injection.

Clinical Examination
Physical findings are only occasionally useful, typically in 
infants. Hepatomegaly suggests a GSD or an FAO disor-
der. Short stature or failure to thrive often occurs in a 
GSD, Fanconi-Bickel syndrome, and hypopituitarism. 
Neuromuscular signs may occur in association with FAO 
disorders and adrenoleukodystrophy. Midline defects 
such as central cleft lip and palate, single central incisor, 
optic nerve hypoplasia, or micropenis are often associ-
ated with pituitary hormonal deficiencies.

Critical Sample
Finally, the third stage revolves around the critical sample 
(see Figure 21-5). The key feature to assess is the presence 
or absence of acidosis. This can be determined from basic 
studies before the results of the intermediary metabolites. 
A chemistry panel with measurement of bicarbonate levels 
and a urine dip for ketones will be immediately available 
in most centers. In addition, a lactate level should be  
easily available.
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Acidosis with elevated lactate and absent ketones  
suggests disorders of glycogenolysis or gluconeogenesis. 
GSD type 1 and a fructose 1,6-diphosphatase (FDPase) 
deficiency may be difficult to differentiate, and a fed 
glucagon stimulation test may help. There will be a rise 
in lactate and no rise in glucose in GSD type 1, with a 
rise in glucose in FDPase deficiency. An intravenous 
fructose tolerance test may be required. In the older 
child, lactic acidosis and hypoglycemia may suggest alco-
hol ingestion.

Acidosis with ketones occurs in normal fasting children, 
idiopathic ketotic hypoglycemia, and GSD types 3, 6, 9, 
and glycogen synthetase deficiency. Ketones also may be 
present in deficiencies of GH and cortisol. Disorders of 
FAO may sometimes present as small to moderate ketones 
in the urine, particularly when the patient is dehydrated. 
Some forms (such as the short-chain length disorders, the 
disorders of electron transport, and HMG-CoA lyase  
deficiency) may also have mild ketosis.

No acidosis or ketones in the urine is strongly sugges-
tive of hyperinsulinism caused by genetic defects, insulin-
oma, accidentally administered excess insulin, deliberately 
administered insulin with intent to harm, or oral hypogly-
cemic agents. FAO defects will often be hypoketotic, but 
patients with some forms may have trace or small ketones 
in the urine. Those with hyperinsulinism will have neither 
elevated free fatty acids nor elevated ketones, whereas 
those with FAO will have elevated free fatty acids and low 
ketones. FAO may be diagnosed by acyl-carnitine profile 

or by urine organic acid measurement. Hyperinsulinism 
owing to genetic defects and insulinoma can be differenti-
ated from insulin administration by the presence of  
C peptide in the plasma at the time of hypoglycemia. Oral 
hypoglycemic agents will have elevated insulin and C pep-
tide, and the diagnosis will be missed unless suspected and 
unless a urine toxicology with a request for the specific 
drug to be sought is performed.

EMERGENCY TREATMENT OF 
HYPOGLYCEMIA

Once the critical sample has been obtained, a minibolus 
of 0.2 g/kg of dextrose should be administered by intra-
venous infusion over 1 minute (2 mL/kg of 10% dex-
trose; see Table 21-4). This should be followed by a 
continuous intravenous infusion of 8 mg/kg/min using 
dextrose 10% solution. This rate of glucose administra-
tion may be rapidly and conveniently calculated by using 
the simple formula that 5 mL/kg/hr of a 10% dextrose 
solution provides approximately 8 mg/kg/min of glucose. 
Glucose levels should be determined 15 minutes after the 
bolus has been given and while the maintenance glucose 
infusion is running. If hypoglycemia recurs, a bolus of  
0.5 g/kg may be given (5 mL/kg of dextrose 10%) and the 
glucose infusion increased by 25% to 50%. For details  
of specific treatments of individual disorders, see the  
sections on each condition.

FIGURE 21-5 n An algorithmic approach to hypoglycemia. FDPase, fructose 1,6-diphosphatase; FFA, free fatty acids; G-6-Pase, glucose 
6-phosphatase; GH, growth hormone; GSD, glycogen storage disorder; and SGA, small for gestational age.
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QUESTIONS

A 30-month-old boy was too lethargic to be fed after his 
mother tried to awaken him in the morning. He was 
rushed to the local emergency department where he was 
still obtunded and lab glucose was 37 mg/dL. He im-
proved with intravenous dextrose. An analysis of bagged 
urine shows a large amount of ketones. No other diag-
nostic tests have been done when you are called for ad-
vice 2 hours later, around noon.
 1. Which history may be most relevant to the cause of 

his hypoglycemia?
 a. His grandmother, who lives with him, takes 

glyburide,
 b. His mother had gestational diabetes requiring  

insulin,
 c. His length is small compared to family heights,
 d. He has been taking both inhaled and nasal flutica-

sone for asthma and rhinitis,
 e. Both c and d

Answer: e. The ketonuria makes it unlikely that his hypo-
glycemia is due to injected insulin or sulfonylurea inges-
tion. However, both growth hormone deficiency and 
adrenal insufficiency due to suppression can cause 
morning hypoglycemia with ketosis.

 2. Tests that will be of most value if obtained in the next 
hour include which of the following?
 a. Basic chemistry panel
 b. Insulin and C-peptide
 c. Cortisol and growth hormone
 d. Acylcarnitine profile and urine organic acids
 e. Both a and d

Answer: e. It is important to see if he is acidotic, and 
both the acylcarnitine profile and the urine organic acid 
will remain abnormal even after immediate correction of 
hypoglycemia for most organic acidoses and some of the 
disorders of fatty acid oxidation. Insulin and c-peptide 
will have already risen from the dextrose, and single GH 
and cortisol levels at noon would be of limited value for 
excluding adrenal or pituitary deficiency.

A 15-year-old girl complained to her family doctor of  
“almost passing out” on three occasions late in the morning 
at school. Her doctor ordered a fasting chemistry panel 
that was unremarkable except for a glucose level of 62.  
Her doctor then ordered a 5-hour oral glucose tolerance 
test that produced the following glucose levels without 
symptoms: 88, 123, 78, 61, 69, and 75. Which of the  
following statements are true?
 3. A low fasting glucose in a routinely ordered chemistry 

panel drawn when this patient was asymptomatic is 
more likely to be an artifact of delayed specimen pro-
cessing than hypoglycemia. True or false?

Answer: True. Routine chemistry panels are often subject 
to delayed separation of serum.

 4. The OGTT is abnormal, as less than 10% of healthy 
young women reach glucose levels below 60 mg/dL 
in the latter half of an extended oral glucose toler-
ance test, and the glucose level at 2 to 3 hours should 
not fall below the baseline fasting value. True or 
false?

Answer: False. More than 10% of healthy young women 
will fall below 50 mg/dL during an extended OGTT. 
Later glucose levels during an OGTT are often lower 
than the baseline in healthy people.

 5. An insulinoma is excluded by these test results. True 
or false?

Answer: False. Insulinomas are uncommon, but neither a 
random fasting glucose nor an OGTT changes the small 
probability that the patient has one.

 6. An insulinoma is excluded because her symptoms did 
not occur while fasting. True or false?

Answer: False. Hypoglycemia from insulinomas may  
occur at any time in relation to meals.

 7. The next step to exclude an insulinoma would be to 
obtain a glucose reading during symptoms, either by 
comparing a meter glucose obtained during symp-
toms with some glucoses without symptoms, or by 
conducting an extended diagnostic fast. True or false?

Answer: True. An insulinoma is a rare cause of such spells 
in adolescents, but this is a possible presentation and the 
next step is to try to demonstrate hypoglycemia during 
symptoms.
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INTRODUCTION

Energy balance is the “final frontier” of endocrinology. 
Prior to 1994, with the discovery of leptin, disorders of 
energy balance were not even considered to be endocrine 
diseases. Today, obesity can account for up to 25% of 
pediatric endocrine practice referrals, and type 2 diabetes 
accounts for up to 33% of the new referrals for pediatric 
diabetes, the majority of whom are also obese. Since the 
discovery of leptin, the negative feedback pathway of 
energy balance has been elucidated, and endocrinologists 

have embraced disorders of energy balance as part of 
their management portfolio. Thus, the study of energy 
balance has become a matter of continuing education for 
pediatric endocrinologists. The whole field is a work in 
progress, which is problematic because our diagnostic 
armamentarium and our treatment options for the most 
part do not target the multiple hormonal feedback loops 
that govern energy balance. This chapter conveys a clear 
and up-to-date basic understanding of the energy balance 
pathway and provides a clinical rationale and formulation 
for evaluating and treating these patients.
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ventromedial [VMN] and arcuate [ARC] nuclei), integrates 
the afferent peripheral signals, along with other central 
stimuli; the paraventricular nuclei (PVN) and lateral  
hypothalamic area (LHA) serve as a gated neurotransmit-
ter system to alter neural signals for changes in feeding 
and energy expenditure. The third component is the  
efferent arm and consists of a complex network of auto-
nomic effectors, which regulate energy intake, and energy 
expenditure versus storage.1,2 Anatomic disruptions or 
genetic or metabolic alterations of the afferent, central 
processing, or efferent arms can alter energy intake or 
expenditure in stereotyped ways, which can lead to either 
obesity or cachexia.

NEUROENDOCRINE REGULATION OF  
ENERGY BALANCE

The negative feedback axis of energy balance and its func-
tion during homeostasis has been largely delineated 
through studies in animal models; human data are pre-
sented where available. The axis is composed of three 
arms (Figure 22-1). The first is the afferent arm, which 
conveys peripheral information on hunger and peripheral 
metabolism, in the form of hormonal and neural inputs, 
to the hypothalamus. The second is a central processing 
unit, consisting of various areas within the hypothalamus. 
The ventromedial hypothalamus (VMH; consisting of the 

VMH

Leptin

Pancreas

Stomach

Liver

Adipocytes

Small
Intestine

Insulin

Ghrelin

PYY3-36

Vagus nerve

Sympathetic nervous system

DMV

LC
Med. Raphe

NTS

PVN
LHA

5-HT

NE

FIGURE 22-1 n The homeostatic pathway of energy balance. Afferent (gray), central (black), and efferent (white) pathways are delineated. 
The hormones insulin, leptin, ghrelin, and peptide YY(3-36) (PYY3–36) provide afferent information to the ventromedial hypothalamus 
regarding short-term energy metabolism and energy sufficiency. From there, the ventromedial hypothalamus elicits anorexigenic  
(a-melanocyte stimulating hormone, cocaine-amphetamine regulated transcript) and orexigenic (neuropeptide Y, agouti-related pro-
tein) signals to the melanocortin-4 receptor in the paraventricular nucleus and lateral hypothalamic area. These lead to efferent output 
via the locus coeruleus, via the nucleus tractus solitarius, which activates the sympathetic nervous system, causing the adipocyte to 
undergo lipolysis, or via the dorsal motor nucleus of the vagus, which activates the vagus nerve to store energy, both by increasing 
pancreatic insulin secretion, and (in rodents) by increasing adipose tissue sensitivity to insulin. 5-HT, serotonin (5-hydroxytryptamine); 
DMV, dorsal motor nucleus of the vagus; LC, locus coeruleus; LHA, lateral hypothalamic area; NE, norepinephrine; NTS, nucleus tractus 
solitarius; PVN, paraventricular nucleus; VMH, ventromedial hypothalamus. (From Lustig, R. H. (2006). Childhood obesity: behavioral aber-
ration or biochemical drive? Reinterpreting the First Law of Thermodynamics. Nature Clin Pract Endo Metab, 2, 447–458. Courtesy of Nature 
Publishing Group, with permission.)
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The Afferent System
Alimentary Afferents

Hunger
The Afferent Vagus. The vagus nerve is the primary 

neural connection between the brain and the gut. The 
afferent vagus nerve conveys sensory information regard-
ing the mechanical stretch of the stomach and duodenum 
and sensations of gastric fullness to the nucleus tractus 
solitarius (NTS).3 Of note is that each of the following 
alimentary neuropeptide effects on hunger and satiety is 
obviated by concomitant vagotomy, implicating the affer-
ent vagus as the primary mediator of alimentary energy 
balance signals.4-6

Ghrelin.  Ghrelin, an octanoylated 28-amino-acid pep-
tide, was discovered serendipitously while looking for the 
endogenous ligand of the growth hormone secretagogue 
receptor (GHS-R).7 Ghrelin induces the release of growth 
hormone (GH) through stimulation of the pituitary 
GHS-R. The endogenous secretion of ghrelin from the 
fasting stomach is high, but the administration of nutrients 
decreases it; volumetric stretching of the stomach wall has 
no effect. However, ghrelin also binds to the GHS-R in 
the VMH, which increases hunger, food intake, and fat 
deposition.8,9 Ghrelin also increases the respiratory quo-
tient (RQ) in rats, suggesting a reduction of fat oxidation 
and promotion of fat storage. Ghrelin appears to tie the 
lipolytic effect of GH with the hunger signal and is prob-
ably important in the acute response to fasting. In humans, 
ghrelin levels rise with increasing subjective hunger and 
peak at the time of voluntary food consumption,10 suggest-
ing that ghrelin acts on the VMH to trigger meal initia-
tion. Ghrelin infusion increases food intake in humans.11 
However, plasma ghrelin levels are low in obese individu-
als and increase with fasting,12 suggesting that ghrelin is a 
response to, rather than a cause of, obesity. 

Satiety
Peptide YY 3-36 (PYY3-36). A hormonal signal to control 

meal volume is PYY3-36.13 This peptide fragment is se-
creted by intestinal L cells in response to the exposure to 
nutrient, crosses the blood-brain barrier, and binds to the 
Y2 receptor in the VMH. Activation of this receptor causes 
a decrease in neuropeptide Y (NPY) mRNA in neurons  
of the orexigenic arm of the central processing system 
(discussed later). In nonobese humans, infusion of PYY3-36 
during a 12-hour period decreased the total amount of 
food ingested from 2200 to 1500 kcal, but without an  
effect on food ingested during the next 12-hour interval.13 
Although the pharmacology of this peptide is being eluci-
dated, its specific role in obesity is not yet known.

Glucagon-Like Peptide-1 (GLP-1).  Those same intes-
tinal L cells produce GLP-1 through the posttranslational 
processing of preproglucagon. Two equipotent forms of 
GLP-1 are generated: a glycine-extended form GLP-1 
(7–37) and the amidated peptide GLP-1(7–36)amide.14 
GLP-1 acts on the stomach to inhibit gastric emptying; 
this prolongs the time it takes to absorb a meal. GLP-1 
also activates its receptor on pancreatic b cells to stimulate 
cAMP production, protein kinase A activation, and insulin 
secretion (Figure 22-2), thereby improving glucose toler-
ance, a mechanism of the “incretin” effect. GLP-1 also acts 

on rodent b cells to stimulate neogenesis, thereby increas-
ing b-cell mass.15 Lastly, GLP-1 also exerts potent effects 
on reduction of appetite, both through reduction in gastric 
emptying and through direct decreases of corticotropin-
releasing hormone (CRH) signaling in the PVN and in-
creasing leptin signaling in the VMH.16

Cholecystokinin (CCK).  CCK is an 8-amino-acid gut 
peptide released in response to a caloric load. It circulates 
and binds to CCKA receptors in the pylorus, vagus nerve, 
NTS, and area postrema to promote satiety.3

Metabolic Afferents

Leptin.  Energy intake versus expenditure is normally 
regulated very tightly (within 0.15% per year) by the hor-
mone leptin. Leptin is a 167-amino-acid hormone, pro-
duced by adipocytes, which transmits the primary long-
term signal of energy depletion/repletion to the VMH.17,18 
Leptin’s primary neuroendocrine role is to mediate infor-
mation about the size of peripheral adipocyte energy 
stores to the VMH. Leptin is a prerequisite signal to the 
VMH for the initiation of high-energy processes, such as 
puberty and pregnancy.19,20 Leptin reduces food intake 
and increases the activity of the sympathetic nervous  
system (SNS).21 Conversely, low circulating levels of 
leptin infer diminished energy stores, which signal via the 
VMH to reduce energy expenditure, inhibit metabolic 
processes, and increase appetite. Serum leptin concentra-
tions drop precipitously and in excess of body fat loss 
during periods of short-term fasting,22,23 and it seems 
likely that leptin functions primarily as a peripheral signal 
to the hypothalamus of inadequate caloric intake rather 
than specifically as a satiety signal.24

In the fed state, circulating levels of leptin correlate 
with the percentage of body fat.25,26 Leptin production by 
adipocytes is stimulated by insulin and glucocorticoids27,28 
and is inhibited by b-adrenergic stimulation.24 Program-
ming of relative leptin concentrations by early caloric 
intake may be one mechanism that links early overnutri-
tion with later obesity.29

Leptin binds to its receptor (a member of the cytokine 
receptor superfamily) on target VMH neurons. Four re-
ceptor isoforms are formed by differential mRNA splicing: 
ObRa, an isoform with a shortened intracellular domain, 
which may function as a transporter; ObRb, the intact  
full-length receptor; ObRc, also with a short intracellular 
domain; and ObRe, without an intracellular domain, but 
which may function as a soluble receptor.30 As leptin binds 
to its VMH receptor, three neuronal signals are transduced. 
The first is the opening of an adenosine triphosphate 
(ATP)–sensitive potassium channel, which hyperpolarizes 
the neuron and decreases its firing rate.31 The second is the 
activation of a cytoplasmic janus kinase 2 (JAK2), which 
phosphorylates a tyrosine moiety on proteins of a family 
called signal transducers and activators of transcription 
(STAT-3).32 The phosphorylated STAT-3 translocates to 
the nucleus, where it promotes leptin-dependent gene 
transcription.33 However, leptin also activates the insulin 
receptor substrate 2/phosphatidyl inositol-3-kinase (IRS2/
PI3K) second messenger system in VMH neurons, which 
increases neurotransmission of the central anorexigenic 
signaling pathway.34
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Insulin.   Insulin plays an extremely important role in 
energy balance,35 as it is part of both the afferent and ef-
ferent systems. On the afferent side, there is a significant 
insulin receptor density in a subpopulation of VMH  
neurons,36 and there is coordinated transport of insulin 
across the blood-brain barrier,37 suggesting a central role 
for this hormone. In animals, acute and chronic intra-
cerebroventricular (ICV) infusions of insulin decrease 

feeding behavior and induce satiety.38-40 The data on 
acute and chronic peripheral insulin infusions are less 
clear. Studies of overinsulinized diabetic rats demonstrate 
increased caloric intake (to prevent subacute hypoglycemia) 
and the development of peripheral insulin resistance.41,42 
Chronic experimental peripheral insulin infusions  
decrease hepatic and skeletal muscle glucose uptake by 
decreasing Glut4 expression, but they do not alter  

A

B

C

FIGURE 22-2 n Central regulation of leptin signaling, autonomic innervation of the adipocyte and b cell, and the starvation response. 
A, The arcuate nucleus transduces the peripheral leptin signal as one of sufficiency or deficiency. In leptin sufficiency, efferents from 
the hypothalamus synapse in the locus coeruleus, which stimulates the sympathetic nervous system. In leptin deficiency or resis-
tance, efferents from the hypothalamus stimulate the dorsal motor nucleus of the vagus. B, Autonomic innervation and hormonal 
stimulation of white adipose tissue. In leptin sufficiency, norepinephrine binds to the b3-adrenergic receptor, which stimulates hormone-
sensitive lipase, promoting lipolysis of stored triglyceride into free fatty acids. In leptin deficiency or resistance, vagal acetylcholine 
increases adipose tissue insulin sensitivity (documented only in rats to date), promotes uptake of glucose and free fatty acids for 
lipogenesis, and promotes triglyceride uptake through activation of lipoprotein lipase. C, Autonomic innervation and hormonal 
stimulation of the b cell. Glucose entering the cell is converted to glucose-6-phosphate by the enzyme glucokinase, generating ATP, 
which closes an ATP-dependent potassium channel, resulting in cell depolarization. A voltage-gated calcium channel opens, allowing 
for intracellular calcium influx, which activates neurosecretory mechanisms leading to insulin vesicular exocytosis. In leptin suffi-
ciency, norepinephrine binds to a2-adrenoceptors on the b-cell membrane to stimulate inhibitory G proteins, decrease adenyl cyclase 
and its product cAMP, and thereby reduce protein kinase A levels and insulin release. In leptin deficiency or resistance, the vagus 
stimulates insulin secretion through three mechanisms.99 First, acetylcholine binds to a M3 muscarinic receptor, opening a sodium 
channel, which augments the ATP-dependent cell depolarization, increasing the calcium influx, and insulin exocytosis. Second, ace-
tylcholine activates a pathway that increases protein kinase C, which also promotes insulin secretion. Third, the vagus innervates  
L cells of the small intestine, which secrete glucagon-like peptide-1, which activates protein kinase A, contributing to insulin exocy-
tosis. Octreotide binds to a somatostatin receptor on the b cell, which is coupled to the voltage-gated calcium channel, limiting 
calcium influx and the amount of insulin released in response to glucose (reprinted with kind permission of Springer Science and 
Business media). a2-AR, a2-adrenergic receptor; b3-AR, b3-adrenergic receptor; AC, adenyl cyclase; ACh, acetylcholine; DAG, diacyl-
glycerol; DMV, dorsal motor nucleus of the vagus; FFA, free fatty acids; Gi, inhibitory G protein; GK, glucokinase; GLP-1, glucagon-like 
peptide-1; GLP-1R, GLP-1 receptor; Glu-6-PO4, glucose-6-phosphate; Glut4, glucose transporter-4; HSL, hormone-sensitive lipase; 
IML, intermediolateral cell column; IP3, inositol triphosphate; LC, locus coeruleus; LHA, lateral hypothalamic area; LPL, lipoprotein 
lipase; MARCKS, myristoylated alanine-rich protein kinase C substrate; NE, norepinephrine; PIP2, phosphatidylinositol pyrophos-
phate; PKA, protein kinase A; PKC, protein kinase C; PLC, phospholipase C; PVN, paraventricular nucleus; SSTR5, somatostatin-5 
receptor; TG, triglyceride; VCa, voltage-gated calcium channel; VMH, ventromedial hypothalamus; SUR, sulfonylurea receptor. (From 
Lustig, R. H. (2006). Childhood obesity: behavioral aberration or biochemical drive? Reinterpreting the first law of thermodynamics. Nature 
Clin Pract Endo Metab, 2, 447–458. Courtesy of Nature Publishing Group, with permission.)
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adipose tissue glucose uptake.43,44 One study on humans 
showed that injecting short-term insulin peripherally 
during meals did not have an effect on satiety.45

Insulin normally activates the insulin receptor substrate 
2/phosphatidyl inositol-3-kinase (IRS2/PI3K) second 
messenger system in VMH neurons,46 which increases 
neurotransmission of the central anorexigenic signaling 
pathway (discussed later). The importance of central ner-
vous system (CNS) insulin action was underscored by the 
development of a brain/neuron–specific insulin receptor 
knockout (NIRKO) mouse, which cannot transduce a 
CNS insulin signal.47 Such mice become hyperphagic, 
obese, and infertile, with high peripheral insulin levels. 
These data suggest that peripheral insulin mediates a  
satiety signal in the VMH to help control energy  
balance.48 Various knockouts of the insulin signal trans-
duction pathway that reduce insulin signaling lead to an 
obese phenotype,49,50 whereas those that improve insulin 
signaling lead to a lean phenotype.51,52

Central Processing
The peripheral afferent signals outlined earlier reach  
neurons in the VMH, where they are integrated by a gated 
neural circuit, designed to promote or diminish both en-
ergy intake and expenditure (see Figure 22-2). This circuit 
consists of two arms: the anorexigenic arm, which contains 
neurons expressing the colocalized peptides proopiomela-
nocortin (POMC) and cocaine/amphetamine-regulated 
transcript (CART); and the orexigenic arm, which con-
tains neurons with the colocalized peptides neuropeptide 
Y (NPY) and agouti-related protein (AgRP). Ghrelin  
receptor-immunoreactivity colocalizes with NPY and 
AgRP neurons, whereas insulin and leptin receptors are 
located on both POMC/CART and NPY/AgRP neurons 
in the VMH,53 suggesting divergent regulation of each 
arm. These two arms compete for occupancy of melano-
cortin receptors (MCRs; either MC3R or MC4R) in the 
PVN and LHA.

Anorexigenesis, POMC/a-MSH, and CART

POMC is differentially cleaved in different tissues  
and neurons. The ligand a-melanocyte stimulating 
hormone (a-MSH) is the primary product involved in 
anorexigenesis. Both overfeeding and peripheral leptin 
infusion induce the synthesis of POMC and a-MSH 
within the ARC.54 a-MSH induces anorexia by binding 
to melanocortin receptors within the PVN or LHA. 
CART is a hypothalamic neuropeptide induced by 
leptin and reduced by fasting. Intrahypothalamic infusion 
blocks appetite, whereas antagonism of endogenous 
CART increases caloric intake.55

Orexigenesis, NPY, and AgRP

NPY and AgRP colocalize to a different set of neurons 
within the ARC, immediately adjacent to those express-
ing POMC/CART.56 NPY has numerous functions 
within the hypothalamus, including initiation of feeding, 
puberty, regulation of gonadotropin secretion, and adre-
nal responsiveness.57,58 NPY is the primary orexigenic 

peptide. ICV infusion of NPY in rats rapidly leads to 
hyperphagia, energy storage, and obesity,59,60 mediated 
through Y1 and Y5 receptors. Fasting and weight loss 
increase NPY expression in the ARC, accounting for  
increased hunger, whereas PYY3-36 (through Y2 recep-
tors) and leptin decrease NPY mRNA13,61 AgRP is the 
human homolog of the protein agouti, which is present 
in abundance in the yellow (Ay-a) mouse.62 This protein 
is an endogenous competitive antagonist of all melano-
cortin receptors (MCRs), accounting for the yellow color 
in these mice. In the presence of large amounts of AgRP 
at the synaptic cleft in the PVN, a-MSH cannot bind to 
the MC4R to induce satiety.63

Other Neuroendocrine Modulators of 
Energy Balance

Norepinephrine  (NE).  NE neurons in the locus coeru-
leus synapse on VMH neurons to regulate food intake.64 
The actions of NE on food intake seem paradoxical, as in-
trahypothalamic NE infusions stimulate food intake through 
effects on central a2- and b-adrenergic receptors,65 whereas 
central infusion of a1-agonists markedly reduces food 
intake.66

Serotonin  (5-HT).   5-HT has been implicated in the 
perception of satiety based on many lines of evidence: 
(1) injection of 5-HT into the hypothalamus increases 
satiety, particularly with respect to carbohydrate67; 
(2) central administration of 5-HT2c receptor agonists 
increase satiety, whereas antagonists induce feeding68; 
(3) administration of selective 5-HT reuptake inhibitors 
induce early satiety69; (4) leptin increases 5-HT turnover70; 
and (5) the 5-HT2cR-KO mouse exhibits increased food 
intake and body weight.71 The role of 5-HT in the 
transduction of the satiety signal may have both central 
and peripheral components, as intestinal 5-HT is se-
creted into the bloodstream during a meal, where it  
may have an impact on gastrointestinal (GI) neuronal 
function and muscle tone, and may bind to 5-HT recep-
tors in the NTS (discussed previously) to promote  
satiety.72

Melanin-Concentrating  Hormone  (MCH).   MCH is 
a 17-amino-acid peptide expressed in the zona incerta and 
LHA. MCH neurons synapse on neurons in the fore-
brain and the locus coeruleus. MCH appears to be im-
portant in conditions such as anxiety and aggression 
around food.73 Expression of this peptide is up-regulated 
in ob/ob mice. MCH-knockout mice are hypophagic and 
lean,74 whereas transgenic MCH-overexpressing mice 
develop obesity and insulin resistance.75 ICV administra-
tion of MCH stimulates food intake, similar to that seen 
with NPY administration.76

Orexins A and B.  These 33- and 28-amino-acid pep-
tides, respectively, have been implicated in both energy 
balance and autonomic function in mice.77 Orexin 
knockout mice demonstrate narcolepsy, hypophagia,  
and obesity,78 suggesting that orexins bridge the gap 
between the afferent and efferent energy balance  
systems.79 Orexins in the LHA stimulate neuropeptide 
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Y (NPY) release, which may account for their effects on 
orexigenesis, and also stimulate the corticotropin-releasing 
factor (CRF) and sympathetic nervous system (SNS) 
output to increase wakefulness and energy expenditure, 
learning and memory, and the hedonic reward system 
(discussed later).80 Conversely, orexin neurons in the 
perifornical and dorsomedial hypothalamus regulate 
arousal and response to stress.

Endocannabinoids  (EC).   It has long been known 
that tetrahydrocannabinol stimulates food intake. This 
observation led to the identification of endogenous EC 
and their receptor, termed CB1.81 The CB1 receptor is 
expressed in corticotropin-releasing factor (CRH) neu-
rons in the PVN, in CART neurons in the VMN, and in 
MCH- and orexin-positive neurons in the LHA and 
perifornical region. Fasting and feeding are associated 
with high and low levels of ECs in the hypothalamus, 
respectively. For example, CB1 receptor-knockout mice 
have increased CRH and reduced CART expression. In 
the ob/ob mouse, hypothalamic EC levels are increased, 
whereas leptin infused intravenously reduces these  
levels, indicating that a direct negative control is exerted 
by leptin on the EC system. Glucocorticoids increase 
food intake by stimulating EC synthesis and secretion, 
whereas leptin blocks this effect.82 Finally, the presence 
of CB1 receptors on afferent vagal neurons suggest that 
endocannabinoids may be involved in mediating satiety 
signals originating in the gut.

Melanocortin Receptors (MCR) and Central 
Neural Integration

The human MC4R localizes to chromosome 2, and is a 
7-transmembrane G-coupled receptor, encoded by an 
intron-less 1 kB gene. The binding of hypothalamic  
a-MSH to the MC4R in the PVN and LHA results in a 
state of satiety, whereas ICV administration of MC4R 
antagonists stimulates feeding, suggesting that MC4R 
transduces satiety information on caloric sufficiency. A 
different phenotype is observed in the MC3R knockout 
mouse. These animals are obese, but they are instead 
hypophagic and have increased body fat for their lean 
mass. They gain weight on either low- or high-fat chow 
and do not change substrate oxidation in response to 
changes in dietary fat content, suggesting a defect in 
energy expenditure.83 Thus, these two hypothalamic 
MCRs appear to modulate different aspects of energy 
metabolism. One hypothesis is that the MC4R modulates 
energy intake, whereas the MC3R modulates energy 
expenditure.84

The Efferent System
The MCRs in the PVN and LHA transduce the anorexi-
genic and orexigenic information coming from the VMH, 
in order to modulate activity of the sympathetic nervous 
system (SNS), which promotes energy expenditure, and 
the efferent vagus, which promotes energy storage (see 
Figure 22-2). In this way, peripheral energy balance can 
be modulated acutely to provide requisite energy for 
metabolic needs, and store the rest.

The Sympathetic Nervous System (SNS) 
and Energy Expenditure

Anorexigenic pressure increases energy expenditure 
through activation of the SNS.85 For instance, leptin 
administration to ob/ob mice promotes increased brown 
adipose tissue lipolysis, thermogenesis, renovascular  
activity, and increased movement, all associated with in-
creased energy expenditure, which assists in weight loss.86 
Similarly, insulin administration acutely increases SNS 
activity in normal rats and in humans.87,88 The magnitude 
of energy expenditure also has a salutary effect on quality 
of life; factors that reduce resting energy expenditure 
(REE) (e.g., hypothyroidism) reduce quality of life, 
whereas factors that increase REE (e.g., caffeine) increase 
quality of life (at least acutely).

The SNS increases energy expenditure in four ways:  
(1) by innervating the hypothalamus and appetite centers 
in the medulla to reduce appetite; (2) by increasing  
thyroid-stimulating hormone (TSH) secretion to increase 
thyroid hormone release and energy expenditure; (3) by 
innervating skeletal muscles to increase energy expendi-
ture; and (4) by innervating b3-adrenergic receptors in 
white adipose tissue to promote lipolysis.

Activation of the SNS increases energy expenditure by 
the skeletal muscle, by activating b2-adrenergic receptors,89 
which in turn increase the expression of numerous genes in 
skeletal muscle,90 especially those involved in carbohydrate 
metabolism. SNS activation stimulates glycogenolysis,  
incites myocardial energy expenditure, increases in glucose 
and fatty acid oxidation, and increases protein synthesis.91

Activation of the SNS in rodents stimulates the  
b3-adrenergic receptor of brown adipose tissue to 
promote lipolysis.92 In humans, activation of the 
b3-adrenergic receptor increases cAMP, which activates 
protein kinase A. PKA acts in two separate molecular 
pathways to increase energy expenditure. First, PKA 
phosphorylates the cyclic AMP response element  
binding protein (CREB), which induces expression of 
PPARg-coactivator-1a (PGC-1a). PGC-1a then binds 
to enhancer elements on the uncoupling protein-1 
(UCP1) gene, which increases the expression and activity 
of uncoupling proteins (UCPs) 1 and 2.93,94 Uncou-
pling proteins reduce the proton gradient across the 
inner membranes of mitochondria, thereby diverting 
protons from storage in the form of ATP to heat  
production. Originally, uncoupling proteins were  
discovered in brown adipose tissue and were found  
to be responsible for thermogenesis. UCP1 is an inner 
membrane mitochondrial protein that uncouples  
proton entry from ATP synthesis95; therefore, UCP1 
expression dissipates energy as heat, thus reducing the 
energy efficiency of the adipose tissue. However, UCP2 
has been found in most tissues and UCP3 in skeletal 
muscle. Second, PKA activation activates the enzyme 
hormone sensitive lipase (HSL), which is responsible 
for lipolysis of intracellular triglyceride to its compo-
nent free fatty acids (FFAs). The FFAs also induce 
UCP1, further increasing energy expenditure. The 
FFAs released from the adipocyte also travel to the liver 
where they are utilized for energy by metabolizing  
into two-carbon fragments. Lipolysis reduces leptin 
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expression; thus, a negative feedback loop is achieved 
between leptin and the SNS (see Figure 22-2).

The Efferent Vagus and Energy Storage

In response to declining levels of leptin or persistent 
orexigenic pressure, the LHA and PVN send efferent  
projections residing in the medial longitudinal fasciculus 
to the dorsal motor nucleus of the vagus nerve (DMV), 
activating the efferent vagus.96 The efferent vagus opposes 
the SNS by promoting energy storage in four ways: (1) by 
slowing the heart rate, myocardial oxygen consumption  
is reduced; (2) the vagus nerve promotes alimentary peri-
stalsis, pyloric opening, and energy substrate absorption; 
(3) through direct effects on the adipocyte, the vagus nerve 
promotes insulin sensitivity to increase the clearance of 
energy substrate into adipose tissue; and (4) through  
effects on the b cells, the vagus increases postprandial 
insulin secretion, which promotes energy deposition into 
adipose tissue.97-100

Retrograde tracing of white adipose tissue reveals a 
wealth of efferents originating at the DMV.100 These 
efferents synapse on the M1 muscarinic receptor on the 
adipocyte, which increases insulin sensitivity of the 
adipocyte. Denervation of white adipose tissue results 
in a reduction of glucose and FFA uptake, and an  
induction of HSL, which promotes lipolysis—both of 
which reduce the efficiency of insulin-induced energy 
storage. Thus, vagal modulation of the adipocyte aug-
ments storage of both glucose and FFAs by improving 
adipose insulin sensitivity 101 (see Figure 22-2).

The DMV also sends efferent projections to the  
b cells of the pancreas.102 This pathway is responsible for 
the “cephalic” or preabsorptive phase of insulin secre-
tion, which is glucose independent and can be blocked by 
atropine.103 Overactive vagal neurotransmission increases 
insulin secretion from b cells in response to an oral 
glucose load through three distinct but overlapping 
mechanisms104 (see Figure 22-2):

 1. Vagal firing increases acetylcholine availability 
and binding to the M3 muscarinic receptor on the 
b cell, which is coupled to a sodium channel within 
the pancreatic b-cell membrane.105 As glucose en-
ters the b cell after ingestion of a meal, the enzyme 
glucokinase phosphorylates glucose to form  
glucose-6-phosphate, increasing intracellular ATP, 
which induces closure of the ATP-dependent po-
tassium channel. Upon channel closure, the b cell 
experiences an ATP concentration-dependent  
b cell depolarization106,107 and the opening of a 
separate voltage-gated calcium channel within the 
membrane. Intracellular calcium influx increases 
acutely, which results in rapid insulin vesicular  
exocytosis. Concomitant opening of the sodium 
channel by vagally mediated acetylcholine augments 
b-cell depolarization, which in turn augments the 
intracellular calcium influx and results in insulin 
hypersecretion.108-110

 2. Vagally mediated acetylcholine increases phospholi-
pases A2, C, and D within the b cell, which hydrolyze 
intracellular phosphatidylinositol to diacylglycerol 
(DAG) and inositol triphosphate (IP3).104 DAG is a 

potent stimulator of protein kinase C (PKC),111 
which phosphorylates myristoylated alanine-rich 
protein kinase C substrate (MARCKS), which then 
binds actin and calcium-calmodulin and induces  
insulin vesicular exocytosis.112 IP3 potentiates the 
release of calcium within b cells from intracellular 
stores, which also promotes insulin secretion.113

 3. The vagus also stimulates the release of GLP-1 
from intestinal L cells, which circulates and binds 
to a GLP-1 receptor within the b-cell membrane. 
Activation of this receptor induces a calcium-
calmodulin-sensitive adenyl cyclase, with conver-
sion of intracellular ATP to cAMP, which then  
activates protein kinase A. PKA causes both the 
release of intracellular calcium stores and the phos-
phorylation of vesicular proteins, each contributing 
to an increase in insulin exocytosis.14,114

In the efferent pathway, insulin is responsible for 
shunting blood-borne nutrients into adipose for storage. 
Indeed, the primary hormonal signal for adipogenesis  
is insulin.115 Within the adipocyte, insulin increases 
(1) glut4 expression, (2) acetyl-CoA carboxylase, (3) fatty 
acid synthase, and (4) lipoprotein lipase.116 Thus, the net 
effect of insulin on the adipocyte is the rapid clearance 
and storage of circulating glucose and lipid. Thus, insulin 
promotes energy storage.

CNS MODULATION OF FOOD INTAKE
The Hypothalamus and the Starvation 
Response
The regulation of the various components of the energy 
balance system is manifest during the starvation response. 
Everyone has a “personal leptin threshold,” probably ge-
netically set, above which the brain interprets a state of 
energy sufficiency.117 Thus, the leptin-replete state is char-
acterized by increased physical activity, decreased appetite, 
and increased feelings of well-being. However, in response 
to caloric restriction, leptin levels decline even before 
weight loss is manifest,22,23 which the VMH interprets 
as starvation. Gastric secretion of ghrelin increases, which 
increases pituitary GH release, in order to stimulate  
lipolysis to provide energy substrate for catabolism. Ghre-
lin stimulates NPY/AgRP to antagonize a-MSH/CART. 
Decline of leptin reduces a-MSH/CART as well. This 
leads to decreased MC4R occupancy so that the reduced 
anorexigenic pressure on the MC4R increases feeding 
behavior and energy efficiency (with reduced fat oxidation) 
in order to store energy as fat. In response, the efferent 
pathway of energy balance coordinates efforts at improv-
ing energy efficiency and increasing energy storage. Total 
and resting energy expenditures decline in an attempt  
to conserve energy.118 Specifically, UCP1 levels within 
adipose tissue decline119 as a result of decreased SNS activ-
ity in response to starvation.120 In spite of decreased SNS 
tone at the adipocyte, there is clearly an obligate lipolysis 
(due to insulin suppression and up-regulation of hormone-
sensitive lipase), which is necessary to maintain energy 
delivery to the musculature and brain in the form of liver-
derived ketone bodies. Additionally, in the starved state, 
vagal tone is increased in order to slow the heart rate and 
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myocardial oxygen consumption, increase b-cell insulin 
secretion in response to glucose, and increase adipose in-
sulin sensitivity—all directed to increase energy storage.120 
These revert back to baseline once caloric sufficiency is 
reestablished, and leptin levels rise.

The Nucleus Accumbens and the 
Hedonic Pathway of Food Reward
The negative feedback pathway delineated beforehand 
is not the only site of central regulation of food intake. 
Complementary to insulin and leptin’s ability to alter 
energy balance, these hormones also modify the  
“hedonic pathway,” or the pleasurable and motivating 
responses to food. This is the same pathway that re-
sponds to drugs of abuse, such as nicotine and mor-
phine. The hedonic pathway comprises the ventral 
tegmental area (VTA) and the nucleus accumbens 
(NA), with inputs from various components of the 
limbic system, including the striatum, amygdala, hypo-
thalamus, and hippocampus. Food intake is a readout 
of the hedonic pathway; administration of morphine to 
the NA increases food intake in a dose-dependent 
fashion.121 When functional, the hedonic pathway 
helps curtail food intake in situations where energy 
stores are replete; however, when dysfunctional, this 
pathway can increase food intake leading to obesity.

The VTA appears to mediate feeding on the basis of 
palatability rather than energy need. The dopaminergic 
projection from the VTA to the NA mediates the moti-
vating, rewarding, and reinforcing properties of various 
stimuli, such as food and addictive drugs. Leptin and in-
sulin receptors are expressed in the VTA, and both hor-
mones have been implicated in modulating rewarding 
responses to food and other pleasurable stimuli.122 For 
instance, fasting and food restriction (where insulin and 
leptin levels are low) increase the addictive properties of 
drugs of abuse, whereas ICV leptin can reverse these  
effects.123 In rodent models of addiction, increased addic-
tive behavior (and pleasurable response from a food  
reward), as measured by dopamine release and dopamine 
receptor signaling, is greater after food deprivation.124 In 
humans with leptin deficiency, alterations in activity in 
the nucleus accumbens can be seen using functional MRI 
scanning, and these changes subside with administration 
of exogenous leptin.125 Acutely, insulin increases expres-
sion and activity of the dopamine transporter, which 
clears and removes dopamine from the synapse; thus, 
acute insulin exposure blunts the reward of food.126 Fur-
thermore, insulin appears to inhibit the ability of VTA 
agonists (e.g., opioids) to increase intake of sucrose.127 
Finally, insulin blocks the ability of rats to form a condi-
tioned place preference association to a palatable food.128 
However, insulin resistance of this pathway may lead to 
increased reward of food.

One question that has garnered increasing interest is 
whether any macronutrient has addictive properties. In 
animal studies, sugar has been shown to induce the four 
criteria for addiction: (1) bingeing, (2) withdrawal,  
(3) craving, and (4) cross-sensitization with other drugs 
of abuse.129 Within fast food, sugar and caffeine satisfy 
the criteria presented in the fifth edition of the Diagnostic 

and Statistical Manual of Mental Disorders (DSM-V) for 
dependence in humans.130 However, the question of 
whether food addiction exists, and whether it can explain 
patients with obesity, remains hotly contested.131

The Amygdala and the Stress Response
The VMH and VTA-NA mediate satiety when energy 
stores are replete, but they appear to be easily overridden 
by amygdala activation and resultant stress, a state of 
physiologic insulin resistance. Numerous lines of evi-
dence suggest that the stress glucocorticoid corticoste-
rone (in the rat) or cortisol (in the human) is essential for 
the full expression of obesity, which helps to explain the 
disruptive role of stress in weight regulation.132

Stress and glucocorticoids are integral in promoting 
adiposity and the metabolic syndrome. Adrenalectomized 
rats maintained pharmacologically with high levels of 
corticosterone demonstrate that exogenous fat intake is 
directly proportional to circulating corticosterone con-
centrations,133 whereas amygdala activation by stress is 
dampened by the ingestion of energy-dense food.134 In 
intact rats, corticosterone stimulates eating, particularly 
of high-fat food, and in humans, cortisol administration 
increases food intake.135 Human research shows increased 
caloric intake of “comfort foods” (i.e., those with high 
energy density) after acute stress,136 and that the stress 
response contributes to leptin resistance (discussed later).137 
Several studies in children have observed relationships 
between stress and unhealthy dietary practices, including 
increased snacking, and an elevated risk for problems with 
weight during adolescence and adulthood.138 In a con-
trolled study of 9-year-olds, children who scored high  
on dietary restraint and who felt more stressed by lab 
challenges tended to eat more comfort food.139

Leptin Resistance
Most obese children have high leptin levels but do not have 
receptor mutations, manifesting what is commonly re-
ferred to as “functional leptin resistance.” Leptin resistance 
prevents exogenous leptin administration from promoting 
weight loss.140 The response to most weight-loss regimens 
plateaus rapidly due to the rapid fall of peripheral leptin 
levels below a personal “leptin threshold,”141 which is likely 
genetically determined. Leptin decline causes the VMH to 
sense a reduction in peripheral energy stores, which modu-
lates a decrease in REE to conserve energy, analogous to 
the starvation response (discussed earlier),118 but occurring 
at elevated leptin levels.

The cause of leptin resistance is unknown, but it may 
have several etiologies. Leptin crosses the blood-brain 
barrier via a saturable transporter, which limits the 
amount of leptin reaching its receptor in the VMH 142,143; 
this transporter operates more efficiently at lower levels 
of leptin, while preventing increased signaling at higher 
levels.144 Activation of the leptin receptor induces the 
intraneuronal expression of suppressor of cytokine  
signaling-3 (SOCS-3), which limits leptin signal trans-
duction in an autoregulatory fashion.51

The standard method for producing insulin resis-
tance and obesity in rodents is a high-fat diet. Dietary 
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fat promotes leptin resistance through its effects on 
hypertriglyceridemia,145 which limits access of periph-
eral leptin to the VMH, and also by interfering with 
leptin signal transduction upstream of STAT-3, its pri-
mary second messenger.146 One likely modulator of this 
pathway is the enzyme phosphatidyl inositol-3-kinase 
(PI3K), which is the downstream effector of insulin  
action in POMC neurons147 and which appears to ac-
count for the effects of dietary fat on leptin resistance 
and obesity.148

Two clinical paradigms have been shown to improve 
leptin sensitivity. After weight loss through caloric restric-
tion, exogenous administration of leptin can then increase 
REE back to baseline and permit further weight loss,149,150 
suggesting that the weight loss itself improves leptin sen-
sitivity. Second, suppression of insulin correlates with 
improvement in leptin sensitivity and promotes weight 
loss,151 suggesting that hyperinsulinemia promotes leptin 
resistance by interfering with leptin signal transduction in 
the VMH and VTA.152 Indeed, insulin reduction strate-
gies can effectively promote weight loss in children with 
hyperinsulinemia by improving leptin sensitivity.153 These 
clinical substantiations of the PI3K data in animals has led 

to the hypothesis that chronic hyperinsulinemia blocks 
leptin signal transduction at the VMH and VTA, which 
turns a negative feedback cycle into a vicious feed-forward 
cycle.

Based on the concept that hyperinsulinemia promotes 
weight gain at the adipocyte, yet blocks leptin signaling 
in the hypothalamus and nucleus accumbens, the role of 
starvation, reward, and stress on weight gain and adiposity 
via their effects on insulin are a reasonable hypothesis, 
termed the “limbic triangle” (Figure 22-3).154 However, 
this hypothesis remains to be proven.

ENERGY EXCESS—OBESITY

The rise in the prevalence of obesity in children and ado-
lescents is one of the most alarming public health issues 
facing the world today. Although the rise in the preva-
lence of obesity in children and adolescents seems to have 
leveled in some parts of the world,155 many others, espe-
cially developing countries, are still experiencing a steady 
increase. Obesity is associated with significant health 
problems in children, is an early risk factor for a great 
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FIGURE 22-3 n  The “limbic triangle.” Three areas of the CNS conspire to drive food intake and reduce physical activity, resulting in 
persistent weight gain. The ventromedial hypothalamus (VMH) transduces the leptin signal from adipocytes to reduce energy intake 
and increase energy expenditure; however, hyperinsulinemia prevents leptin signaling, promoting the “starvation response.” The 
ventral tegmental area (VTA) transduces the leptin signal to reduce dopamine neurotransmission to the nucleus accumbens (NA), 
reducing food intake; however, hyperinsulinemia prevents leptin signaling here as well, increasing dopamine and promoting the 
“reward” of food. The amygdala transduces fear and stress, which results in increased cortisol release from the adrenal cortex.  
The elevated cortisol also drives energy-rich food intake and promotes insulin resistance, further interfering with leptin signaling at 
the other two CNS sites. Thus, activation of any aspect of the limbic triangle turns on a positive feedback loop, promoting continued 
weight gain and obesity. (From Mietus-Snyder, M. L., & Lustig, R. H. (2008). Childhood obesity: adrift in the “limbic triangle.” Ann Rev Med, 
59, 119–134.)
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many cases of adult morbidity and mortality,156 and is an 
important factor in increasing health care expenditures.157 
Childhood obesity tends to track to adulthood,158 and 
those who remain obese as adults have a significant risk 
for the development of type 2 diabetes, atherosclerosis, 
and dyslipidemia. In contrast, obese children who lost 
weight and became nonobese adults do not have an in-
creased risk for such morbidity159; thus, early and effective 
intervention against obesity during childhood is crucial.

Definition
The theoretical definition of obesity is a degree of somatic 
overweight that affords detrimental health consequences.160 
Based on morbidity and mortality statistics, and with a  
desire to prevent future risk of morbidity, we practically 
define obesity as a statistical magnitude of overweight for a 
population, keeping in mind that morbidity and mortality 

vary with degree of overweight in different racial, ethnic, 
and socioeconomic groups,161 and indeed for individuals as 
well. The World Health Organization162 categorizes adult 
overweight into four subgroups based on body mass index 
(BMI; weight [kg] 4 height [m]2): BMI 25 to 30 (over-
weight); BMI 30 to 35, grade 1 (moderately obese); BMI 35 
to 40, grade 2 (severely obese); and BMI . 40, grade 3 
(morbidly obese). Some make a further delineation at  
BMI . 60, denoting this as “superobesity,” as even surgical 
therapies are less effective in this range.

Most obesity in adulthood has its origins in  
childhood,163,164 making obesity a pediatric concern and 
the prevention and treatment of obesity a pediatric goal. 
BMI is also the accepted marker in children.165 In child-
hood, a comparison of BMI to normal curves for age166 
allows for categorization of BMI above the 85th percen-
tile as overweight and that above the 95th percentile as 
obese (Figure 22-4A and B).

FIGURE 22-4 n  Body mass index (BMI)-for-age percentiles for U.S. boys (A) and U.S. girls (B), 2 to 20 years of age. Note that the 
95th percentile signifies obesity. The adiposity rebound occurs at approximately 5 years of age in both sexes; the earlier the  
adiposity rebound occurs, the more likely an organic etiology for the weight gain can be inferred. (From www.cdc.gov/growthcharts 
[National Center of Health Statistics, 2000].)
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Although BMI is the standard for obesity for statistical 
purposes and within populations, it should be noted that 
BMI takes into account muscle and bone, as well as both 
subcutaneous and visceral fat. Furthermore, BMI in chil-
dren is age and puberty dependent, thus the BMI z-score 
is a more accurate assessment of childhood adiposity. 
Lastly, waist circumference (an indirect measure of  
visceral fat) has emerged as a more accurate indicator of 
metabolic disturbance in children.167

Prevalence and Epidemiology
The prevalence of childhood obesity in the United States 
has increased dramatically since the 1980s168,169 and con-
tinues to do so, although the comparison of longitudinal 
and cross-sectional data is difficult due to different defini-
tions and measurement parameters between epidemio-
logic studies. Estimates of obesity prevalence in the United 
States based on data from the 2009-2010 National Health 

and Nutrition Examination Survey (NHANES IV)155 
demonstrate that the epidemic of childhood obesity is  
occurring at earlier ages: In 2009 to 2010, 9.7% (95% CI, 
7.6% to 12.3%) of infants and toddlers had a high weight-
for-recumbent length and 16.9% (95% CI, 15.4% to 
18.4%) of children and adolescents from 2 through  
19 years of age were obese. Trend analyses over a 12-year 
period indicated a significant increase in obesity preva-
lence between 1999-2000 and 2009-2010 in males ages  
2 through 19 years (odds ratio, 1.05; 95% CI, 1.01 to 1.10) 
but not in females (odds ratio, 1.02; 95% CI, 0.98 to 1.07) 
per 2-year survey cycle. There was a significant increase  
in BMI among adolescent males ages 12 through 19 years 
(P 5 .04)  but not among any other age group or among 
females. Thus, in 2009-2010, the prevalence of obesity in 
children and adolescents was 16.9%; this was not changed 
compared with 2007-2008. Importantly, whereas the prev-
alence of obesity in Caucasian children declined slightly, 
the prevalence of African-American and Latino obesity 
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continued to climb. Furthermore, the prevalence of severe 
obesity (BMI . the 97th percentile) is still on the rise.170 
Lastly, projections argue that by 2030, 42% of American 
adults will be obese.157

Global Prevalence
Obesity has overtaken AIDS and malnutrition as the 
number one public health problem in the world.171 The 
global prevalence of childhood obesity has been increas-
ing worldwide at an alarming rate since the 1990s. Rates 
have increased 2.7-fold to 3.8-fold over 29 years in  
the United States,169 2-fold to 2.8-fold over 10 years in 
England, 3.4-fold to 4.6-fold over 10 years in Australia, 
and 3.4-fold to 3.6-fold over 23 years in Brazil. In Asia, 
the prevalence has increased 1.1-fold to 1.4-fold over  
6 years in China and 2.3-fold to 2.5-fold over 26 years in 
Japan. In Africa, the prevalence has increased 3.9-fold 
over 18 years in Egypt, 3.8-fold over 6 years in Ghana, 
and 2.5-fold over 5 years in Morocco.172 Based on data 
from 2008, nearly 20% of Indian boys and 18% of Indian 
girls from 2 to 17 years of age are considered overweight. 
Even higher prevalence rates are reported from New 
Zealand and Taiwan, making the Far East and Oceania 
regions the current hub of the obesity epidemic.170

In developed countries, the urban poor are more 
susceptible for developing obesity, presumably due to 
poor dietary practices and limited opportunity for phys-
ical activity.173,174 In contrast, obesity is more frequent 
in upper socioeconomic classes of developing countries, 
probably due to transition to a more Western lifestyle 
with a more energy-dense diet consisting of higher fats 
and sugar, which tend to be more palatable at a lower 
cost.175,176 This may be due to specific properties of 
processed food, which promote leptin resistance.152

Racial and Ethnic Considerations
The NHANES surveys only list prevalence among Cau-
casians, African Americans, and Hispanics, despite the 
fact that Native Americans, Pacific Islanders, Asians, and 
other racial/ethnic groups are experiencing rapid in-
creases in prevalence as well. Across racial groups, there 
is a marked dichotomy in the prevalence and in the rate 
of increase of childhood obesity.170,177 For instance, the 
prevalence among African-American (24.4%), Hispanic 
(21.7%), and Mexican-American adolescents (22.2%) is 
significantly higher than that among white adolescents 
(15.6%). Importantly, the prevalence of severe obesity 
(BMI . the 97th percentile) among African-American 
(18.5%), Hispanic (15.2%), and Mexican-American  
adolescents (15.2%) by far exceeds that of non-Hispanic 
white adolescents (10.5%). The rate of increase in the 
prevalence of obesity among African-American and His-
panic adolescents almost doubled between 1988-1994 
and 1999-2000, from 13.4% to 23.6% in African Americans 
and from 13.8% to 23.4% in Hispanics. In the National 
Heart, Lung and Blood Institute (NHLBI) Growth and 
Health Study,178 the prevalence of obesity in 9-year-old 
African-American girls was 17.7%, in Caucasian girls 
7.7%, and both of these prevalences doubled over the  
10 years of study. These differences in prevalence hold 

true at younger ages as well. The 1994 Pediatric Nutrition 
Surveillance System (PedNSS) indicated that 12% of  
2- to 4-year-old Native American children were over-
weight, which is similar to Hispanic children at the same 
age (12%) but much higher than white children (6%). 
The prevalence of overweight at 5 to 6 years in Native 
Americans is twice that in U.S. youth in general, and the 
prevalence of obesity is even three times higher.179 
Among infants and toddlers younger than 2 years of age, 
the prevalence of obesity is highest in African Americans 
(18.5%), as compared to 10.1% in Caucasians and 13.7% 
in Hispanics. It is possible that different dietary practices 
may account for some of these differences. For instance, 
a study of 2-year-old Latino children in California  
correlated obesity with early consumption of sugar-
sweetened beverages.180

Within racial populations, ethnic variability in the 
prevalence of childhood obesity has also been noted. 
The United States National Longitudinal Study of Ado-
lescent Health (Add Health) indicated that the BMI  
the 85th percentile in adolescent Hispanics was more 
common among Mexican Americans (32.1%) and Puerto 
Ricans (30.3%), as compared with Cuban Americans 
(27.1%) and Central South Americans (26.2%).174 Only 
25% of first-generation Hispanic adolescents were over-
weight based on a BMI  the 85th percentile, as 
compared with 32% of second- and third-generation 
Hispanics. The prevalence of overweight in Asian-
American adolescents in this study was 20.6%, with 
comparable prevalence among Filipinos (18.5%) and 
Chinese (15.3%). Again, only 12% of first-generation 
Asian Americans were overweight, compared with 27% 
and 28% of those from the second and third genera-
tions, respectively. In Native Americans, there is great 
variation in the prevalence of obesity from 12% to 77%, 
based on tribes, age groups, measurement tools, and 
cutoff values, among the studies performed between 
1990 and 2000.179 These studies indicate that obesity in 
Native Americans begins very early in childhood.

Predictive Factors
The higher the BMI during childhood, the more likely 
adult obesity will manifest. In general, children with a 
BMI  the 95th percentile have a very high risk for adult 
obesity.181 Obesity in adolescence is a primary risk factor 
for obesity in adulthood, with an increased odds ratio 
from 1.3 for obesity at 1 to 2 years of age to 17.5 for 
obesity at 15 to 17 years of age.182 The change of BMI 
during and after adolescence is the most important pre-
dictive variable for adult obesity.183 Children and adoles-
cents with BMI  the 95th percentile have a 62% to 98% 
chance of being obese at 35 years of age, with a 50% 
chance in males age  13 years and 66% chance in girls 
age  13 years.184 Importantly, an elevated BMI in ado-
lescence—one that is well within the range currently 
considered to be normal—constitutes a substantial risk 
factor for obesity-related disorders in midlife. Although 
the risk of diabetes is mainly associated with increased 
BMI close to the time of diagnosis, the risk of coronary 
heart disease is associated with an elevated BMI both in 
adolescence and in adulthood.185



SECTION III  Endocrine Disorders in Children and Adolescents968

The age of adiposity rebound, the point of the BMI 
nadir before the body fatness begins to rise (between  
5 and 6 years of age) (see Figure 22-4A and B), is also an 
important predictor for adult obesity.186 Girls tend to 
have a slightly earlier adiposity rebound than do boys. 
Children with an early adiposity rebound have a fivefold 
greater chance of becoming obese as adults, compared  
to those with a late adiposity rebound. At the age of  
adiposity rebound, children already overweight have a 
sixfold greater risk for adult obesity, as compared to lean 
children. Therefore, the earlier the onset of childhood 
obesity, the greater is the risk for adult obesity.

Infant overnutrition plays an extremely important role 
in the future development of obesity. Numerous studies 
have implicated bottle feeding as a specific risk factor.187 
The prevalence of obesity in children who were never 
breastfed was 4.5%, as compared with 2.8% in breastfed 
children, and a clear time-response effect was identified 
for the duration of breastfeeding on the decline in the 
prevalence of obesity as well.188 Early overnutrition has 
been correlated with elevated leptin concentrations in 
later life.29 Differences in both volume and composition 
of commercial formula versus breast milk have been  
proposed as etiologic factors.

Parental obesity is also an important predictor of child-
hood obesity. Children with at least one overweight parent 
at the age of adiposity rebound have a four- to fivefold 
greater chance of becoming obese adults. Lean children  
5 years old or younger have a 13-fold risk of adult obesity 
if both parents are obese. Excessive BMI gains of parents 
during childhood and adulthood are also associated with  
a higher BMI and risk of obesity in the offspring.189 
Conversely, older obese children (10 to 14 years of age) 
have a 22.3-fold increased risk of adult obesity regardless  
of parental weight,164 suggesting that parental obesity is 
important in early childhood weight gain.190 Parental 
obesity is also related to early adiposity rebound, although 
it is unclear whether the relation between parental and 
childhood obesity is genetic, epigenetic, or environmental.

METABOLIC IMPACT OF CHILDHOOD OBESITY

Many of the metabolic and cardiovascular (CV) compli-
cations of obesity are already evident during childhood 
and are closely related to the development of insulin re-
sistance causes of hyperinsulinemia, the most common 
biochemical abnormality seen in obesity.191 The obesity-
related comorbidities that emerge early in childhood are 
alterations in glucose metabolism, dyslipidemia, and hy-
pertension. Although an accelerated atherogenic process 
is present in obese children, thrombotic CV events do 
not usually appear until adulthood. The clustering of 
these manifestations is termed the metabolic syndrome or 
the insulin resistance syndrome, suggesting that peripheral 
insulin resistance may be the driving force behind most 
cases of related morbidity.

Insulin Resistance
Insulin resistance is defined as the decreased tissue response 
to insulin-mediated cellular actions and is the inverse of 

insulin sensitivity. The term insulin resistance, as generally 
applied, refers to whole-body reduced glucose uptake in 
response to physiologic insulin levels and its consequent  
effects on glucose and insulin metabolism. However, it is 
now clear that not all tissues are equally insulin resistant. 
Generalized insulin resistance would result in global  
metabolic dysfunction, such as leprechaunism or Rabson- 
Mendenhall syndrome. Thus, the insulin resistance of obe-
sity must, of necessity, affect different tissues quantitatively 
(see Chapter 19 on diabetes mellitus and insulin receptor 
mutations).

Hepatic Insulin Resistance

The liver plays a major role in substrate metabolism and 
is the primary target of insulin action. After insulin’s re-
lease from the b cell following a glucose load, it travels 
directly to the liver via the portal vein, where it binds to 
the insulin receptor and elicits two key actions at the level 
of gene transcription. First, insulin stimulates the phos-
phorylation of FoxO1, which prevents it from entering 
the nucleus,192,193 and thus diminishes the expression of 
genes required for gluconeogenesis, mainly phosphoenol-
pyruvate carboxykinase and glucose 6-phosphatase. The 
net effect is diminished hepatic glucose output. Second, 
insulin activates the transcription factor sterol regulatory 
element-binding protein (SREBP)-1c, which in turn  
increases the transcription of genes required for fatty  
acid and triglyceride (TG) biosynthesis, most notably 
ATP-citrate lyase, acetyl-coenzyme A carboxylase, and 
fatty acid synthase, which together constitute the process 
of de novo lipogenesis (DNL). TGs synthesized by DNL 
are then packaged with apoliprotein B (apoB) into very 
low-density lipoproteins (VLDL) for export to the pe-
riphery for storage or utilization by reciprocal activation 
of lipoprotein lipase (LPL) on the surfaces of endothelial 
cells in adipose or muscle tissues.194

For reasons that remain unclear, insulin-resistant 
subjects typically have “selective” or “dissociated” he-
patic insulin resistance—that is, they have impaired 
glucose homeostasis (mediated by the FoxO1 pathway) 
but enhanced insulin-mediated hepatic DNL (mediated 
by the SREBP-1c pathway).195 The increase in free fatty 
acid (FFA) flux within the liver, either by DNL or FFA 
delivery via the portal vein, impairs hepatic insulin  
action,196 leading to increases in hepatic glucose output, 
the synthesis of proinflammatory cytokines, excess  
triglyceride secretion by the liver, low HDL cholesterol 
levels, and an increase of relatively cholesterol-depleted 
LDL particles.197 Furthermore, the intrahepatic accu-
mulation of FFA and lipid is also detrimental to liver 
insulin sensitivity, as this leads to the generation of toxic 
lipid-derived metabolites such as diacylglycerol (DAG), 
fatty acyl CoA, and ceramides. These in turn trigger the 
activation of protein kinase C-e (PKCe) and serine/
threonine phosphorylation of IRS-1, which attenuates 
hepatic insulin signal transduction.198

Adipose Tissue Insulin Resistance

The expanded adipose tissue mass that accompanies 
obesity often leads to increased lipolysis and FFA turnover. 
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Normally, insulin inhibits adipose tissue lipolysis; however, 
in the insulin-resistant state, the process is accelerated, 
leading to increased FFA release into the circulation. 
Moreover, visceral adipocytes are more sensitive to  
catecholamine-stimulated lipolysis than subcutaneous 
adipocytes, further increasing FFA flux.199 Macrophages 
also infiltrate into adipose tissue and contribute to both 
adipocyte hypertrophy and cytokine release.200-202 These 
circulating cytokines also affect insulin action in other  
tissues, such as liver and muscle.

Muscle Insulin Resistance

Downstream of an insulin-resistant liver, increased plasma 
FFA levels disrupt the glucose-fatty acid or “Randle” cycle 
and insulin-mediated glucose transport in skeletal 
muscle,203,204 facilitating the development of hyperglycemia. 
The ectopic deposition in skeletal muscle of fat as intramyo-
cellular lipid may also play a direct role in the pathogenesis 
of insulin resistance and metabolic syndrome via the lipid 
metabolite-induced activation of PKCe with the subsequent 
impairment of insulin signaling.198

Assessment of Insulin Resistance

The euglycemic hyperinsulinemic clamp is the gold stan-
dard for measuring insulin sensitivity; the frequently 
sampled intravenous (IV) glucose tolerance test 
(FSIVGTT) and steady-state plasma glucose (SSPG) 
methods are also valid measurements. Euglycemic hyper-
insulinemic clamp studies have shown that insulin resis-
tance is determined primarily by the response of skeletal 
muscle, with over 75% of infused glucose taken up  
by muscle and only 2% to 3% by adipose tissue.205 All 
three methods are generally time consuming, require IV 
infusions and frequent blood sampling, are burdensome 
for participants, are costly, and require a research setting. 
In an attempt to simplify the measurement of insulin sen-
sitivity, a number of methods using single simultaneously 
obtained samples of fasting insulin and glucose have been 
developed, such as the homeostatic model assessment of 
insulin resistance (HOMA-IR). Each of these methods 
uses a mathematical formula that adjusts for individual 
variability in insulin and glucose secretion and clearance. 
Although the goal for these methods was to improve the 
accuracy of fasting insulin alone by the addition of fasting 
glucose, it is now agreed that they yield similar results to 
fasting insulin. When correlated with gold standard meth-
ods in children, fasting insulin is a poor measure of whole 
body insulin sensitivity in an individual child. Although 
the primary interest has been in insulin resistance, the 
adverse effects related to insulin resistance are more likely 
mediated via compensatory hyperinsulinemia.

The two most important biologic conditions associated 
with insulin resistance in childhood are ethnicity and  
puberty. Studies show that African-American, Hispanic, 
Pima Indian, and Asian children are less insulin sensitive 
compared with Caucasian children.206 The insulin resis-
tance in minority ethnic groups is manifested as lower 
insulin-stimulated glucose uptake, concomitant with hy-
perinsulinemia, evidence of increased insulin secretion 
from the b cell, and decreased insulin clearance. During 

puberty there is ,25% to 50% decline in insulin sensitivity 
with recovery when pubertal development is complete. 
The compensatory increase in insulin secretion during 
puberty may be blunted in African-American and His-
panic youth, thus increasing their risk for T2DM around 
the time of puberty. The development of T2DM is cov-
ered in depth in Chapter 9, yet it is worth noting that 
impaired glucose tolerance (IGT), known as prediabetes, 
is a relatively common condition in obese children and 
adolescents. IGT in obese youth is typically characterized 
by obesity with an unfavorable pattern of lipid partitioning, 
with an increased deposition of fat in the visceral and  
intramyocellular lipid (IMCL) compartments.207

Lipid Partitioning
The term lipid partitioning refers to the distribution of 
body fat in various organs and compartments. The ma-
jority of excess fat is stored in its conventional subcutane-
ous depot, yet other potential storage sites exist as well, 
such as the intra-abdominal (visceral) fat compartment 
and insulin-responsive tissues such as muscle and liver. 
One hypothesis to explain the relation between obesity 
and insulin resistance is the “portal-visceral” paradigm.208 
This hypothesis claims that increased adiposity causes an 
accumulation of fat in the visceral depot, leading to an 
increased portal and systemic free fatty acid (FFA) flux209 
(Figure 22-5). Associations between visceral adiposity, 
insulin resistance, and comorbidities have been demon-
strated across most age groups and ethnicities.210 Of 
note, studies of in vivo free fatty acid fluxes from the 
visceral and subcutaneous truncal and abdominal depots 
have failed to demonstrate a substantial difference in net 
fluxes between these depots.

Altered Lipid Partitioning

Metabolic Syndrome

Endothelial DysfunctionInsulin Resistance

T2DM CVD

FFAsAdipocytokines Cytokines

Obesity

FIGURE 22-5 n  A hypothesis on the relation between obesity and 
the metabolic syndrome. The metabolic impact of obesity is  
determined by the pattern of lipid partitioning. Lipid storage in 
insulin-sensitive tissues such as liver or muscle and in the vis-
ceral compartment is associated with a typical metabolic profile 
characterized by elevated free fatty acids and inflammatory cyto-
kines alongside reduced levels of adiponectin. This combination 
can independently lead to peripheral insulin resistance and to 
endothelial dysfunction. The combination of insulin resistance 
and early atherogenesis (manifested as endothelial dysfunction) 
drives the development of altered glucose metabolism and of 
cardiovascular disease.
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Subcutaneous fat, which does not drain into the portal 
system, is strongly related to insulin resistance in healthy 
obese and diabetic men.211 Similarly, truncal subcutane-
ous fat mass has been demonstrated to independently 
predict insulin resistance in obese women. Visceral and 
subcutaneous fat differ in their biologic responses,212 as 
visceral fat is more resistant to insulin and has increased 
sensitivity to catecholamines. These observations em-
phasize that both visceral and subcutaneous abdominal 
fat can contribute to insulin resistance, possibly by different 
mechanisms.213

Studies performed in obese adolescents highlight the 
fact that the ratio of visceral to subcutaneous fat may be 
the determinant of their metabolic impact rather than 
their absolute quantity. Indeed, obese adolescents with a 
high ratio, which are not necessarily more obese than 
others, demonstrate a markedly adverse metabolic phe-
notype of severe insulin resistance and alterations in 
glucose and lipid metabolism.214 Moreover, intrahepatic 
fat, though strongly associated with high levels of visceral 
fat, is also associated with the insulin-resistant state in 
obese adolescents, independent of all other fat depots.215

An alternative theory to explain the relation between 
obesity and insulin resistance is the “ectopic lipid depo-
sition” paradigm.216 This theory is based on the obser-
vations that lipid content in liver or muscle is increased 
in obesity and in T2DM and is a strong predictor of 
insulin resistance.217,218 Moreover, in conditions such as 
lipodystrophies, all fat is stored in liver and muscle due 
to lack of subcutaneous fat tissue, causing severe insulin 
resistance and diabetes.219 In obese adults (BMI . 30), 
muscle attenuation on computed tomography (CT) 
(representing lipid content) is a stronger predictor  
of insulin resistance than is visceral fat.220 Studies 
performed in vivo using 1H-NMR spectroscopy demon-
strated increased IMCL content to be a strong determi-
nant of insulin resistance in adults221 and in obese ado-
lescents.222 Alternatively, lipid deposition in hepatocytes 
to produce intrahepatocellular lipid (IHCL) is highly 
predictive of insulin resistance, even more so than vis-
ceral fat.223 Thus, obesity-driven morbidity may begin 
when the subcutaneous fat reaches its capacity  
to store excess fat and begins to shunt lipid to ectopic 
tissues, such as liver and muscle, leading to peripheral 
insulin resistance,224 or possibly when liver or muscle 
accumulates lipid produced de novo in response to di-
etary manipulation (discussed later). Another postulated 
cause of IMCL and IHCL accumulation is a reduction 
of fat b oxidation,225 related to low aerobic capacity, a 
reduced number or malfunction of mitochondria, or 
reduced SNS tone. The effect of IMCL or IHCL ac-
cumulation on peripheral sensitivity is postulated to be 
due to an alteration of the insulin signal transduction 
pathway in muscle, caused by derivates of fat such as 
long chain fatty acyl-CoA and diacylglycerol within the 
hepatocyte or myocyte. These derivates activate the 
serine/threonine kinase cascade and cause serine phos-
phorylation of IRS-1, which inhibits insulin signaling.226 
A comparable mechanism has been demonstrated in the 
liver, where the accumulation of lipids, in particular 
diacylglycerol, activates the inflammatory cascade by 
inducing c-jun N-terminal kinase (JNK-1), which causes 

serine rather than tyrosine phosphorylation of IRS-1, 
leading to an inhibition of hepatic insulin signaling.227,228

Vascular Changes
Early stages of the atherosclerotic process may be  
detected in obese children. It has become clear that endo-
thelial dysfunction represents a key early step in the  
development of atherosclerosis.229 The hallmark and 
cause of endothelial dysfunction is impairment in nitric 
oxide (NO)-mediated vasodilatation.230 This is due to 
decreased NO production by endothelial nitric oxide  
synthase (eNOS), which has been postulated to result 
from high levels of free fatty acids and inflammatory  
cytokines (IL-6, TNF-a) in insulin-resistant obese indi-
viduals, increased reactive oxygen species, or increased 
uric acid, which inhibits eNOS activity.231 Decreased NO 
bioavailability leads to an imbalance between vasodilating 
and vasoconstricting factors (such as endothelin), which 
leads to impaired vascular smooth muscle relaxation,  
increased adhesion of inflammatory cells to the endothe-
lium, increased expression of plasminogen activator  
inhibitor–1 (PAI-1; a pro-thrombotic molecule), and  
increased vascular smooth muscle cell proliferation. Thus, 
decreased NO bioavailability is thought to create a proin-
flammatory, prothrombotic environment, which pro-
motes atherosclerosis.232 Endothelial function represents 
an integrated index of the overall CV risk burden in  
any given individual. Since the early 2000s, noninvasive 
techniques for the assessment of endothelial function, 
including high-resolution external vascular ultrasound  
to measure flow-mediated endothelium-dependent dilata-
tion (FMD) of the brachial artery during hyperemia, have 
been developed.233,234 Impaired FMD correlates with 
arterial wall stiffness, coronary dilatation, and endothelial 
dysfunction in obese children.235 Similarly, anatomic 
changes in peripheral arterial vessels such as increased 
intimal medial thickness (IMT) have also been demon-
strated in obese children and adolescents,236 which mimics 
early coronary pathology and predicts adverse CV  
outcomes.

There are no studies that directly measure in vivo insu-
lin sensitivity and its relationship to atherosclerotic abnor-
malities in children. Very limited observations suggest a 
relationship between HOMA-IR and arterial stiffness and 
fasting insulin levels in youth. However, a role for insulin 
resistance in the early abnormalities of vascular smooth 
muscles is proposed based on the observation that circulat-
ing biomarkers of endothelial dysfunction (intercellular 
adhesion molecule and E-selectin) are highest, whereas 
adiponectin, the anti-atherogenic adipocytokine, is lowest 
among the most insulin-resistant youth. The landmark 
Bogalusa heart study demonstrated that CV risk factors 
present in childhood are predictive of coronary artery  
disease in adulthood.191,237 Among these risk factors, LDL-
cholesterol and body mass index (BMI) measured in child-
hood were found to predict intima-media thickness (IMT) 
in young adults.238 There is now substantial evidence that 
the insulin resistance of childhood obesity creates the 
metabolic platform for adult CV disease.239-241 Moreover, 
the constellation of peripheral insulin resistance, an unfa-
vorable adipocytokine profile, subacute inflammation, and 
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endothelial dysfunction work in parallel to promote the 
pathologic processes of aging.

Adipocytokines
Leptin

The discovery of leptin in 1994 has dramatically 
changed the view of adipose tissue in the regulation of 
energy balance.17 Adipocytes secrete several proteins 
that act as regulators of glucose and lipid homeosta-
sis.242 These proteins have been collectively referred to 
as adipocytokines because of their structural similarity 
with cytokines. Circulating leptin levels correlate with 
the degree of obesity. As stated earlier, the primary role 
of leptin is to serve as an adiposity sensor to protect 
against starvation. Leptin probably has a permissive 
role in high-energy metabolic processes such as pu-
berty, ovulation, and pregnancy, but its role in states  
of energy excess is less known. In obesity, the develop-
ment of leptin resistance may result in a breakdown  
of the normal partitioning of surplus lipids in the  
adipocyte compartment.243

Adiponectin

The cytokine adiponectin is peculiar in obesity because, 
in contrast to the other adipocytokines, its level is reduced 
in obesity.244 The adiponectin gene is expressed exclu-
sively in adipose tissue and codes a protein with a carboxyl 
terminal globular head domain and an amino terminal 
collagen domain, which is structurally reminiscent of the 
complement factor 1q.245 The gene is located on chromo-
some 3q27, a location previously linked to the develop-
ment of type 2 diabetes and the metabolic syndrome. 
Several single nucleotide polymorphisms (SNPs) in the 
adiponectin gene have been reported to be associated with 
the development of T2DM in populations around the 
world, suggesting that adiponectin plays a major role in 
glucose metabolism.246 Adiponectin circulates in plasma 
in three major forms: a low-molecular-weight trimer, a 
middle-molecular-weight hexamer, and a high-molecular-
weight 12 to 18-mer.247 Circulating plasma adiponectin 
concentrations demonstrate a sexual dimorphism (females 
have greater concentrations), suggesting a role for sex 
hormones in the regulation of adiponectin production or 
clearance. Dietary factors such as linoleic acid or fish oil 
versus a high-carbohydrate diet or increased oxidative 
stress have been shown to increase or decrease adipo-
nectin concentrations, respectively. These observations  
suggest that the circulating levels of adiponectin are  
regulated by complex interactions between genetic and 
environmental factors.248

The receptors for adiponectin have been characterized 
in rodent models and cloned. Two receptors, named 
ADIPOR1 and ADIPOR2, have been characterized.  
ADIPOR1 is expressed in numerous tissues including 
muscle, whereas ADIPOR2 is mostly restricted to the 
liver. Both receptors are bound to the cell membrane yet 
are unique in comparison to other G protein–coupled 
receptors in the fact that the C terminal is external 
whereas the N terminal is intracellular.249 Both ADIPOR1 

and ADIPOR2 are receptors for the globular head of  
adiponectin and serve as initiators of signal transduction 
pathways that lead to increased PPARa and increased 
AMP kinase activities, which promote glucose uptake and 
increased fatty acid oxidation. Adiponectin has been 
shown to have potent anti-atherogenic functions, as it  
accumulates in the subendothelial space of injured vascu-
lar walls to reduce the expression of adhesion molecules 
and the recruitment of macrophages.250

Studies in obese children and adolescents have shown 
that adiponectin is inversely related with the degree of 
obesity, insulin sensitivity, visceral adiposity, IHCL, and 
IMCL, whereas weight loss increases adiponectin. A fall 
in adiponectin has been shown to coincide with the onset 
of insulin resistance251 and the development of diabetes in 
monkeys.252 All of these observations along with human 
clinical data support a pivotal role for adiponectin in  
the prevention of the comorbidities of the metabolic 
syndrome.

Family studies using parent-offspring regressions  
revealed that most adipocytokines show evidence for 
significant inheritance. A principal component (PC) 
analysis of standardized hormone levels demonstrates 
surprising heritability of the three most common axes of 
variation. The main axis, which explained 21% of the 
variation, was most strongly loaded on levels of leptin, 
TNFa, insulin, and PAI-1, and inversely with adiponec-
tin. It was significantly associated with body mass index 
(BMI), phenotypically stronger in children, and showed 
a heritability of 50%, after adjustment for age, gender, 
and generational effects. Thus, adipocytokines are highly 
heritable and their pattern of covariation significantly 
influences BMI as early as the preteen years.253

Myokines and Natriuretic Peptides.   Skeletal and heart 
muscle may serve as an endocrine organ as well. Some of 
the effects of exercise on skeletal muscle are mediated by 
the transcriptional coactivator PPAR-g coactivator 1a 
(PGC-1a). In the mouse, PGC-1a expression in muscle 
stimulates an increase in expression of FNDC5, a mem-
brane protein that is cleaved and secreted as a newly iden-
tified hormone, named irisin. Irisin acts on white adipose 
cells in culture and in vivo to stimulate UCP1 expression 
and a broad program of brown fatlike development. Irisin 
is induced with exercise in mice and humans, and mildly 
increased irisin levels in the blood cause an increase in 
energy expenditure in mice with no changes in movement 
or food intake. This results in improvements in obesity 
and glucose homeostasis. This novel myokine is actually 
the first hormonal link between exercise and the adipose 
tissue changes it may induce.254 Atrial natriuretic peptides 
(ANPs) also have been implicated in fat metabolism. 
These natriuretic peptides are produced with exercise, 
cardiac wall stress, weight loss, and cold exposure, and they 
are inhibited by obesity and insulin resistance. The ANP 
binds to its natriuretic receptor, facilitating the formation 
of cGMP from GTP. In turn, cGMP phosphorylates 
cGMP-dependent protein kinase, which activates lipolysis 
and phosphorylates p38 mitogen-activated protein kinase 
to enhance mitochondrial biogenesis with increased en-
ergy expenditure and increased heat generation, as part of 
the brown-fat thermogenic program. Thus, both skeletal 
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and cardiac muscle may respond to exercise by inducing 
changes in fat metabolism to enhance caloric expenditure 
and limit obesity. These new findings are likely to open 
new avenues of clinical research to limit the consequences 
of the “obesity epidemic.”255,256

Inflammatory  Cytokines.   Accumulating evidence indi-
cates that obesity is associated with subclinical chronic  
inflammation.257 The adipose tissue serves not merely a 
simple reservoir of energy stored as triglycerides, but serves 
as an active secretory organ releasing many peptides,  
including inflammatory cytokines, into the circulation.  
In obesity, the balance between these numerous peptides is 
altered, such that larger adipocytes and macrophages em-
bedded within them produce more inflammatory cytokines 
(i.e., TNF-a, IL-6) and fewer anti-inflammatory peptides 
such as adiponectin.258 One theory posits that as energy 
accumulates in adipocytes, the perilipin border of the fat 
vacuole breaks down, causing the adipocyte to die.259 Cell 
death recruits macrophages in the adipose tissue, especially 
the visceral compartment, which in the process of clearing 
debris also elaborate inflammatory cytokines, initiating a 
pro-inflammatory milieu that predates and possibly drives 
the development of systemic insulin resistance, diabetes, 
and endothelial dysfunction.260,261 Systemic concentrations 
of C-reactive protein (CRP) and IL-6, two major markers 
and participants of the inflammatory process, are increased 
in obese children and adolescents. CRP levels within the 

“high-normal” range have been shown to predict CV  
disease262 and development of T2DM263 in adults. Elevated 
levels of CRP correlate with other components of the 
metabolic syndrome in obese children.264,265 Thus, inflam-
mation may be one of the links between obesity and insulin 
resistance and may also promote endothelial dysfunction 
and early atherogenesis.

Reactive Oxygen Species  (ROS).   The “free radical 
theory” holds that an imbalance between ROS genera-
tion and antioxidant defenses is a major factor in the 
determination of lipid peroxidation and protein mis-
folding, with resultant DNA and cellular damage.266 
Excessive intracellular ROS formation occurs via three 
pathways: (1) inflammatory cytokines derived from 
visceral fat accumulation,267 (2) dysfunctional mito-
chondrial energetics,268 and (3) glycation (discussed 
later). Excessive nutrient processing by mitochondria 
can result in uncoupling of oxidative phosphorylation 
and increased generation of ROS; this, in turn, leads  
to altered mitochondrial function and further ROS 
generation.269 ROS accumulation can also impair en-
doplasmic reticulum (ER) function, causing ER stress 
and the compensatory unfolded protein response (UPR). 
The UPR can itself be overwhelmed by persistent  
excessive nutrient processing and ROS generation, 
leading to cellular shutdown, defective insulin secre-
tion, and T2DM270 271 (Figure 22-6).
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As ROSs are inherent by-products of cellular metabo-
lism, endogenous cellular antioxidants (e.g., catalase and 
glutathione) quench the ROS before they have a chance to 
promote peroxidation. These antioxidants are found pri-
marily in peroxisomes, which abut the mitochondria and 
act as “support staff” for ROS processing. Reduction in 
peroxisomal activity results in mitochondrial dysfunction 
and endoplasmic reticulum stress. Furthermore, cytokines 
such as TNF-a can reduce peroxisomal number and func-
tion, rendering cells even more vulnerable.272,273

Others.   Several other novel adipocytokines have been 
identified, but their clinical significance in humans is still 
unclear. For instance, resistin, a 12.5-kDa polypeptide 
hormone, is produced by adipocytes in rodents and by 
immunocompetent cells in humans. In rodents, resistin 
appears to have an important role in the development of 
hepatic insulin resistance, yet its role in humans is less 
clear but may be related to involvement in the regulation 
of inflammatory processes, rather than tissue-specific 
insulin sensitivity.

Comorbidities Related to Insulin 
Resistance
The Metabolic Syndrome

The association and clustering of T2DM, hypertension, 
dyslipidemia, and CV disease in adults has led to the hy-
pothesis that they may arise from a common antecedent. 
The World Health Organization (WHO) argues that  
this antecedent is insulin resistance and defines this asso-
ciation as the “metabolic syndrome.”274-277 A consensus 
definition of the metabolic syndrome for the pediatric age 
group has been published278 and declares that children 
younger than 10 years of age should not be defined  
as having this condition. For children older than 10 years 
of age, the obesity component of the definition is waist 
circumference and not BMI, indicating the clinical im-
portance of intra-abdominal fat. The metabolic syndrome 
affects approximately 25% of the U.S. adult popula-
tion.279 Because of its wide prevalence, the metabolic 
syndrome is of enormous clinical and public health  
importance, even at its earliest stages. Although still de-
bated, one scheme of the pathophysiology of the meta-
bolic syndrome is shown in Figure 22-5. According to this 
paradigm, the impact of obesity is determined by the pat-
tern of lipid partitioning (i.e., the specific depots in which 
excess fat is stored). This pattern of lipid storage deter-
mines the adipocytokine secretion profile, on circulating 
concentrations of inflammatory cytokines and on the flux 
of FFA. The combined effect of these factors determines 
the sensitivity of insulin target organs (such as muscle and 
liver) to insulin and impacts the vascular system by affect-
ing endothelial function. Peripheral insulin resistance and 
endothelial dysfunction are the early promoters of overt 
pathology, culminating in T2DM and cardiovascular dis-
ease. Regardless of the definition of metabolic syndrome 
used, insulin resistance and high insulin levels are associ-
ated with the clustering of cardiometabolic risks associ-
ated with metabolic syndrome in a variety of ethnic 
groups.

Nonalcoholic Fatty Liver Disease (NAFLD)

NAFLD represents fatty infiltration of the liver in the 
absence of alcohol consumption.280 The spectrum of 
NAFLD ranges from pure fatty infiltration (steatosis) to 
inflammation (nonalcoholic steatohepatitis, or NASH), 
to fibrosis and even cirrhosis.281 NAFLD was found in 
the NHANES III survey to be more prevalent in obese 
African-American and Hispanic males, with T2DM, hy-
pertension, and hyperlipidemia.282 These associations 
have led to the hypothesis that NAFLD may precede  
the onset of T2DM in some individuals. NAFLD is  
now the most common liver disease among children in 
North America.283,284 NAFLD in children is associated 
with increased visceral fat deposition285 and may progress 
to cirrhosis and related complications.286 The association 
between abdominal obesity and fatty liver may be par-
tially explained by sustained exposure of the liver to an 
increased flux of FFA from the visceral depot.213 NAFLD 
may represent an early manifestation of ectopic lipid  
deposition in the liver and represents a challenge to the 
clinician due to the contrast of its minimal early manifes-
tations and its potential serious outcomes. Studies using 
the clamp methodology demonstrate that NAFLD is  
associated with hepatic and peripheral insulin resistance. 
The relation between insulin sensitivity and NAFLD 
seems to be, in part, driven by abdominal fat content.

Insulin plays a key role in regulating transcription fac-
tors such as sterol response element binding protein-1c 
(SREBP-1c), which are abundantly expressed in the 
liver.287 SREBP-1c is pivotal in the control of hepatic lipo-
genesis and is increased in proportion to circulating insu-
lin levels.288 These data raise the possibility that fasting 
hyperinsulinemia may contribute to hepatic steatosis, 
rather than vice versa. Alternatively, inflammatory cyto-
kines released by visceral fat or by the hepatic immuno-
reactive cells may contribute to altered hepatic lipid  
metabolism.280 The majority of patients probably experi-
ence NAFLD without progressing on to NASH. It is 
likely that subsequent inflammation from increased ROS 
formation without appropriate quenching is necessary to 
promote progression to NASH (the so-called second hit 
theory).286,289 As hepatic imaging modalities improve, 
noninvasive quantification of hepatic lipid deposition 
may enable us to use it as a target for intervention. For 
the time being, NAFLD can be surmised by an elevated 
ALT. However, ALT does not have to be very elevated; 
the 95th percentile for ALT in children is 25.8 U/mL for 
boys and 22.1 for girls.290

Polycystic Ovarian Syndrome (PCOS)

The association of hyperandrogenism and oligomenorrhea 
or amenorrhea in females, termed PCOS, is a frequent 
comorbidity of obesity, which can extend down to child-
hood. This disorder is covered in detail in Chapter 15. A 
2003 consensus statement291 defined the diagnostic criteria 
for PCOS as two out of the following three (after exclusion 
of other hyperandrogenic disorders): oligo/anovulation, 
clinical or biochemical manifestations of hyperandrogen-
ism, and polycystic ovaries by ultrasound. PCOS is the 
most common cause of infertility due to anovulation and a 
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major risk factor for development of the metabolic syn-
drome and altered glucose metabolism in females. The 
antecedents of PCOS have been identified in prepubertal 
girls, suggesting a developmental lesion.292

Adolescent girls with PCOS can have moderate to  
severe insulin resistance with increased risk for altered 
glucose metabolism, and the impairment in insulin sensi-
tivity is more pronounced in obese rather than lean 
PCOS girls. In some ethnic groups, girls with premature 
pubarche, a potential antecedent of PCOS, have relatively 
increased insulin levels, thus a causal link between hyper-
insulinemia and androgen hypersecretion (of adrenal or 
ovarian origin) has been hypothesized. Population studies 
of normal girls have shown that rapid weight gain is  
associated with higher adrenal androgens and body  
fatness, and that hyperinsulinemia is related to early men-
arche. Thus, the association of higher insulin levels with 
premature pubarche and subsequent PCOS may be 
driven, at least in part, by obesity. Obesity characterizes 
about 50% of women with classic PCOS,293 although it is 
even more common among adolescents. Increased pe-
ripheral insulin resistance occurs in approximately 50% of 
patients with PCOS and almost certainly plays a role in 
the pathogenesis of this condition. On the other hand, 
almost all forms of severe insulin resistance, such as 
T2DM or rare lipodystrophy syndromes, are also associ-
ated with PCOS. Of note, insulin resistance has not been 
included as a diagnostic criterion for PCOS mainly be-
cause of the difficulty of its measurement. Fasting hyper-
insulinemia and an increased insulin secretory response to 
an oral glucose load have been demonstrated in girls with 
PCOS.294 Indeed, obese adolescent girls with PCOS have 
been shown to be 50% more insulin resistant than 
weight-matched controls without PCOS.295 The constel-
lation of metabolic abnormalities typically seen in insulin-
resistant individuals is commonly encountered in obese 
adolescents with PCOS, including NAFLD296 and 
T2DM.297 The increased prevalence of the metabolic 
syndrome may be related to the hyperandrogenism inde-
pendent of obesity-related insulin resistance.298 Early 
markers of accelerated atherogenesis are already present 
in young females with PCOS,299 indicating that early 
intervention aimed at reducing CV risk may be beneficial.

Metabolic examination of patients with PCOS demon-
strates hepatic and muscle resistance, but not ovarian  
insulin resistance, possibly accounting for insulin stimula-
tion of theca cell androgen production.300 The correlation 
between insulin resistance and hyperandrogenism begs a 
unifying hypothesis as to their pathogenesis, which is 
proffered by the “serine phosphorylation hypothesis,” 
which suggests that both P450c17 and the insulin recep-
tor are aberrantly serine phosphorylated; in the case of 
P450c17, this leads to excess activity and increased andro-
gen production,301 and in the case of the insulin receptor, 
this leads to tissue-specific insulin resistance.302 However, 
this hypothesis remains to be proven.

Other Endocrine Comorbidities
Obesity causes changes in other hormonal systems, some 
of which confer specific morbidities. The age of pubertal 
initiation has been creeping earlier, particularly in African 

Americans. This advancement is explained in part by the 
increasing overnutrition and BMI seen in this popula-
tion.303 Infertility in older adolescents and adult women 
may occur either as a manifestation of PCOS due to  
excessive ovarian androgen production in females or due to 
excessive aromatization of androgen to estrogen by peri-
pheral adipose tissue with suppression of the hypothalamic-
pituitary gonadal axis in both sexes.304 The hyperestro-
genemia may also promote gynecomastia in males.305 In 
addition, the hypercapnia associated with obstructive 
sleep apnea can suppress hypothalamic GnRH function, 
leading to a syndrome of delayed puberty.306

Obesity is associated with decreased growth hormone 
(GH) secretion, and indeed most obese subjects, despite 
normal or excessive statural growth, fail GH stimulation 
testing. However, caloric restriction for 24 hours can 
restore normal GH responsivity.307 Despite the func-
tional GH inadequacy, statural growth is accelerated, 
bone age is advanced, and peripheral total and free IGF-1 
levels are normal or elevated in obesity, suggesting nor-
mal or accentuated GH sensitivity,308 or possibly due to 
the suppression of IGFBP-1 and the effects of hyperinsu-
linemia on activation of the growth plate IGF-1 recep-
tor.309 Free thyroxine levels tend to be lower and TSH 
higher in obese children, although mostly within the 
normal range along with some TSH levels within the 
subclinical hypothyroidism category; the mechanism is 
unknown. The elevated TSH levels in obesity seem a 
consequence rather than a cause of obesity. Therefore, 
treatment of hyperthyrotropinemia with thyroxine is un-
necessary in obese children. Lastly, obesity can be associ-
ated with increased cortisol exposure, possibly due to 
conversion of circulating cortisone to cortisol by the en-
zyme 11b-hydroxysteroid dehydrogenase-1 (11b2HSD1) 
located within adipocytes.310

Other Nonendocrine Comorbidities
Childhood obesity is associated with numerous other 
comorbidities. Pseudotumor cerebri311 is a rare and 
poorly understood condition leading to intracranial hy-
pertension, whose manifestations include papilledema 
and headache. Treatment includes serial lumbar punc-
ture, acetazolamide to reduce CSF production; in severe 
cases there is a need for a ventriculoperitoneal shunt, and 
occasionally optic nerve sheath fenestration is necessary 
to save eyesight. Obstructive sleep apnea occurs fre-
quently in morbidly obese children; presumably due to 
the large amount of retropharyngeal fat that compresses 
the upper airway during sleep.312 Affected patients snore, 
often stop breathing for more than 20 seconds during 
sleep, and wake up during the night with headache. 
Treatment includes nocturnal positive airway pressure 
and, when appropriate, tonsilloadenoidectomy; however, 
symptoms often recur. Obese children manifest numer-
ous orthopedic difficulties, including fractures, knee pain, 
anatomic lower limb malalignment, and impairment in 
mobility.313 Cholelithiasis occurs in approximately 2.5% 
of obese adolescents, especially in females, but is not  
usually seen in prepubertal obese children.314 Lastly, 
psychological distress, including clinical depression, is 
clearly manifested in obese children315 and specifically in 
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the severely obese. These various comorbidities all ap-
pear to be associated with a BMI z-score in a curvilinear 
fashion316; thus, the more obese a patient is, the more 
likely he or she will manifest comorbidity.

FACTORS ASSOCIATED WITH THE CURRENT 
EPIDEMIC OF OBESITY
Genetics
The association between obesity and genetics owes to 
two separate lines of investigation: (1) the discoveries of 
monogenic disorders of the energy balance pathway 
(discussed later) and (2) studies of specific racial and 
ethnic groups, in which obesity seems to segregate, such 
as the Pimas and Hispanics in the Southwest United 
States.317,318 These observations are combined with an 
attractive theory on the natural selection of individuals 
in response to drastic environmental/ecologic pressure 
(i.e., famine), termed the thrifty gene hypothesis,319 to yield 
a very strong driving force for the elucidation of specific 
genetic loci in the pathogenesis of obesity.320 However, 
the rapid timescale of the increased prevalence of child-
hood obesity cannot possibly reflect a population genetic 
change. Therefore, the current model is that obesity is a 
result of gene-environment interactions; an ancient  
genetic selection to deposit fat efficiently may have  
provided a survival advantage in old times but is  
maladaptive with our current food overabundance. In 
the common forms of obesity, relating single nucleotide 
polymorphisms with associated risks for obesity is diffi-
cult, as the effects are uncertain and the results not  
always confirmed. Several single nucleotide polymor-
phisms in specific genes have been identified, such as the 
fat mass and obesity associated (FTO) gene. Variation in 
the FTO gene has provided the most robust associations 
with common obesity to date, yet the FTO variant that 
confers a predisposition to obesity does not appear to be 
involved in the regulation of energy expenditure but 
may have a role in the control of food intake and food 
choice, suggesting a link to a hyperphagic phenotype  
or a preference for energy-dense foods.321 The large 
genome wide association studies (GWAS) have yielded 
to date 34 loci that may be relevant to the development 
of adult obesity, yet they explain less than 5% of the 
phenotype.322 However, an analysis done specifically in 
children reveals two more loci that may provide more 
genetic susceptibility.323

Epigenetics and Developmental 
Programming
Follow-up studies of newborns who were small for their 
gestational age (SGA), large for gestational age (LGA), 
and premature have noted markedly increased risks for 
obesity and the metabolic syndrome. The “fetal origins 
hypothesis”324 states that some aspect of the in utero en-
vironment contributes to the development of obesity and 
chronic disease in later life. The specific developmental 
aberration that promotes obesity remains unknown. 
However, each of these three antenatal conditions is  
associated with insulin resistance. The “developmental 

model” of chronic diseases postulates that early-life 
events affect individual differences in vulnerability to 
lifestyle and environment. This concept is supported by 
studies of in utero or at-birth conditions on future dis-
eases by the fact that differences in adult lifestyles only 
partially explain the development of diseases. One pos-
sible mechanism for such developmental programming 
includes epigenetic changes, which may contribute to 
alterations in gene expression. For instance, the pattern 
of DNA methylation noted in cord blood predicted the 
degree of adiposity at age 9 years.325

Documentation of the relationship of SGA with adult 
obesity and CV disease started with studies of the Dutch 
famine during World War II and its aftermath.326 Several 
studies of SGA newborns demonstrate that they are hy-
perinsulinemic and insulin resistant at birth, exhibit rapid 
catch-up growth in the early postnatal period, and de-
velop obesity in childhood, which remains and promotes 
persistent insulin resistance and the metabolic syndrome. 
An analysis of Indian newborns born in India versus the 
United Kingdom.327 demonstrate that even though those 
born in India weigh 700 g less at birth, their glucose and 
insulin levels are markedly elevated. After adjustment for 
birth weight, the India-born babies demonstrate in-
creased adiposity, four times higher insulin levels, and 
two times higher leptin levels than babies born in the 
U.K. Thus, these babies are insulin resistant even at 
birth, which translates into increased adiposity. Follow-
ing such babies into childhood, numerous studies docu-
ment insulin resistance during early childhood.328-330

Babies born LGA are hyperinsulinemic at birth.331 
Although most LGA babies are due to gestational  
diabetes mellitus (GDM) and exposure to hyperglyce-
mia throughout the pregnancy, this is not always the 
cause. A follow-up of LGA babies without GDM dem-
onstrates a doubling of prevalence of insulin resistance 
and metabolic syndrome, whereas LGA babies result-
ing from GDM manifest a threefold increase.332,333 
Indeed, the “vertical” transmission of maternal diabetes 
to the offspring in the form of later obesity and diabetes 
has been documented in studies of Pima Indians.334,335 
Lastly, weight gain during pregnancy increases birth-
weight, the risk for LGA, and obesity in the offspring336,337 
(Figure 22-7).661

Although there are no studies documenting hyperinsu-
linemia at birth in premature infants due to technical rea-
sons, follow-up of these babies into early childhood also 
demonstrates increased weight gain and insulin resistance 
and compensatory insulin secretion that is inappropriately 
high for their degree of weight gain.338

The protective effect of breastfeeding against the devel-
opment of future obesity has long been known,188 and there 
appears to be a dose response; the longer the breastfeeding, 
the more protective.339 However, this may be complicated 
by confounding factors, such as socioeconomic status, ma-
ternal smoking during pregnancy, and maternal BMI.340 
The mechanism of breastfeeding’s antiobesity effect is also 
unclear. Some think infant feeding self-regulation is most 
relevant, whereas one study suggests that leptin in breast 
milk may contribute to this protection,341 and finally 
the concern about the fructose/sucrose content in infant 
formula has also received attention.
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Environmental Factors
Numerous environmental factors have also been associ-
ated with the obesity epidemic, particularly in children. 
However, most of these associations are derived from 
cross-sectional rather than longitudinal studies, and  
in many instances, the mechanism remains lacking.342 
Several longitudinal studies in adults have clearly demon-
strated that specific dietary and other lifestyle behaviors 
are independently associated with long-term weight gain, 
with a substantial aggregate effect. For instance, on the 
basis of increased daily servings of individual dietary 
components, 4-year weight change was most strongly  
associated with the intake of potato chips (0.767 kg),  
potatoes (0.58 kg), sugar-sweetened beverages (0.45 kg), 
unprocessed red meats (0.43 kg), and processed meats 
(0.42 kg) and was inversely associated with the intake of 
vegetables (20.1 kg), whole grains (20.168 kg), fruits 
(20.224 kg), nuts (20.25 kg), and yogurt (20.37 kg) 
(P # .005 for each comparison).343 Similarly, the 
sociodemographic environment has been shown to affect 
the chance of being obese in adults. Indeed, the opportu-
nity to move from a neighborhood with a high preva-
lence of poverty to one with lesser poverty was associated 
with modest but potentially important reductions in the 
prevalence of extreme obesity and diabetes.344 Similar 
relationships are likely, but not proven, for children and 
adolescents.

Stress and Cortisol

In humans, elevated cortisol or markers of HPA axis dys-
regulation correlate with abdominal fat distribution and 
the metabolic syndrome.345 Although circulating cortisol 
is clearly important in determining visceral adiposity, the 
identification of a reduction of circulating cortisone  
to cortisol within visceral fat tissue by the enzyme 11b-
hydroxysteroid dehydrogenase-1 (11b2HSD1) has also 

been linked to the metabolic syndrome.310,346 These data 
suggest that cortisol is important for both increasing vis-
ceral adiposity and promoting the metabolic syndrome.

In adults, job stress and depression stress with in-
creased cortisol secretion347 lead to insulin resistance and 
the metabolic syndrome. Psychosocial stresses correlate 
with the risk of myocardial infarction in adults348; it is 
assumed that such patients exhibit increased HPA axis 
activation.349 Even exogenous glucocorticoid administra-
tion is a risk factor for CV events.350 Evidence of associa-
tions between elevated cortisol and psychological distress 
with abdominal fat distribution in adults is compelling. 
For instance, urinary glucocorticoid excretion is linked to 
aspects of the metabolic syndrome, including blood pres-
sure, fasting glucose, insulin, and waist circumference.345 
Some individuals seem to be “high-responders” to a stress 
stimulus and demonstrate higher cortisol secretion. These 
individuals seem more prone for an alteration in satiety 
recognition and consume larger amounts of calories  
following the stress exposure (see Figure 22-3). However, 
the role of stress and cortisol in childhood obesity is  
currently undefined.

Sleep Deprivation

Americans get significantly less sleep than they did in the 
1980s. Adults in the United State currently average less 
than 7 hours of sleep per night—almost 2 hours less than 
in 1980—and about one third of them get less than  
6 hours per night.352 Analyses of data from the first 
National Health and Nutrition Examination Survey 
(NHANES I) revealed that adults (ages 32 to 49 years 
old) who got less than 7 hours of sleep were more likely 
to be obese 5 to 8 years later than those who got 7 or 
more hours of sleep.353 Similarly, a 13-year prospective 
cohort study in which participants were interviewed  
at ages 27, 29, 34, and 40 years of age found that sleep 
duration correlated negatively with obesity.354 The link 
between short sleep duration and obesity has also been 
observed among children.355 Like adults, increasing 
numbers of children are chronically sleep deprived. This 
is especially true of obese children, who have been found 
to get less sleep than children of normal weight. In addi-
tion to its other effects, sleep is one of the most powerful 
cross-sectional356 and longitudinal357 predictors of child-
hood obesity in prepubertal children. Although relatively 
little is known about the mechanism for the sleep-obesity 
relationship, especially among children, there are reasons 
to assume increased stress (discussed earlier) and altered 
activity of various hormones, such as leptin, ghrelin, and 
cortisol.

Television Viewing and “Screen Time”

Television watching is considered one of the most modifi-
able causes of childhood obesity.358 There are four possi-
ble mechanisms linking television watching and obesity. 
First, television watching may increase stress levels and 
cortisol (discussed earlier), thereby increasing food intake 
and promoting obesity.359 Second, television watching 
displaces physical activity. Most, but not all studies find 
inverse correlations between television watching and 
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physical activity and fitness.360,361 Third, television watch-
ing increases calorie consumption because people eat 
while viewing or are affected by food advertising. Televi-
sion viewing is also associated with increased high-fat 
food intake, decreased fruit and vegetable consumption, 
and increased soft drink intake.362 “Junk food” is the most 
frequently advertised product category on children’s  
television. Lastly, REE and nonexercise-associated ther-
mogenesis (NEAT) seem to decrease during television 
watching.363 According to NHANES III (1988-1994), the 
prevalence of childhood obesity is lowest among children 
who watch television # 1 hour/day and highest among 
those who watch  4 hours/day.364 The relationship 
between television watching and obesity has been exam-
ined in a large number of cross-sectional epidemiologic 
studies but in few longitudinal studies.358 Several experi-
mental studies have been conducted on the impact of  
reduced television watching, and their results support  
the suggestion that reduced television watching may help 
to reduce the obesity risk or promote weight loss in obese 
children.365 These studies represent the strongest direct 
evidence that altering television watching alone is a prom-
ising strategy for preventing childhood obesity. Other 
forms of “screen time,” such as playing videogames and 
using cell phones, are also implicated in the obesity 
pathogenesis.

Dietary Factors
Although the primary focus in terms of obesity has been 
on total calories ingested, an emerging body of evidence 
suggests that the quality of those calories play an impor-
tant role in the pathogenesis of metabolic syndrome, by 
increasing hepatic insulin resistance or increasing ROS 
formation.

Dietary Fat versus Carbohydrate

Fat is generally considered more obesogenic than other 
macronutrients, because it is more energy dense, highly 
palatable, and more effectively converted to body fat.366 
A high-fat meal induces less thermogenesis and a 
higher positive fat balance than an isocaloric and iso-
protein-containing low-fat meal.367 Excessive fat intake 
is believed to cause weight gain,368 but the relationships 
between dietary fat intake and childhood adiposity  
remain controversial.369

The prevalence of overweight in the United States has 
increased despite a decreased percentage of dietary energy 
derived from fat. A meta-analysis of 12 studies in over-
weight or obese adults who were given dietary advice on 
low-fat diet and followed for 6 to 18 months suggested 
that low-fat diets are no better than calorie-restricted  
diets for long-term weight loss.370 Similarly, in children, 
total fat consumption expressed as a percentage of energy 
intake has decreased.371 This decrease in fat consumption 
is largely due to increased total energy intake in the form 
of carbohydrates. Much of this imbalance is attributed to 
changing beverage consumption patterns, characterized 
by declining milk intakes and substantial increases in soft-
drink consumption,372 which may have its own etiopatho-
genesis (discussed later). Most interventions with a  

low-fat, “heart-healthy” diet have not been successful in 
childhood overweight prevention.373

The reduction in carbohydrate intake is taken to the 
extreme in the Atkins diet, which restricts adult subjects 
to less than 25 g/day of ingested carbohydrate. Adult 
evaluations of the diet have been disappointing long 
term,374,375 and the popular diet has been abandoned. 
There are currently no data on the effects of this diet on 
children or adolescents. However, it should be noted that 
the ketogenic diet used to control seizures is similar in 
composition to the Atkins diet. A 2-year study of the 
ketogenic diet demonstrated persistent decreases in 
weight z-scores in children who were above average 
when the diet was initiated, without a significant com-
promise in general nutrition or height.376

Trans-unsaturated Fatty Acids (Trans Fats)

Trans-unsaturated fats in processed foods have been a 
staple in the Western diet since the early 20th century. 
This is because the trans-isomerization of the double 
bond prevents fatty acid breakdown by bacteria, pro-
longing the shelf life of foods. Like its bacterial prede-
cessors, human mitochondria cannot subject trans fats 
to b oxidation in the liver,377 contributing to ectopic 
intrahepatic lipid accumulation. Fortunately, due to the 
recognized association between trans fat consumption 
and cardiovascular disease in the mid-1980s and more 
stringent labeling requirements since 2006, the per-
centage of calories from trans fats consumed in the 
“Western diet” has gradually declined.378 Trans fats 
have no health benefit and cause hepatic steatosis and 
insulin resistance379; however, their current consump-
tion trends are temporally disparate with the current 
increasing prevalence of metabolic syndrome, suggesting 
that other factors are involved.

Glycemic Index and Fiber

Not all sugars exert the same insulinogenic response. 
Complex carbohydrates can be taken in two forms:  
either a combination of a1-4 linkages and a1-6 link-
ages, which gives the starch a globular structure called 
amylopectin, as seen in bread, rice, pasta, potatoes, and 
glycogen; or a linear polymer of a1-4 linkages called 
amylose, as seen in beans, lentils, and other legumes. 
Digestion and absorption of the former in the intestine 
is rapid due to the simultaneous actions of both a1-4 
and a1-6 glucosidases, whereas that of the latter is 
much slower, because the a1-4 glucosidase can only 
cleave single glucose moieties on either side of the poly-
mer. This phenomenon constitutes the basis of the 
glycemic index (GI),380 which refers to the glucose area 
under the curve after consumption. High-GI foods lead 
to an accentuated insulin response, which can shunt 
energy substrate to adipose tissue.381 Controlled studies 
on children with a high-GI diet demonstrate that en-
ergy intake is 53% higher than it is for children on a 
low-GI diet.382 One study on adolescents demonstrated 
that an ad libitum low-GI diet was more effective in 
promoting weight loss than an energy-restricted low-fat 
diet.383 Therefore, the GI may be a simple concept to 
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institute, although the “toxic environment” of American 
foodstuffs may make it difficult to maintain.

Dietary fiber consists of the nonstarch, polysaccharide 
portion of plant foods, including cellulose, hemicellulose, 
pectins, b-glucans, fructans, gums, mucilages, and algal 
polysaccharides. Major sources of dietary fiber include 
whole grains, fruits, vegetables, legumes, and nuts. Fiber 
content accounts for 50% of the variability in glycemic 
load (GL; GI 3 volume) between foods. Cohort studies 
of adults demonstrate that fiber intake is inversely associ-
ated with weight gain, fasting insulin levels, and risk of 
T2DM.384,385 Fiber may influence the regulation of body 
weight by several mechanisms involving intrinsic, hor-
monal, and colonic effects, which eventually decrease 
food intake by promoting satiation (lower meal energy 
content), satiety (longer duration between meals), or by 
increasing fat oxidation and decreasing fat storage.386 A 
fiber-rich meal is processed more slowly, has less caloric 
density, and is lower in fat and added sugars. Fiber- 
containing foods engender slower glucose absorption, 
which lessens the postprandial insulin surge and de-
creases lipogenesis.387 In addition, high-fiber meals allow 
undigested triglyceride to be delivered to the colon, 
where fermentation to short-chain fatty acids and their 
absorption improve lipids and insulin sensitivity.388 
Archeologists surmise that our ancestors consumed ap-
proximately 100 grams of fiber/day.389 However, the di-
etary fiber intake throughout childhood and adolescence 
currently averages approximately 12 g/day and has not 
changed since the 1980s.390 Therefore, parents and 
school food service personnel should strive to offer fiber-
rich foods to children so that their acceptance and con-
sumption of these foods will increase.391

Fructose

The most commonly used sweetener in the U.S. diet is 
the disaccharide sucrose (e.g., table sugar), which con-
tains 50% fructose and 50% glucose. However, in 
North America and many other countries, nondiet soft 
drinks are sweetened with high-fructose corn syrup 
(HFCS), which contains up to 55% of the monosaccha-
ride fructose. Thanks to its abundance, sweetness, and 
low price, HFCS has become the most common sweet-
ener used in processed foods. The issue is not that 
HFCS is biologically more ominous than sucrose, it is 
that its low cost has made it available to everyone, espe-
cially low socioeconomic groups. HFCS is found in 
processed foods ranging from soft drinks and candy bars 
to crackers, hot dog buns, and ketchup. Average daily 
fructose consumption has increased by over 25% since 
the 1980s. The growing dependence on fructose in the 
Western diet may be fueling the obesity and T2DM 
epidemics.392 The highest fructose loads are soda 
(1.7 g/30 mL) and juice (1.8 g/30 mL). Although soda has 
received most of the attention,180,393 high fruit juice in-
take is also associated with childhood obesity, especially 
among lower-income families.394 The American Academy 
of Pediatrics has altered its recommendations, sug-
gesting that fruit juice consumption be limited to 120 to 
150 mL/day for 1- to 6-year-old children and 240 to  
360 mL/day for 7- to 18-year-old children.395

Animal models demonstrate that high-fructose diets 
lead to increased energy intake, decreased resting energy 
expenditure, excess fat deposition, and insulin resistance396; 
these outcomes suggest that fructose consumption is play-
ing a role in the epidemics of insulin resistance and obesity 
and T2DM in humans.397,398

Fructose in the gut is transported into the enterocyte 
via the fructose transporter Glut5, independent of ATP 
hydrolysis and sodium absorption. Once inside in the 
enterocyte, a small portion of the fructose load is con-
verted to lactic acid and released in the portal circula-
tion; another small portion may also be converted to 
glucose. However, the majority of ingested fructose is 
secreted into the portal circulation and delivered to the liver. 
There, fructose is rapidly metabolized to fructose-1-
phosphate (F1P) via fructokinase, an insulin-independent 
process that also bypasses the negative feedback regula-
tion of phosphofructokinase in the glycolytic pathway. 
Thus, fructose metabolism generates lipogenic sub-
strates (e.g., glyceraldehyde-3-phosphate and acetyl-
CoA) in an unregulated fashion, which are delivered 
straight to the mitochondria. This excessive mitochon-
drial substrate then drives hepatic DNL, which can 
then overwhelm apoB and the lipid export machinery, 
leading to intrahepatic lipid deposition and steatosis.289 
Hepatic DNL also limits further fatty acid oxidation in 
the liver via excess production of malonyl-CoA, which 
reduces the entry of fatty acids into the mitochondria by 
inhibiting carnitine palmitoyl transferase-1 (CPT-1). 
F1P also stimulates sterol regulatory binding protein-1c 
(SREBP-1c) via peroxisome proliferator-activated re-
ceptor gamma coactivator (PGC)-1b399 independently 
of insulin, which activates the genes involved in DNL; 
moreover, fructose has been shown to induce activation 
of carbohydrate-response element binding protein 
(ChREBP), which also increases the expression of all 
the enzymes of DNL. Furthermore, F1P activates dual-
specificity mitogen-activated protein kinase 7 (MKK7), 
which subsequently stimulates Janus kinase-1 (JNK-1), 
a hepatic enzyme considered to act as a bridge between 
hepatic metabolism and inflammation.400 In addition, 
the lipogenic intermediate diacyl glycerol (DAG) 
(formed during fructose metabolism in the liver)  
activates protein kinase C epsilon (PKCe), which phos-
phorylates serine residues on insulin receptor substrate-
1(IRS-1), inactivating it, and leading to hepatic insulin 
resistance.289 This impairs insulin-mediated phosphory-
lation of FoxO1, leading to increased expression of  
the genes required for gluconeogenesis and promoting 
increased hepatic glucose output, also contributing to 
hyperglycemia and the development of T2DM. The 
excess TGs secreted from the liver into the circulation 
as fat-laden VLDL particles following the ingestion of 
fructose, coupled with a fructose-induced reduction in 
LPL activity, cause sustained postprandial dyslipidemia, 
thereby augmenting the risk for cardiovascular disease401,402 
(Figure 22-8).662

Fructose also does not suppress secretion of the so-
called hunger hormone ghrelin, levels of which correlate 
with perceived hunger. In sum, fructose consumption has 
metabolic and hormonal consequences that facilitate the 
development of obesity and the metabolic syndrome.398
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synthase is increased, and the majority of the glucose load is stored as glycogen. While insulin activation of sterol response element 
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Glut 5, glucose transporter 5; SREBP-1c, sterol regulatory element binding protein-1c; PGC-1b, peroxisome proliferator-activated 
receptor-g coactivator-1b; MKK7, MAP kinase kinase 7; PKCe, protein kinase C-e; IRS-1, insulin receptor substrate-1; ChREBP, carbo-
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Continued
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Due to its unique stereochemistry, the ring form of 
fructose (a five-membered furan with axial hydroxy-
methyl groups) is under a great deal of ionic strain, 
which favors the linear form of the molecule, exposing 
the reactive 2-keto group, which can readily engage in 
the nonenzymatic fructosylation of exposed amino 
moieties of proteins via the Maillard reaction, in the 
same way that the 1-aldehyde position of glucose is 
reactive.289 Each Maillard reaction generates one ROS, 
which must be quenched by an antioxidant or risk  
cellular damage. In an in vitro study, incubation of 
hepatocytes with fructose yielded no direct damage; 
however, when these hepatocytes were preincubated 
with sublethal doses of hydrogen peroxide to reduce 
their peroxisomal ROS-quenching ability, fructose 
then became as hepatotoxic as other organic alde-
hydes.403 Furthermore, an in vivo study in antioxidant-
deficient mice demonstrated that intrahepatic lipid 
toxicity and hepatocellular death occurred following 
sucrose administration.404 These data thus suggest 
that excessive ROS, in combination with micronutrient 
insufficiencies that impair antioxidant reserves, can 

lead to cellular damage and promote the metabolic 
syndrome.

Branched-Chain Amino Acids

Branched-chain amino acids (BCAAs: valine, leucine, and 
isoleucine) are essential amino acids that account for . 20% 
of the amino acids in the typical “Western diet.”405 
Although normally utilized for protein biosynthesis and cell 
growth, when provided in excess they are diverted away 
from protein synthesis and toward energy utilization.406

In the liver, BCAAs increase the transcription of car-
bohydrate regulatory element-binding protein (ChREBP) 
and SREBP-1c,407 facilitating DNL. Furthermore, 
BCAAs limit insulin-induced PI3-K signaling and stimu-
late the activation of the mammalian target of rapamycin 
(mTOR), promoting the serine phosphorylation of IRS-1 
and impairment of insulin signaling. In addition, just as 
there are obesity-related changes in adipokines and car-
diovascular risk markers, there also appear to be obesity-
associated changes in BCAA metabolism and subsequent 
serum levels. In particular, valine and leucine/isoleucine 

Metabolism of Fructose

↑Glucose
Fructose

Fructose

Inflammation

JNK1

PGC-1�

Xylulose-5-P

PP2A

Hepatic
IRLipid

droplet

X

X

Fructose-1-P

Fructose-6-P

Fructose-1,6-bis-P

Dihydroxyacetone-P

Glyceraldehyde

Pyruvate Pyruvate

Acetyl-CoA

Acetyl-CoA Malonyl-CoA Acyl-CoA

ApoB

MTP

CPT1

FAS

TCA
cycle

ACCACL

MKK7

PKC�

Fructokinase

Glut5

PFK

ATP+

O2

CO2

VLDL

LPL

Citrate

SREBP1c

X

ChREBP

Citrate

ATP

↑GNG

↑FoxO1

↑BP

↓NO

↓Pi AMP deaminase 1

pTyr-IRS-1

pSer-IRS-1

IRS-1

Leptin
Resistance

Insulin

Muscle
IR

Dyslipidemia

TG
Obesity

ADP AMP IMP Uric Acid

FFA

X

B
FIGURE 22-8, cont’d



22  Obesity, Metabolic Syndrome, and Disorders of Energy Balance 981

levels have been reported to be 20% and 14% higher, 
respectively, in obese compared to lean subjects.406 
Mechanistically, this appears to be accounted for by a 
high rate of flux through the BCAA catabolic pathway, 
resulting in the increased production of alanine. Since 
alanine is a highly gluconeogenic amino acid, increased 
BCAA catabolism may thus contribute to increased  
hepatic glucose output.408 Furthermore, the increased 
a-ketoacids generated by increased flux of the BCAAs 
through their catabolic pathways also potentially suppress 
mitochondrial b-oxidation.

Furthermore, chronic BCAA elevation impairs  
the transport of aromatic amino acids into the brain; 
the reduced production of serotonin (derived from 
tryptophan) and catecholamines (derived from phe-
nylalanine and tyrosine) may drive hunger.406 The 
“BCAA overload” hypothesis suggests that in the  
context of a dietary pattern that includes high fat  
consumption, BCAAs may make an independent con-
tribution to the development of insulin resistance, a 
hypothesis supported by metabolomics studies dem-
onstrating high BCAA levels in normoglycemic indi-
viduals who subsequently develop insulin resistance 
and diabetes.409,410

Ethanol

Although adult epidemiologic studies associate light to 
moderate ethanol consumption with improved insulin 
sensitivity and wine consumption with reduced cardio-
vascular risk, other cross-sectional and prospective 
studies implicate a dose-dependent effect of alcohol  
in the metabolic syndrome and suggest that chronic 
consumption of large amounts of ethanol worsen insulin 
sensitivity. Ethanol bypasses glycolysis by being con-
verted by alcohol dehydrogenase-1B to form acetalde-
hyde, which promotes ROS formation and must also be 
quenched by hepatic antioxidants such as glutathione or 
ascorbic acid. Acetaldehyde is then metabolized by the 
enzyme aldehyde dehydrogenase-2 to acetic acid, which 
in turn is metabolized by the enzyme acyl-CoA synthe-
tase short-chain family member 2 to form acetyl-CoA. 
The acetyl-CoA can then enter the mitochondria; or, in 
the presence of other caloric substrates, it is preferen-
tially used for the synthesis of fatty acids through DNL. 
The excess malonyl-CoA produced from ethanol  
metabolism inhibits CPT-1, limiting mitochondrial 
fatty acid b-oxidation. Ethanol also blocks fatty acid 
b-oxidation by inhibiting both peroxisome proliferator-
activated receptor (PPAR)-a, which suppresses micro-
somal triglyceride transfer protein, thereby altering  
the liver’s lipid export machinery.411-413 Buildup of intra-
hepatic lipid metabolites leads to subsequent activation 
of the enzyme c-jun N-terminal kinase-1 (JNK-1) and 
serine-phosphorylation of IRS 1, driving further he-
patic insulin resistance. Thus, ethanol metabolism 
results in intrahepatic lipid accumulation and liver 
injury,414,415 driving hepatic insulin resistance and pro-
moting the metabolic syndrome.416 However, although 
clearly a concern in adults, it is unlikely that ethanol  
contributes significantly to metabolic syndrome in  
children.

Calcium and Dairy

There have been several reports of an inverse relationship 
between dietary calcium and obesity indices.417,418 Dietary 
calcium plays an important role in regulating energy me-
tabolism. Increased calcitriol (1,25-dihydroxyvitamin D) 
in response to low calcium diets stimulates Ca21 influx 
in human adipocytes and may lead to the stimulation of 
lipogenic gene expression and lipogenesis, as well as the 
inhibition of lipolysis.418 This may result in an expansion 
of adipocyte triglyceride stores, which can promote adi-
posity. Increased dietary calcium reduces calcitriol levels 
and leads to a reduction of fat mass without caloric re-
striction in mice,419 and this antiobesity effect of dietary 
calcium is supported by human clinical and epidemiologic 
studies.420 Vitamin D deficiency correlates with increasing 
BMI, especially in African Americans421; however, it is not 
known if this is due to the substitution of soft drinks for 
dairy, lactose intolerance, or other factors. One adult 
study422 revealed a consistent effect of higher calcium 
intake on lower body weight and body fat; however, pedi-
atric studies are lacking.

Trace Minerals

Chromium and vanadium appear to be involved in the in-
sulin signaling process. In diabetic animals, chromium or 
vanadium supplementation results in improvement in insu-
lin sensitivity and glycemic control,423,424 and there is a 
suggestion of decreased weight. It is not yet known whether 
the pathogenesis of insulin resistance in humans involves a 
deficiency of a trace mineral; however, inadequate dietary 
intakes of vitamins and minerals are widespread, most 
likely due to the excessive consumption of energy-rich, 
micronutrient-poor, refined food. Inadequate intake of 
micronutrients may result in chronic metabolic disruption, 
mitochondrial decay, DNA damage, oxidant leakage, and 
cellular aging associated with late onset diseases such as 
obesity and cancer.425

Infectious Causes

The pattern of increase in prevalence during the cur-
rent obesity epidemic is reminiscent of an infectious 
transmission. Studies in animals implicate adenovirus-36 
in the conversion from lean to obese.426 Studies in 
adults thus far demonstrate a correlation between BMI 
and antibodies to this virus.427 Adenovirus-36 appears to 
differentiate fat cells. Ad-36 antibody levels correlate 
with BMI in certain populations, particularly in children. 
In one study, 15% of obese children were Ad-36 positive, 
in contrast to 7% of normal-weight children. But within 
the obese population, those who were Ad-36 positive 
weighed, on average, ,16 kg more than those who were 
not. Presently, all human data on Ad-36 and obesity are 
based on correlations. Bacteria also are implicated in 
obesity. The predominance of certain human intestinal 
flora species (Firmicutes versus bacteroides) may pre-
dispose both animals and humans to obesity,428 possibly 
by increasing efficiency of energy absorption429; how-
ever, factors that determine their predominance are 
unknown.
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Medications

Numerous medications promote excessive weight  
gain in children. The most commonly prescribed are 
pharmacologic doses of glucocorticoids (e.g., predni-
sone, methylprednisolone, dexamethasone), used for 
their anti-inflammatory and antineoplastic activities. 
Patients so treated frequently become obese430,431 and 
develop many of the features of Cushing syndrome 
(e.g., visceral adiposity, hyperlipidemia, hypertension, 
glucose intolerance), which typify the metabolic syn-
drome.350 Sex hormone administration also promotes 
excessive weight gain, presumably by inducing insulin 
resistance.432 In patients with type 1 diabetes, strict 
glycemic control is usually accompanied by slight 
overinsulinization of the patient, leading to a greater 
occurrence of mild hypoglycemic episodes requiring 
nonhunger-driven calorie consumption and potentially 
to excessive weight gain.433 Lastly, more and more 
children are being placed on the atypical antipsychot-
ics risperidone, olanzapine, quetiapine, clozapine,  
aripiprazole, and ziprasidone to affect mood and  

behavior.434 These medications induce insulin resis-
tance, which foments persistent hyperphagia and 
weight gain and increases the risk for the metabolic 
syndrome specifically during the first months follow-
ing their initiation.435

DISORDERS OF OBESITY

The concept that obesity is a phenotype of numerous 
pathologies is evident from the examination of specific 
endocrine disorders leading to obesity in early child-
hood (Box 22-1). Some involve neural mechanisms, 
others involve classic hormonal mechanisms, whereas 
others involve dysregulation of increased energy  
intake, decreased energy expenditure, or increased  
energy storage at the adipocyte. It is important to  
remember that even in referral centers for obese  
children, children with an “organic” cause of their obesity 
represent less than 2% of the population; the majority 
represents the classic genetic-environmental complex 
interaction.

BOX 22-1 Classification of Childhood Obesity Disorders

MONOgENETIC DISOrDErS Of ThE ENErgy BalaNCE 
PaThway

• Leptin deficiency
• Leptin receptor deficiency
• POMC mutation (“red” hair, adrenal insufficiency)
• Prohormone convertase-1 deficiency
• MC3R mutation
• MC4R mutation
• SIM-1 mutation
• Brain-derived neurotrophic factor (BDNF) deficiency

SyNDrOMIC DISOrDErS (MENTal rETarDaTION 
PrOMINENT)
• Prader-Willi syndrome

• Short stature
• Hypogonadism
• Hypotonia
• Ghrelin overproduction

• Bardet-Biedl syndrome
• Retinitis pigmentosa
• Polydactyly
• Hypogonadism

• TrkB mutation
• Hypotonia
• Impaired short-term memory
• Decreased nociception

• Borjeson-Forssman-Lehmann syndrome
• Microcephaly
• Large ears
• Hypogonadism

• Carpenter syndrome
• Variable craniosynostosis
• Brachydactyly, polydactyly, syndactyly
• Congenital heart disease
• Hypogonadism

• Cohen syndrome
• Persistent hypotonia
• Microcephaly
• Maxillary hypoplasia
• Prominent incisors

• Alstrom syndrome
• Hypogonadism
• Short stature
• Neurosensory deficits

“ClaSSIC” ENDOCrINE DISOrDErS (ShOrT STaTurE/
grOwTh faIlurE PrOMINENT)
• Hypothyroidism

• Primary
• Central

• Cushing syndrome (adrenal hypercorticism)
• Adrenal adenoma/carcinoma
• Adrenal micronodular hyperplasia
• Pituitary ACTH-secreting tumor
• Ectopic ACTH-secreting tumor
• Exogenous glucocorticoid administration

• Growth hormone deficiency
• Pseudohypoparathyroidism 1a

• Maternal transmission (AHO 1 multihormone resistance)
• Paternal transmission (pseudopseudohypoparathyroidism, 

AHO only)

INSulIN DyNaMIC DISOrDErS

• Hypothalamic obesity (insulin hypersecretion)
• Insulin resistance
• Leptin resistance

OThEr DISOrDErS

• Rapid-onset obesity with hypoventilation, hypothalamic, 
autonomic dysregulation, often with neural crest tumor 
syndrome (ROHHAD)
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“Classic” Endocrine Disorders 
with an Obesity Phenotype
In children, linear or statural growth accounts for up to 20% 
of ingested calories. Endocrine states that allow for normal 
energy intake for age, but inhibit linear growth, will of ne-
cessity lead to excessive energy storage. This is the case  
for the four “classic” endocrine disorders associated with 
obesity. These can be distinguished from other causes of 
pediatric obesity on the basis of their suboptimal growth 
rate, as opposed to overnutrition, which tends to increase the 
rate of both growth and skeletal maturation, probably due to 
excess insulin cross-reacting with the IGF-1 receptor.309

Hypothyroidism results in a lower REE due to insufficient 
circulating T3, along with decreased voluntary energy ex-
penditure (VEE) due to fatigue. The decrease in total  
energy expenditure, despite a relatively low caloric intake, 
promotes persistent energy storage and increases adiposity. 
Thyroid hormone replacement is sufficient to increase 
growth, REE, and VEE to resolve the obesity over time.

Cushing syndrome arrests growth and results in cortisol-
induced hyperphagia,135 along with a decrease in REE 
and VEE due to muscle wasting. A reduction of circulat-
ing glucocorticoid through medical or surgical means 
usually reverses the obesity to some degree. Exogenous 
glucocorticoid therapy can result in the same obesity 
phenotype. Hypercortisolism may be more related to 
obesity than previously realized, due to the transgenic 
model of 11bHSD1 overexpression in visceral adipose 
tissue, which converts inactive circulating cortisone to 
cortisol.310 However, its role in human obesity is not 
clear, as correlations between 11bHSD1 polymorphisms 
and BMI or waist:hip ratio were weak at best,436 and 
enzyme activity was not elevated in one human study.437

GH deficiency prevents lipolysis and promotes visceral 
adiposity, although obesity is usually not severe. The 
disorder should be diagnosed long before the obesity 
phenotype develops. GH deficiency is also associated 
with fatigue and decreased VEE. GH deficiency is often 
accompanied by other pituitary hormone deficiencies 
(e.g., central hypothyroidism), which can also decrease 
REE. GH therapy is able to reverse these defects, in-
crease muscle mass, and promote weight loss.

Pseudohypoparathyroidism type 1a (PHP1a) is an autosomal 
dominant mutation of GNAS1, which codes for the Gsa 
subunit, necessary for peptide hormone signal transduction. 
Maternal transmission leads to PHP1a (multihormone re-
sistance) along with Albright hereditary osteodystrophy 
(AHO), of which a cardinal feature is obesity, probably  
due to the inability to stimulate cAMP in response to  
b-adrenergic stimulation within adipocytes, due to defective 
G-protein signal transduction.438 Paternal transmission 
leads to AHO without multihormone resistance, also known 
as pseudopseudohypoparathyroidism. This form of obesity 
is not responsive to current medications.

Monogenetic Disorders of the Negative 
Feedback Pathway
The elucidation of the regulation of the energy balance 
pathway is exemplified by the discovery of specific defects 

within that pathway leading to early-onset obesity. Nu-
merous obesity syndromes within the pathway have been 
described and are reviewed in detail elsewhere.439,440

Leptin Deficiency

Mutations of the leptin gene in humans recapitulate  
the phenotype of the ob/ob leptin-deficient mouse.441 Only 
a few such patients have been described, primarily of  
Pakistani and Turkish descent, and for the most part they 
were born to consanguineous parents. These patients 
manifest hyperphagia from birth, with obesity documented 
as early as 6 months of age. The lack of leptin induces the 
starvation response in the form of reduced thyroid hor-
mone concentrations, lack of sympathetic tone, lack of 
pubertal progression, and defective immunity.442 Despite 
the modest hypothyroidism, the concomitant hyperinsu-
linemia allows excess insulin to cross-react with the IGF-1 
receptor in order to maintain growth rate and bone age 
until the usual time of puberty. However, because of the 
important role of leptin in initiating and maintaining pu-
berty, untreated patients with leptin deficiency are short, 
due to the lack of a pubertal growth spurt. The diagnosis is 
made by demonstrating extremely low or unmeasurable 
serum concentrations of leptin. However, treatment with 
recombinant leptin effectively restores leptin signaling, 
thereby reducing hyperphagia, resolving obesity, inducing 
puberty, and regulating immunity.442 Heterozygotes for 
leptin deficiency assume an intermediate phenotype.443

Leptin Receptor (LEPR) Deficiency

Three family members in France of Algerian ancestry 
were originally found to have a mutation truncating the 
leptin receptor prior to its insertion in the membrane.444 
This family had symptoms and signs similar to those with 
leptin deficiency; they also had growth retardation, low 
thyroid, and low IGF-1 and IGFBP-3 concentrations. The 
reason for this dichotomy is not known. When testing a 
large cohort of subjects with severe, early-onset obesity, 
the prevalence of pathogenic LEPR mutations was 3%. 
Affected subjects were characterized by hyperphagia, se-
vere obesity, alterations in immune function, and delayed 
puberty due to hypogonadotropic hypogonadism. Serum 
leptin levels were within the range predicted by the ele-
vated fat mass in these subjects (thus, serum leptin cannot 
be used as a marker for leptin-receptor deficiency). Their 
clinical features were less severe than those of subjects with 
congenital leptin deficiency.445

POMC Splicing Mutation

The inability to synthesize POMC due to missense or 
truncation mutations results in the inability to splice out 
a-MSH in the brain, leading to defective anorexigenesis at 
the MC4R and early-onset obesity; in the periphery, this 
defect leads to “red” hair resulting from a lack of a-MSH 
action at the skin MC1R; and in the pituitary the defect 
results in an inability to splice out ACTH, leading to sec-
ondary adrenal insufficiency.446 A Turkish patient with this 
mutation was reported to have dark hair, indicating that 
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pigmentation of the hair is not entirely explained by the 
mutation’s effect on MC1R.447 The diagnosis is easily es-
tablished due to the unusual phenotype, ACTH levels, and 
hypocortisolemia. There is currently no treatment for the 
obesity.

Prohormone Convertase-1 (PC-1) Deficiency

Defects in this enzyme lead to the inability to process 
various preprohormones to their active ligands, such as 
POMC to ACTH and a-MSH, proinsulin to insulin, and 
various gut propeptides to active hormones.448 Affected 
patients manifest severe early-onset obesity, ACTH defi-
ciency, hypogonadism, hyperproinsulinemia, and small 
intestinal dysfunction due to inability to cleave intestinal 
propeptides to their mature form. The diagnosis can be 
made by finding extremely high levels of proinsulin, and 
molecular diagnostics may be required to confirm the 
gene defect. Treatment currently does not exist for the 
obesity.

Melanocortin-3 Receptor (MC3R) Mutation

Two family members in Singapore with mutations of the 
MC3R manifested with early-onset obesity.449 This re-
ceptor appears to have a slightly different function from 
the MC4R, as it seems to be involved in regulating energy 
expenditure as opposed to energy intake.84 Diagnosis can 
only be made by gene sequencing. No treatment cur-
rently exists.

Melanocortin-4 Receptor (MC4R) Mutation

Mutations in the MC4R appear to account for up to 5% 
of morbid obesity cases, especially those beginning in 
childhood.450,451 This mutation is transmitted as a co-
dominant inheritance. Mutation carriers have severe 
obesity, increased lean mass, increased linear growth, 
hyperphagia, and severe hyperinsulinemia; homozygotes 
are more severely affected than heterozygotes. Subjects 
with mutations retaining residual signaling capacity have 
a less severe phenotype. Thus, mutations in MC4R result 
in a distinct obesity syndrome that is inherited in a co-
dominant manner.451 As the melanocortin system has 
been shown to directly control lipid metabolism as well 
as systemic blood pressure, mutation carriers usually 
manifest the typical elements of the insulin-resistance 
syndrome.452 The diagnosis is made by gene sequencing. 
There is currently no treatment for this disorder.

SIM-1 Mutation

SIM-1 stands for single minded, a Drosophila gene in-
volved in neurogenesis, particularly the PVN, which 
expresses the MC4R. SIM-1 appears to act as a signal 
transduction mechanism integrating information down-
stream from MC4R activation.453 Heterozygous null 
mice for SIM-1 are obese. The human homolog is on 
chromosome 6q. A girl with hyperphagia, obesity, and 
developmental delay with a balanced translocation be-
tween 1p22.1 and 6q16.2 was found to have a mutation 
of SIM-1.454 Only a few polymorphisms of SIM-1 in 

obesity have been reported, and their significance is not 
yet established.455

Chromosome 16p11.2

Large deletions of chromosome 16p11.2 have been 
shown to account for 0.7% of a large cohort of morbidly 
obese patients.456

Brain-Derived Neurotrophic Factor Deletion

The brain-derived neurotrophic factor (BDNF) inhibits 
food intake, and rodent models of BDNF disruption all 
exhibit increased food intake and obesity, as well as hy-
peractivity. Serum concentration of BDNF protein was 
significantly reduced by 50% in obese patients with the 
WAGR syndrome compared to those who were not 
obese and compared with age- and BMI-matched sub-
jects. The WAGR syndrome (Wilms tumor, aniridia, 
genital abnormality, mental retardation) is caused by het-
erozygous gene deletions on chromosome 11p13, which 
result in the haploinsufficiency of WT1 and PAX6 genes 
that are in close relation to the BDNF gene at 11p14.1. 
Haploinsufficiency for BDNF was associated with in-
creased ad libitum food intake, severe early-onset obesity, 
hyperactivity, and cognitive impairment.457

Pleiotropic Obesity/Mental Retardation 
Disorders
Approximately 30 obesity syndromes have been described, 
and most if not all are associated with mental retardation.458 
Each has some other distinguishing phenotype, which 
makes the diagnosis obvious on clinical grounds. Various 
genetic linkages have been noted, but the etiologies for the 
obesity in these disorders remain obscure.

Prader-Willi Syndrome (PWS)

PWS is a defect in the paternal allele of chromosome 
15q11-13,459 either from deletion, mutation, defective 
imprinting, or uniparental disomy of the paternal chro-
mosome 15. Subjects affected with PWS present with 
hypotonia and failure to thrive in the neonatal period, 
and they develop the classic findings of hypogonadism, 
short stature, mental retardation, and severe obesity as 
they get older. PWS patients are classically described as 
voracious eaters, although they can be easily dissuaded 
from food if they are removed from behavioral signals for 
food intake. REE is approximately 60% of normal in 
PWS, promoting adiposity.460 In addition, ghrelin levels 
are massively elevated in PWS,461 which may be one eti-
ology for their persistent hyperphagia. Others have sug-
gested that the obesity in PWS is a function of growth 
hormone (GH) deficiency, with defective lipolysis.462

Bardet-Biedl Syndrome

This syndrome is characterized by obesity, mild mental re-
tardation, dysmorphic extremities (including polydactyly), 
retinitis pigmentosa, hypogonadism, and renal malforma-
tions. The inheritance of Bardet-Biedl is complex, but it is 
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usually described as autosomal recessive. Eight different 
genetic loci have been implicated,463 although their func-
tions continue to remain elusive. The cause of the obesity 
remains unknown, but it is postulated to be due to the failed 
development of ciliated hypothalamic neurons.464,465 Cilia 
are conserved sensory organelles that protrude from the 
apical membrane of cells and play vital developmental and 
physiologic roles in all vertebrates. Moreover, mouse ge-
netic models and in vitro experiments suggest a positive role 
for cilia in leptin signaling in the hypothalamus and a nega-
tive role for cilia in the formation of adipocytes in peripheral 
tissues—offering two potential explanations on how ciliary 
lesions lead to obesity. Diagnosis usually rests on clinical 
grounds. Although no specific treatment is available, anec-
dotal instances of the efficacy of metformin exist.

TrkB Mutation

The NTRK2 gene codes for the ligand-specific subunit 
for the receptor TrkB, which has brain-derived growth 
factor (BDNF) as its ligand. TrkB is important for neural 
development. An 8-year-old boy with early hypotonia, 
developmental delay, impaired short-term memory, de-
creased responsiveness to nociception, and severe hyper-
phagia starting at 6 months culminating in morbid obesity 
was reported.466 Examination of the NTRK2 gene dem-
onstrated an A to G transition in codon 722, substituting 
cysteine for tyrosine, which inhibited the phosphorylation 
of TrkB. A second patient with obesity, impaired cognitive 
function, and hyperactivity was found to have an isocen-
tric inversion at the BDNF locus.467 The etiology of the 
hyperphagia and obesity remain unclear.

Carpenter Syndrome

This syndrome consists of obesity plus variable craniosyn-
ostosis, brachydactyly, polydactyly, syndactyly, congenital 
heart disease, and hypogonadism. Its etiology remains 
obscure.

Cohen Syndrome

This disorder presents with persistent hypotonia, micro-
cephaly, maxillary hypoplasia, and prominent incisors. 
The gene for Cohen syndrome has been mapped to chro-
mosome 8q,468 and it codes for a transmembrane protein 
of unknown function.

Alstrom Syndrome

This syndrome presents with neurosensory deficits, such as 
deafness, with various other endocrinopathies, which cause 
early-onset type 2 diabetes. The ALMS1 gene has been 
identified469; it appears to be important in cilia function465 
and may account for abnormal neuronal migration or 
leptin signaling.

Börjeson-Forssman-Lehmann Syndrome

This syndrome is characterized by microcephaly, seizures, 
large ears, and hypogonadism. The defective gene is a 
zinc-finger protein of unknown function.470

Rapid Onset Obesity, Hypoventilation, 
Hypothalamic, Autonomic and Thermal 
Dysregulation, with and without Neural 
Tumor (ROHHAD)

A recently identified syndrome includes hyperphagia and 
rapidly evolving obesity, combined with various forms of 
hypothalamic dysfunction (including GH deficiency, hy-
pogonadotropic hypogonadism, central hypothyroidism, 
and ACTH abnormalities), central hypoventilation or 
altered respiratory control, thermal dysregulation,  
and risk for the development of tumors of neural crest 
origin.471 The cause and treatment of this syndrome re-
main unknown.

Insulin Dynamic Disorders
Hypothalamic Obesity and Insulin 
Hypersecretion

It is well known that bilateral electrolytic lesions or deaf-
ferentation of the VMH in rats leads to intractable 
weight gain,109,110,472-474 even upon food restriction.475 
Originally, the obesity was considered to be due to dam-
age to a “satiety” center, which promoted hyperphagia 
and increased energy storage.476 However, we now un-
derstand that a dysfunction of leptin signal transduction 
in the VMH due to hypothalamic damage— secondary 
to CNS tumor, surgery, radiation, or trauma—can alter 
both the afferent and efferent pathway of energy balance 
and lead to severe and intractable weight gain.477,478 In 
this syndrome of “hypothalamic obesity,” hypothalamic 
insult prevents the integration of peripheral afferent 
signals; the VMH cannot transduce these signals into a 
sense of energy sufficiency and a subjective state of sati-
ety.54,473 Patients with hypothalamic obesity exhibit 
weight gain, even in response to forced caloric restric-
tion.477 This seems paradoxical, as one would expect that 
if hyperphagia were the reason for the obesity, then ca-
loric restriction would be effective. The reason for this 
paradox is similar to that for the db/db mouse, which is 
that these subjects exhibit “organic leptin resistance”—
that is, the inability to respond to their own leptin due 
to the VMH damage.

Numerous assessments of weight gain following cancer 
therapy in children have been performed. Most of these 
evaluations have been retrospective and performed in the 
acute lymphoblastic leukemia (ALL) survivor population.479 
An extremely high frequency of hypothalamic obesity of 
30% to 77% has been documented after craniopharyngioma 
treatment.480 In each of these cancer types, hypothalamic 
damage is the primary risk factor for development of  
this syndrome.481 However, the syndrome has also been 
reported in cases of pseudotumor cerebri, trauma, and infil-
trative or inflammatory diseases of the hypothalamus.477 
Aside from the symptoms of tumor-induced increased intra-
cranial pressure, patients with hypothalamic obesity classi-
cally exhibit signs of limbic system involvement, such as 
hypogonadism, somnolence, rage, and hyperphagia482; 
however, such classic presentations are actually rare.474

Hypothalamic obesity is the result of “organic” leptin 
resistance due to death of VMH neurons, leading to 



SECTION III  Endocrine Disorders in Children and Adolescents986

defective autonomic neurotransmission.99 This is akin to 
the starvation response, in that it manifests (1) defective 
activation of the SNS, which retards lipolysis and energy 
expenditure483,484 (indeed, such patients demonstrate 
significantly reduced resting energy expenditure)485 and 
(2) overactivation of the vagus,486 which promotes an 
obligate insulin hypersecretion and energy storage.487 In 
both animals and humans, vagal hyperreactivity can be 
prevented by pancreatic vagotomy.110,488-490 Therapy for 
this disorder remains extremely problematic, as the 
brain seems to be “locked” in an orexigenic balance fa-
voring energy consumption and storage. As the crucial 
period of weight gain is within the first year following 
the brain insult, it is crucial to focus on preventive mea-
sures during this narrow window of opportunity.

Primary Insulin Resistance

Insulin resistance is a primary entity in some pediatric 
populations. It is associated with the development of the 
metabolic syndrome, especially in certain racial and ethnic 
groups.491 For example, the Pima Indians of Arizona 
exhibit a 50% incidence of obesity and type 2 diabetes.492 
In studies of adult twins, approximately half of the variance 
in insulin sensitivity and secretion can be attributed to ge-
netic factors. Healthy children with a family history of 
T2DM are more insulin resistant, with an impaired balance 
between insulin sensitivity and secretion. Insulin resistance 
correlates with abdominal adiposity and CV morbidity.493,494 
The presence of acanthosis nigricans, a hyperpigmented 
and hypertrophic patch of skin at extensor surfaces such as 
the nape of the neck, is a clinical marker of hyperinsu-
linemia,495 due to cross-reactivity between insulin and the 
epidermal growth factor receptor of the skin.496 Fasting 
hyperinsulinemia, an indicator of inherent insulin resistance 
in children, is an important predictor of adult obesity.497,498 
This is further exacerbated by sex hormones (especially 
estrogen), contributing to the increased incidence of insu-
lin resistance and obesity in teenage girls. The cause is 
unknown, but primary insulin resistance may be a manifes-
tation of all three inciting factors: genetic, epigenetic, and 
environmental (discussed previously). There may be spe-
cific genetic predispositions,317 which have been enriched 
by natural selection. In addition, the high incidence of  
gestational DM in Pima mothers promotes obesity and 
T2DM in the offspring.335 Lastly, the consumption of low-
quality processed food152 made available by government 
subsidies promote continued obesity. It should be noted 
that in primary insulin resistance, dietary and exercise in-
terventions have been notoriously ineffective at reducing 
the obesity.499,500 The locus of the resistance to insulin 
is not defined; reduced numbers and function of insulin 
receptors may in part be secondary to the hyperinsulinemia 
itself, rather than due to a primary defect.

EVALUATION AND TREATMENT 
OF THE OBESE CHILD
Diagnostic Approach
The key to successful obesity therapy is accurate diagnosis. 
Our diagnostic armamentarium is not yet fully developed, 

so matching treatment to diagnosis is still uncertain.  
Specific points in the evaluation and their rationale are 
listed in Table 22-1. In eliciting the history, birth weight, 
parent’s BMIs, gestational diabetes, prematurity, history of 
breastfeeding, and neonatal complications (especially CNS 
injury) are all relevant. The younger the patient’s obesity 
is noted (i.e., early adiposity rebound), the more likely an 
organic reason will be identified. Neurodevelopmental 
abnormalities and signs of dysmorphism may signify the 
need for a genetic referral. The medication list must be 
reviewed, especially for atypical antipsychotics. Orthope-
dic pain, headache, and snoring must be assessed. Dietary 
history must include skipping breakfast, daily ingestion of 
sodas and juices, and frequency and type of snacking. The 
degree of perceived stress by the patient is also likely a 
major contributor to visceral adiposity. A corollary is the 
number of caretakers the child has, as a higher number 
increases stress, family chaos, and lack of child supervision.

On physical examination, linear growth is key, as a 
classic endocrine evaluation (e.g., hypothyroidism, Cush-
ing’s, GH deficiency, pseudohypoparathyroidism [PHP]) 
is not necessary if linear growth is not attenuated. How-
ever, hyperinsulinemia and insulin resistance may cause 
accelerated growth, due to cross-reactivity of insulin with 
the IGF-1 receptor.309 Important physical features to 
assess include acanthosis nigricans and waist circumfer-
ence (both of which are associated with insulin resistance 
and the metabolic syndrome), funduscopic examination 
to rule out pseudotumor cerebri, liver enlargement to 
suggest hepatic steatosis, hirsutism to suggest PCOS, and 
muscle tone to evaluate hypotonia and myopathy, which 
reduce energy expenditure.

Laboratory evaluation includes tests of obesity-related 
morbidity (e.g., AST, ALT, lipids, fasting glucose and 
HbA1c, knee and hip x-rays [in cases of suspected Blount 
deformity]). Specific diagnostic studies must be tailored 
to the individual patient. For instance, growth attenua-
tion requires endocrine evaluation, including thyroid 
function tests, IGF-1 and IGFBP-3, 24-hour urinary 
cortisol or midnight serum cortisol, and possibly mag-
netic resonance imaging (MRI) of the hypothalamus and 
pituitary. Luteinizing hormone (LH), follicle stimulating 
hormone (FSH), and testosterone levels may be appro-
priate when evaluating for delayed puberty in males or 
PCOS in females. Patients with developmental delay will 
require karyotype and MRI. Severe obesity in a toddler 
may require a leptin level and genetic testing for a MC4R 
mutation. Evaluating patients for insulin resistance re-
mains controversial. A proper identification of risk fac-
tors by family history and a prudent physical examination 
is certainly appropriate. At this point in time, obtaining a 
fasting insulin level remains controversial. In the clinical 
setting, fasting insulin is an unreliable measure of insulin 
sensitivity. Testing of aliquots of a common sample  
assayed in different laboratories has shown disparate re-
sults; however, there is a current effort to standardize 
insulin assays nationwide in the United States. Even if  
a uniformly reliable insulin assay became available, sepa-
rate standards would need to be developed by genders, 
ethnic groups, and pubertal stages. Also, the correlation 
between fasting insulin and euglycemic-hyperinsulinemic 
clamp-derived whole-body insulin sensitivity in children 
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is relatively poor, with an r value of 0.42,501 and other 
surrogate measures of insulin resistance do not exhibit 
superior correlation. This may have to do with the fact 
that fasting insulin levels likely reflect hepatic rather than 
total body insulin resistance.271 Lastly, there is currently 
no recommended pharmacologic treatment for isolated 
insulin resistance. The mere presence of obesity should 
call for intervention to lower weight and consequently 
improve insulin sensitivity. An OGTT may become nec-
essary in an obese child, to evaluate for type 2 diabetes in 
cases where a suggestive history and familial risk factors 
are present.

Lifestyle Modification
Lifestyle modification is and remains the cornerstone of 
obesity therapy, especially in children. This approach is 
common sense and based on a handful of early studies 
demonstrating the efficacy of lifestyle in a select hand-
picked group of children with intensive follow-up.502 
Indeed, the Diabetes Prevention Trial for T2DM demon-
strated the efficacy of lifestyle on weight loss in adults; 
however, the cost per patient of administering such an  
intervention was prohibitive.503 Data supporting the long-
term efficacy of lifestyle modification in the “real world” is 
not particularly persuasive. An analysis of numerous meth-
odologies concluded that although there are limited  

quality data to recommend one treatment program over 
another, combined behavioral lifestyle interventions com-
pared to standard care or self-help can produce a signifi-
cant and clinically meaningful reduction in overweight in 
children and adolescents.504 Importantly follow-up studies 
of numerous large-scale interventions often find a rapidly 
diminishing effect once the study has been completed. 
Finally, a meta-analysis of 39 published intervention stud-
ies designed to prevent childhood obesity showed that 
40% of the 33,852 participating children had a reduction 
in BMI, whereas the remaining 60% exhibited no effect.505 
Of note, it has been shown that a year after initial weight 
reduction, levels of the circulating mediators of appetite 
that encourage weight regain after diet-induced weight 
loss do not revert to the levels recorded before weight loss. 
This emphasizes the problem of maintaining long-term 
weight loss and the difficulties facing those who wish to 
lose weight and maintain it.506 Optimistically, the effec-
tiveness of interventions to prevent, rather than reverse, 
obesity in childhood (particularly for programs targeted  
to children ages 6 to 12 years) seems to be much more  
effective.507

Although weight loss is the conventional goal for inter-
vention among adults, weight maintenance is recom-
mended for the majority of children. The prevention of 
weight gain is easier, less expensive, and more effective than 
treating obesity itself,508 and the prevention of overweight 

History

Genetic etiology
Epigenetic etiology
CNS etiology
Endocrine etiology
Medication etiology
Dietary etiology
Physical activity etiology
Stress etiology
Sleep apnea
PCOS
Type 2 diabetes
Orthopedic morbidity
Depression

Parent BMI, race, mental retardation
Birth weight, gestational difficulties, prematurity
CNS insult, mental retardation or developmental delay
Slowdown in linear growth, red hair
Medication history, esp. atypical antipsychotics
Calorie recall, esp. sugar-containing liquids, breastfeeding Hx
Exercise history, television, computer, and cell phone recall
Socioeconomic status, number of caregivers, television recall, sleep status, atypical  

depression
History of snoring, headache, waking up with headache
Hirsutism, oligomenorrhea, amenorrhea
Polyuria, polydipsia, nocturia, recent weight loss
Knee or hip pain, limitation of motion
Affect, activity level, school performance
Physical

Insulin resistance
Hypertension
Pseudotumor cerebri
Hepatic steatosis
PCOS
Precocious/delayed puberty
Sleep apnea
Myopathy
Syndromic obesity

Acanthosis nigricans, skin tags, waist circumference
SBP or DBP . the 90th percentile for age
Papilledema
Hepatomegaly
Hirsutism
Gonadal and pubic hair status
Tonsillar hypertrophy
Decreased muscle tone, hyporeflexia
Specific neurocutaneous stigmata (see Box 22-1), retardation
Laboratory

Hepatic steatosis
Glucose intolerance
Type 2 diabetes mellitus
Dyslipidemia
Insulin resistance
Insulin hypersecretion
CNS lesion

ALT, hepatic ultrasound
Fasting glucose . 100 or 2-hour glucose . 140
Fasting glucose . 125 or 2-hour glucose . 200; HbA1c . 6.5%
Lipid profile with increased VLDL, TG:HDL . 2.5
Fasting insulin, glucose
3-hour OGTT with insulin levels
MRI, especially with hypothalamic coned-down views

TABLE 22-1 Diagnostic Evaluation of Childhood Obesity and Its Comorbidities



SECTION III  Endocrine Disorders in Children and Adolescents988

among children prior to the presence of risk-related behav-
iors is crucial to stem the obesity epidemic. The primary 
goal of obesity prevention should be to promote physical 
activity and healthy diet with an emphasis on improving 
overall health, rather than weight loss.509 There are at least 
four reasons to promote interventions to improve nutrition 
and physical activity in children.510 First, the child may 
receive immediate benefits such as better fitness, energy,  
or micronutrient intake. Second, intervention at critical 
periods may improve adult health. Third, modifying 
chronic disease risks in childhood may lead to lower rates 
and risk factors in adults. Lastly, modifying children’s be-
haviors may lead to improved behaviors in adulthood that 
would protect against chronic diseases.

Behavioral-cognitive therapy is designed to deal 
with both parent and patient, with behavior restructuring 
and reinforcement. Behavior changes include counsel-
ing sessions, teaching parenting skills, praise and con-
tracts, self-monitoring tools, stimulus control within 
the home, role-modeling of behaviors by parents,  
and vigorous and long-term exercise programs. These 
programs have been successful in small studies with 
handpicked subjects by specific investigators,511,512 but 
they have not yet been successful when attempted in 
clinic populations. One new clinical approach involves 
motivational interviewing,513 a method for helping 
patients work through their ambivalence about behav-
ior change. This method has been shown to be effective 
for substance abuse and in cases of adult diabetes; 
whether it will be successful in treating pediatric  
obesity remains to be seen.514

Dietary Intervention

Dietary intervention is essential in order to reduce not 
just caloric intake but the insulin response that promotes 
excessive energy deposition into adipose tissue. A myriad 
of studies demonstrate an association between the con-
sumption of high-calorie, high-fat, high-carbohydrate, 
low-fiber foods and the development of pediatric obe-
sity.373 Specific maneuvers that have been successful in 
reducing the insulin response and promoting weight loss 
or stability in children include (1) the elimination of 
sugar-containing beverages (including both soda and 
juice)515,516 and (2) a shift to a low-glycemic-load diet.383 
Not only does dietary modification to reduce the insulin 
response promote weight loss,517 but it also promotes 
increased energy expenditure during the weight mainte-
nance phase,518 presumably by improving leptin sensitiv-
ity, which would help prevent weight regain. Other 
commonsense approaches in adults (although pediatric 
efficacy data are lacking) include (3) eating breakfast,  
(4) reducing portion sizes, (5) increasing fruit and vege-
table consumption, (6) reducing between-meal snacking, 
and (7) reducing fast-food consumption.519,520 However, 
dietary intervention alone is not a successful strategy  
for reducing pediatric overweight, unless the treatment 
is very intensive,521 in which case the majority drop out. 
Furthermore, studies of nonsupervised dieting have 
demonstrated the opposite effect—that is, increased  
attempts in female adolescents predict a greater increase 
in weight and risk for obesity.522

Importantly, diets are a crucial part of weight mainte-
nance and not only aimed at weight loss. Specifically,  
following a successful weight loss a weight maintenance 
diet is crucial to prevent weight regain due to the meta-
bolic “starvation response” mentioned earlier in the text. 
Comparison of dietary approaches to weight maintenance 
following weight loss in children has shown that among 
overweight and obese young adults compared with  
pre–weight loss energy expenditure, isocaloric feeding 
following 10% to 15% weight loss resulted in decreases  
in REE and TEE that were greatest with a low-fat diet, 
intermediate with the low-glycemic index diet, and least 
with the very low-carbohydrate diet. This suggests that  
a low-carbohydrate diet may attenuate the “starvation 
response” induced by weight loss and help sustain the new 
weight achieved.518

Physical Activity Intervention

In adults, exercise is not an effective means of inducing 
weight loss unless combined with a reduction of caloric 
intake. The role of exercise may have a greater impact on 
weight maintenance rather than weight loss.523 Similarly, 
there is question as to whether physical activity regimens 
for children can stabilize or reduce BMI.524,525 Short-term 
studies show that vigorous exercise can result in short-
term reductions in adiposity526 and improved insulin 
sensitivity.527 This amounts to a minimum of 30 minutes 
of vigorous exercise, 5 days per week, as proposed activity 
guidelines from the Institute of Medicine.528 However, 
the effectiveness of these interventions eventually  
plateaus, and even short-term cessation rapidly reverses 
any accrued benefit.529 To succeed, physical activity inter-
ventions must be long-term, sustained, and incorporated 
into behavioral modifications aimed at the individual, at 
the family, at the school, and within the community in 
general.526,529 In other words, in order to make physical 
activity work, it must become a priority.

Lifestyle programs including supervised exercise  
can improve fasting insulin levels as quickly as 2 weeks 
before measurable weight loss occurs. Furthermore, 
lifestyle intervention has improved body composition 
without a change in body weight. Available studies  
suggest that fitness may play a more important role  
than body mass index reduction on an improvement  
in insulin sensitivity in obese adolescents. Appropriate 
interventions include (1) making school-based physical 
education mandatory for every child and school, (2) in-
creasing access to after-school recreation, (3) increasing 
culturally appropriate activities, (4) reducing the com-
petitive nature of sports so that more children will  
participate, (5) increasing the incorporation of physical 
activity into daily life (e.g., stairs, walking to school as 
appropriate), and (6) increasing the participation of 
parents in physical recreation, for their own weight 
management and as role models for their children. 
Lastly, the effects of reducing sedentary behavior by 
restricting television viewing has been efficacious in 
both small and large studies, and in diverse ethnic 
groups,358 although fitness is not improved. Restriction 
of television also has the secondary effect of reducing 
caloric intake while watching television.
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Results using either dietary or exercise intervention 
alone are not encouraging. Those studies that use behav-
ioral, dietary, and exercise components together appear 
to be more successful,373,530 although long-term efficacy 
is lacking.

School Intervention

Numerous school-based interventions have focused on re-
ducing obesity rates, most of which have not been success-
ful, in part because school cafeteria fare in most districts 
remains problematic. However, interventions that in-
creased time spent in vigorous physical activity (20 minutes 
in elementary schools and 30 minutes in middle schools) 
were more successful.531 One approach is to improve the 
self-esteem and self-efficacy of students, as opposed to sim-
ply educating them about eating disorders, as this increases 
physical activity.532 Schools can model health-promoting 
environments and provide appropriate health education. 
Doing so may increase self-efficacy, reduce coping stress, 
and empower children to make healthy lifestyle choices.

Family Intervention

Invariably, the patient is not the only obese member of the 
family. There is frequently family chaos, which promotes 
obesity in other family members. Various caretakers 
(grandmothers, babysitters, etc.) will feed children and  
allow unrestricted television as a method of confining their 
activities indoors, particularly in dangerous neighbor-
hoods. Some parents will not alter their shopping for 
“junk” food because they believe siblings should not be 
deprived; usually it is those same parents who will not be 
deprived. Divorced parents often use food as reward in 
order to buy the child’s love and loyalty. Thus, the family 
itself must be the target of lifestyle intervention. Parental 
involvement is critical, and the concept of “food is not 
love” must be emphasized. Families need training to 
modify behavior and thereby make healthy dietary choices, 
increase activity, and reduce perceived stress. A meta-
analysis of randomized trials of combined lifestyle inter-
ventions for treating pediatric obesity yielded a significant 
although underwhelming decrease in BMI of 1.5 kg/m2 
with targeted family intervention, and a nonsignificant 
decrease in BMI of 0.4 kg/m2 in those that targeted the 
patient alone.533

Pharmacotherapy
Indications for Pharmacotherapy

Pharmacologic therapies in children must be considered 
adjuncts to standard lifestyle modification. The main 
problem is that presently only one drug has been  
approved for use in obese children, though a new medi-
cation (lorcaserin) and a combination of approved medi-
cations (phentermine-topiramate) are now approved for 
adults, and studies are starting in children. In addition, 
several limitations preclude physicians from the early 
implementation of drug therapies for the treatment of 
childhood obesity—for example, (1) the youngest age for 
which the U.S. Food and Drug Administration (FDA) 

has approved any obesity pharmacotherapy is 10 years; 
(2) the long-term use of pharmacologic intervention has 
not always proven to be more efficacious than behavior 
modification; (3) there exists a limited number of well-
controlled studies of safe and effective pharmacologic 
intervention in obese children; (4) the relative risk for  
the development of adverse events in children must be 
weighed against the long-term potential for improve-
ment of morbidity and mortality, which is difficult to  
estimate in children; and (5) targeting the pathology is 
still in its infancy. Also, we must not forget that many 
drugs used to treat adult obesity led to unforeseen com-
plications, which resulted either in their restriction  
(thyroid hormone, amphetamine) or recall (e.g., sibutra-
mine, rimonabant, dinitrophenol, fenfluramine, dexfen-
fluramine, phenylpropanolamine, ephedra).534-539 Despite 
these concerns, the negative health impact of childhood 
obesity may justify long-term medication to control its 
progression.

In the current pharmacopoeia of childhood obesity 
(Table 22-2), only a nonspecific fat absorption reduc-
tion approach is available for obesity per se. Targeting 
obesity-related insulin resistance adds further agents, 
yet their effect in regard to weight reduction is disap-
pointing.

Reduction of Energy Absorption: Orlistat

Orlistat is a modified bacterial drug that specifically in-
hibits intestinal lipase and can reduce fat and cholesterol 
absorption by approximately 30% in subjects eating a 
30% fat diet.540 Orlistat irreversibly binds to the active 
site of the lipase, preventing the intraluminal deacylation 
of triglycerides and resulting in a 16 gram/day increase  
in fecal fat excretion.541 Orlistat does not inhibit other 
intestinal enzymes. It has minimal absorption and exerts 
no effect on systemic lipases.542,543

Although there have been several open-label trials 
of orlistat in adolescents, only two randomized control 
trials (RCTs) have been published.544,545 The side ef-
fects with orlistat are predictable from its mechanism 
of action on intestinal lipase.534 Orlistat appears to be 
well tolerated in adults, with the principal complaints 
being borborygmi, flatus, and abdominal cramps. The 
most troubling side effects are fecal incontinence, oily 
spotting, and flatus with discharge, which are highly 
aversive in the pediatric population. Orlistat does not 
affect the pharmacokinetic properties of most other 
pharmaceutical agents. Absorption of vitamins A and  
E and b-carotene may be slightly reduced, and this 
may require vitamin therapy in a small number of  
patients. In one study,546 vitamin D supplementation 
was required in 18% of subjects despite the prescrip-
tion of a daily multivitamin containing vitamin D,  
although in the company-sponsored study, effects on 
vitamin levels were minor.545 Orlistat must be taken 
with each meal, which reduces its attractiveness for 
children, who are in school during lunchtime. Orlistat 
is currently approved for the treatment of children as 
young as 12 years. An over-the-counter lower-dose 
preparation has obtained FDA approval and should be 
available soon.
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Drug Dosage Efficacy Side Effects Monitoring and Contraindications

Orlistat
Not FDA approved for  

, 12 years of age

120 mg PO tid Open-label: Wt—5.4 kg, BMI—2 kg/m2 
at 6 months

RCT: Wt—2.6 kg, BMI—0.85, WC— 
2.7 cm over placebo at 12 months

Borborygmi, flatus, abdominal 
cramps, fecal incontinence, 
oily spotting, vitamin malab-
sorption

Monitor 25OHD3 levels. MVI supple-
mentation is strongly recom-
mended. A lower dose prepara-
tion has been approved for 
over-the-counter sale.

Metformin
Not FDA approved for 

treatment of obesity. 
Approved for  
 10 years of age for 
type 2 diabetes mellitus

250-1000 mg PO bid RCT: BMI Z score—0.35 SD versus  
placebo at 6 months

RCT: Wt—2.7% versus placebo at  
6 months

Post-hoc analysis: efficacy dependent 
on degree of insulin resistance; BMI  
Z score—0.23 SD in first 4 
months,—0.12 SD in next year

Nausea, flatulence, bloating,  
diarrhea; usually resolves; 
lactic acidosis not yet  
reported in children

Do not use in renal failure or  
with intravenous contrast.  
MVI supplementation is  
strongly recommended.

Octreotide
Not FDA approved for 

treatment of obesity, 
otherwise  18 years 
of age

5-15 µg/kg/day SQ 4 tid Open-label: Wt—4.8 kg, BMI—2 kg/m2 in 
6 months

RCT:—7.6 kg, BMI—2.5 kg/m2 over 
placebo at 6 months

Post-hoc analysis: BMI Z score—0.70 SD 
in 6 months, dependent on insulin  
secretion and sensitivity

Gallstones, diarrhea, edema, 
abdominal cramps, nausea, 
bloating, reduction in thyrox-
ine concentrations

Monitor fasting glucose, FT4, HbA1c. 
Useful only for hypothalamic 
obesity. Ursodiol coadministra-
tion strongly recommended.

Leptin
Not approved by FDA

Titration of dose to  
serum levels, SQ

Anecdotal: BMI—19 kg/m2 over 4 years Local reactions Useful only in leptin deficiency.

Topiramate
Not FDA approved for 

treatment of obesity

96-256 mg PO qd RCT: Wt—8% over placebo at 6 months Paresthesias, difficulty with 
concentration/attention,  
depression, difficulty with 
memory, language problems, 
nervousness, psychomotor 
slowing

No pediatric data

Growth hormone
Not FDA approved for 

treatment of obesity

1-3 mg/m2 SQ qd Decreases in percentage body fat, with 
increases in absolute lean body mass

Edema, carpal tunnel syn-
drome, death in patients with 
preexisting obstructive sleep 
apnea

Recommended only in Prader-Willi 
syndrome primarily to increase 
height velocity. It also decreases 
fat mass but should only be used 
after screening to rule out obstruc-
tive sleep apnea. Must closely 
monitor pulmonary function,  
glucose, HbA1c.

TABLE 22-2 Medications for the Treatment of Pediatric Obesity

Should be considered only after an unsuccessful 6-month trial of lifestyle intervention. All drugs effective only when combined with appropriate lifestyle intervention.
RCT, randomized controlled trial, MVI, multivitamin.
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Improvement of Insulin Resistance: 
Metformin

Metformin is a bisubstituted, short-chain hydrophilic 
guanidine derivative used to treat children and adults 
with type 2 diabetes mellitus (T2DM).547-550 Metformin 
also decreases fasting hyperinsulinemia, prevents T2DM,551 
and promotes weight loss in some obese individuals552,553 
by improving hepatic and muscle insulin sensitivity. 
Metformin has little effect on energy expenditure.548 
Although some believe that metformin promotes 
weight loss though a primary anorectic effect (as initial 
side effects of nausea and gastrointestinal distress limit 
caloric intake acutely),554 most believe that the decline 
in caloric intake observed with metformin is related to 
its enhancement of glucose clearance, through a reduc-
tion of hepatic glucose output, and reduction in fasting 
hyperinsulinemia.555,556 Metformin improves hepatic 
insulin resistance by inducing hepatic AMP kinase,557 
which reduces hepatic gluconeogenesis; therefore, pan-
creatic insulin secretion and peripheral insulin levels fall. 
Metformin also restores PI3-kinase and MAP kinase 
activity in muscle cells, improving muscle insulin sensi-
tivity.558 Another possible mechanism of metformin ac-
tion is through stimulation of glucagon-like peptide-1 
(GLP-1),14,559 which may inhibit food intake through 
central actions on the VMH.15

Thus far, results of two RCTs in children and adoles-
cents have been reported.560,561 Examination of the open-
label responses to metformin in a multivariate analysis 
demonstrated two predictors for efficacy: race (Caucasian 
. African American) and the degree of insulin resistance 
prior to therapy.153 Metformin has also been used “off-
label” for the treatment of polycystic ovarian syndrome 
and nonalcoholic steatohepatitis, with varying degrees of 
success.562-567 One particular use for metformin may be to 
combat the weight gain associated with atypical antipsy-
chotics.568 However, the cessation of metformin therapy 
leads to a rebound hyperinsulinemia and rapid weight 
gain, which may negate any beneficial effects seen during 
the medication window.

Side effects with metformin include nausea, flatulence, 
bloating, and diarrhea upon the initiation of therapy, 
which appears to be self-limited and resolves within 3 to 
4 weeks of initiation. Approximately 5% of pediatric  
patients discontinue metformin therapy because of  
its severe side effects. The most feared complication of 
metformin in adults is lactic acidosis, which is estimated 
to occur at a rate of 3 per 100,000 patient-exposure years, 
primarily in patients with contraindications to the use of 
metformin; however, no documented cases in children 
have been reported. Metformin increases the urinary 
excretion of vitamins B1 and B6, which are important in 
the tricarboxylic acid cycle and which may hasten the 
lactic acidosis.569 Vitamin B12 deficiency also has been 
reported in as many as 9% of adult subjects using  
metformin. Therefore, prophylactic multivitamin supple-
mentation is recommended with metformin use. Contra-
indications to metformin use include renal insufficiency, 
congestive heart failure or pulmonary insufficiency, acute 
liver disease, and alcohol use sufficient to cause acute 
hepatic toxicity. Metformin also should be withheld when 

patients are hospitalized with any condition that may 
decrease systemic perfusion or when the use of contrast 
agents is anticipated.555 It should be noted that metfor-
min has been FDA-approved for the treatment of T2DM 
in children, but it is unlikely to be approved for child-
hood obesity or insulin resistance.

Suppression of Insulin Hypersecretion: 
Octreotide

It is well known that bilateral electrolytic lesions or deaf-
ferentation of the VMH in rats leads to intractable weight 
gain,109,110,472-474 even upon food restriction.475 In humans, 
hypothalamic damage due to CNS tumor, surgery, radia-
tion or trauma can alter both the afferent and efferent 
pathways of energy balance and lead to severe and intrac-
table weight gain.477,478 In this syndrome of “hypotha-
lamic obesity,” hypothalamic insult confers an “organic 
leptin resistance” as the VMH senses starvation54,473; 
therefore, energy intake is high, and expenditure is low.480 
Children with hypothalamic obesity exhibit weight gain, 
even in response to forced caloric restriction,570 secondary 
to (1) overactivation of the vagus, which promotes an 
obligate insulin hypersecretion and energy storage, and 
(2) defective activation of the SNS, which retards lipolysis 
and energy expenditure.99,479 Insulin hypersecretion with 
normal insulin sensitivity is noted on oral glucose toler-
ance testing in these children.487 This same phenomenon 
of insulin hypersecretion has also been documented in a 
subset of obese adults without CNS damage.571

The voltage-gated calcium channel of the b-cell is 
coupled to a somatostatin (SSTR5) receptor.572,573 Oc-
treotide binds to this receptor, which limits the opening 
of this calcium channel, reduces the influx of calcium into 
the b cells, and in turn reduces calmodulin activation and 
vesicle exocytosis, thereby acutely decreasing the magni-
tude of insulin response to glucose574 (see Figure 22-2), 
which results in weight loss or stabilization. Two RCTs 
and an observational prediction study using octreotide 
for obesity have been performed.502,503 An examination of 
BMI responses to octreotide in pediatric hypothalamic 
obesity in a multivariate analysis demonstrated that insulin 
hypersecretion with a concomitant retention of insulin 
sensitivity prior to therapy augured for success.153A 
larger-scale study of patients following a brain insult 
showed limited efficacy, probably due to the timing of the 
intervention—most weight gain in cases of hypothalamic 
obesity occurs early following the insult. Pharmacother-
apy that begins too late may fail to reverse this condition, 
whereas early an initiation of treatment may prevent  
excessive weight gain.

Octreotide is usually well tolerated. The most com-
mon side effects include diarrhea, abdominal cramps, 
nausea, and bloating, which are self-limited and usually 
resolve in 3 to 4 weeks.575,576 Other adverse events 
include gallstones (which are preventable by coadminis-
tration of ursodiol), edema, development of sterile ab-
scess at the injection sites, B12 deficiency, suppression of 
growth hormone and TSH secretion, and mild hypergly-
cemia, especially in those with severe insulin resistance.577 
At present octreotide offers a promising approach for  
the treatment of insulin hypersecretion as seen in  
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hypothalamic obesity, but it is not FDA approved. The 
use of octreotide in obese children with acute glucose-
stimulated insulin hypersecretion without cranial patho-
logy has not yet been evaluated.

Other Targeted Therapies

Leptin.  Mutations of the leptin gene in humans reca-
pitulate the phenotype of the ob/ob leptin-deficient 
mouse.441 Approximately 11 such patients have been 
described; they manifest hyperphagia from birth, with 
obesity documentable as early as 6 months of age. Leptin 
deficiency induces the starvation response,442 with in-
creased energy intake and decreased REE. The diagnosis 
is made by extremely low or unmeasurable serum leptin 
levels. In children with leptin deficiency, leptin therapy 
results in an extraordinary loss of weight and fat 
mass,578,579 along with reduced hyperphagia, a resolution 
of obesity, induced puberty, and improved immunity.442 
Although leptin administration in adults did not prove 
effective by itself due to leptin resistance,140 leptin may 
serve as an adjunct in combination with other medica-
tions after leptin sensitivity is ameliorated through weight 
loss.149,580

Growth  Hormone  (GH).   GH fosters anabolism and 
lipolysis. GH therapy has been shown to increase REE, 
promote linear growth, increase muscle mass, and  
decrease the percentage of body fat in subjects with 
Prader-Willi syndrome.462,581 It has also been shown to 
decrease the percentage of body fat in children with GH 
deficiency582 due to its effect on lipoprotein lipase.583 
However, it is not clear whether these reductions in the 
percentage of body fat are primary effects on the adipose 
tissue compartment or rather due to the increase in lean 
body mass. Obesity results in a state of functional GH 
insufficiency, which can be ameliorated through weight 
loss.584 GH therapy also improves the lipid profile in 
GH-deficient adults.585 Currently, the role of GH ther-
apy in the treatment of nonsyndromic childhood obesity 
is unclear and not approved.

GLP-1  Analogs.   Several long-acting GLP-1 analogs 
have been introduced, some with an antiobesity indica-
tion. GLP-1 is a gut-derived incretin that also serves a 
satiety signal, as described earlier. As its half-life in the 
circulation is brief (,2 minutes) due to degradation by 
the enzyme DPP-4, stable analogs have been designed 
aiming initially at b-cell enhancement but also showing 
some significant weight loss effects.586 None of these 
agents have thus far been approved for use in children, 
yet studies are under way to test their efficacy in this 
population.

The Future of Pediatric Obesity 
Pharmacotherapy

In response to the relative lack of efficacy of lifestyle inter-
ventions, the ever-expanding knowledge of the physiology 
of energy balance, and particularly as a business decision of 
potential financial reward, many pharmaceutical companies 
have launched obesity research programs. The following 

agents are currently in human study; however, use of any of 
these new agents in children will depend on proof of safety 
and efficacy based on experience in adults. Topiramate is a 
novel anticonvulsant, which blocks voltage-dependent  
sodium channels, enhances the activity of the GABAA 
receptor, and antagonizes a glutamate receptor other than 
the N-methyl-D-aspartate (NMDA) receptor.587 Topira-
mate promotes weight loss in a dose-dependent fashion.588 
An RCT in adults demonstrated a 9.1% weight loss in 
subjects taking topiramate 192 mg/day along with signifi-
cant improvements in blood pressure, waist circumference, 
and fasting glucose and insulin.589 However, almost 33% of 
the subjects dropped out due to adverse events, which in-
cluded paresthesias, somnolence, anorexia, fatigue, nervous-
ness, decreased concentration, difficulty with memory, and 
aggression. There are currently no studies of topiramate use 
to address childhood obesity. Oxyntomodulin is an analog of 
PYY(3-36), which has been shown in a 4-week RCT to reduce 
energy intake and weight in adults.590 There are no studies 
in children. Two new formulations have been approved for 
adults, including combination phentermine-topiramate 
(QSymia) and Lorcaserin, a serotonin 2c-agonist (Belviq). 
There are no studies in children as of yet.

Bariatric Surgery
In comparison to the criteria used for adults, stricter and 
more conservative criteria must be applied to adolescents 
due to the fact that only 85% of obese adolescents will 
become obese adults, the slightly improved rate of life-
style and pharmacotherapeutic efficacy versus adults, a 
longer time interval before comorbidities become life 
threatening, and their inability to give legal consent. For 
all these reasons, an expert panel with representation 
from the American Pediatric Surgical Association and the 
American Academy of Pediatrics has suggested that bar-
iatric surgery for adolescents should be done only in in-
stitutions committed to long-term management of these 
patients591 and is justified in situations when obesity-
related comorbid conditions (like obstructive sleep ap-
nea) threaten the child’s health. The panel provided 
stringent recommendations that bariatric surgery be lim-
ited to adolescents with a BMI . 40 with the presence of 
severe comorbidity or those with a BMI . 50 with a less 
severe comorbidity. Very few long-term studies on obese 
adolescents who have undergone bariatric surgery have 
been published, and none has identified predictors of 
success. It is not clear what should be the procedure of 
choice and what fashion of preparation and follow-up 
will optimize long-term results.

Bariatric procedures in children are still in their infancy. 
Gastric bypass has only been performed in children and 
adolescents since the beginning of the 21st century. This 
procedure appears to be safe and effective when candidates 
are carefully selected and the bariatric surgeon has ad-
vanced laparoscopic skills. Thus far, we have limited data 
on long-term complications, including those that might be 
associated with pregnancy. As physicians, we are confident 
in saying that this procedure will add years to the lives of 
the children who are morbidly obese and receiving treat-
ment. But the degree to which it should be used as a  
solution cannot be determined until we have further data.
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Indications for Bariatric Surgery

Conventional treatment of childhood obesity has proven 
to be time consuming, difficult, frustrating, and expensive. 
Although numerous short-term successes have been noted, 
long-term weight reductions are modest, and recidivism is 
the rule. In adolescents with extreme and morbid obesity 
that may be life-threatening, surgical therapy may be  
indicated in extreme and defined circumstances.592,593 
However, in comparison to the criteria used for adults, 
stricter and more conservative criteria must be applied to 
adolescents for the following reasons:

 1. Not all obese adolescents will become obese 
adults.594

 2. The rate of lifestyle and pharmacotherapeutic  
efficacy has modestly improved.

 3. The time interval before comorbidities become life 
threatening has lengthened.

 4. Adolescents are not able to give legal consent.
Therefore, it is virtually impossible to perform RCT 

surgical studies on children. The efficacy of any given  
approach will continue to be suspect, and different proce-
dures cannot be compared. For all these reasons, an  
expert panel with representation from the American  
Pediatric Surgical Association and the American Academy 
of Pediatrics593 suggested that bariatric surgery in adoles-
cents could be justified in situations when obesity-related 
comorbid conditions threaten the child’s health. The 
panel provided stringent recommendations that bariatric 
surgery be limited to adolescents with a BMI . 40 kg/m2 
with presence of severe comorbidity or those with a BMI 
. 50 kg/m2 with a less severe comorbidity. However, 
these stringent criteria are undergoing careful scrutiny in 
an attempt to liberalize them.595

Special consideration should be taken to avoid bariatric 
surgery at very late stages of obesity, when the presence  
of obesity-related comorbidities and the inaccessibility  
of imaging (most magnetic resonance imaging [MRI] 
scanners have a weight limit of 450 pounds) may affect 
surgical outcome. Indeed, a review of eight retrospective 
studies in adolescents found that bariatric surgery in ado-
lescents can promote durable weight loss in most patients, 
but there appears to be a significant complication and 
mortality rate.596 Therefore, guidance is needed to deter-
mine the ideal circumstances at which the balance of risk 
versus benefit favors health preservation and reversal  
of complications with the lowest risk of morbidity and 
mortality from the procedure.

Bariatric procedures for weight loss can be divided into 
purely restrictive, those that bypass a segment of the fore-
gut, and combination procedures. Purely malabsorptive 
procedures aim to decrease the functional length or effi-
ciency of the intestinal mucosa through anatomic rear-
rangement of the intestine. These procedures include the 
jejunoileal bypass and the biliopancreatic diversion with 
duodenal switch. Due to the high morbidity and mortality 
of these procedures, they cannot be recommended for  
children and will not be discussed further. The restrictive 
procedures reduce stomach volume to decrease the volume 
of food ingested. They include the bariatric intragastric 
balloon (no data are available concerning this treatment on 
children) and the laparoscopic adjustable gastric band 

(LAGB). The Roux-en-Y gastric bypass (RYGB) is a com-
bination procedure.597 The sleeve gastrectomy seems to be 
a restrictive procedure, yet it probably shares some of the 
hormonal effects of the RYGB and is gaining popularity.

Restrictive: Laparoscopic Adjustable Gastric 
Banding (LAGB)

LAGB utilizes a prosthetic band to encircle and compart-
mentalize the proximal stomach into a small pouch and a 
large remnant.597 The theoretical advantage of this tech-
nique is a decreased risk of staple line dehiscence. The 
introduction of a new laparoscopic approach and the use 
of an adjustable band (allowing the stomach size to 
change) make this procedure more attractive. Finally, this 
procedure is reversible (at least theoretically, although 
some surgeons scoff at this notion) or can be modified 
into the RYGB at a later date. Results vary widely in 
adults. A single RCT comparing LAGB to conservative 
obesity management in obese children has shown supe-
rior weight loss that was maintained over 2 years. Among 
obese adolescent participants, the use of gastric banding 
compared with lifestyle intervention resulted in a greater 
percentage achieving a loss of 50% of excess weight, cor-
rected for age. There were associated benefits to health 
and quality of life.598

Combination: Roux-en-Y Gastric Bypass 
(RYGB)

RYGB involves dividing the stomach to create a small  
(15 to 30 mL) stomach pouch into which a segment of 
jejunum approximately 15 to 60 cm inferior to the liga-
ment of Treitz is inserted, while the proximal portion of 
the jejunum that drains the bypassed lower stomach and 
duodenum is reanastomosed 75 to 150 cm inferior to  
the gastrojejunostomy.597 This procedure combines the 
restrictive nature of gastrectomy with the consequences 
of dumping physiology as a negative conditioning re-
sponse when high-calorie liquid meals are ingested. In 
addition, RYGB is associated with a decline in the circu-
lating level of ghrelin, which may be in part responsible 
for the decrease in hunger associated with this proce-
dure.12 The procedure not only leads to extraordinary 
weight loss, but it can reverse type 2 diabetes as well.599

RYGB appears to result in significant early weight re-
duction in adults597,600; however, long-term studies demon-
strate weight regain in many patients.601 Limited data are 
available regarding the efficacy of these surgical procedures 
to induce weight loss in severely obese children and adoles-
cents, and most of these are case series from individual 
surgeons or institutions.602 In a case review, 10 severely 
obese adolescents (BMI 52.5 6 10 kg/m2) who underwent 
RYGB were followed for a mean 69 months (but ranging 
from 8 to 144 months).603 In this series, weight loss 
was significant in 9 of 10 adolescents and was maintained  
as long as 10 years. The average weight loss was 53.6 6 
25.6 kg, which represents approximately 59% excess weight 
lost. Weight loss was also associated with an improvement 
of associated comorbidities including sleep apnea and  
hypertension. Finally, a large retrospective series focused 
on 33 obese adolescents604 age 16 6 1 year with a BMI of 
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52 6 11 (ranging from 38 to 91) and obesity comorbidities. 
Researchers followed these subjects for up to 14 years after 
bariatric surgery, mostly RYGB. Adolescents participating 
in a multicenter study reported by the Pediatric Bariatric 
Study Group experienced excellent weight loss after lapa-
roscopic RYGB with mean BMI change from 58 kg/m2 
to 35.8 kg/m2 at 1 year.605 Gastrojejunostomy stenosis 
(21 patients) requiring endoscopic balloon dilation and  
internal hernia (14 patients) requiring either laparoscopic 
or open reduction were the most common complications. 
This procedure appears to be safe and effective when can-
didates are carefully selected and the bariatric surgeon has 
advanced laparoscopic skills.

RYGB seems to provide complete remission of T2DM 
in obese adolescents. Importantly, when performed in 
superobese adolescents, the nadir BMI achieved is typi-
cally ,37% from baseline. If one performs the procedure 
on a patient with a BMI in the low 40s, the result may be 
a BMI that is within an acceptable healthy range. In con-
trast, performing the procedure in patients with a BMI . 
50 leaves them, even after an optimal result, in the obese 
BMI range without further reductions.606

The most commonly reported complications of RYGB 
include iron-deficiency anemia (50%), transient folate 
deficiency (30%), and events requiring surgical interven-
tion (40%: cholecystectomy in 20%, small bowel  
obstruction in 10%, and incisional hernia in 10%).597 
Because most of the stomach and duodenum is bypassed 
in this procedure, there is an increased risk for deficien-
cies in vitamin B12, iron, calcium, and thiamine. Although 
beriberi has been reported in teenagers after RYGB,607 
compliance with daily supplementation and regular  
monitoring of patients can prevent such nutritional  
deficiencies.

Laparoscopic Sleeve Gastrectomy (LSG)

This procedure is becoming more widely used. It reduces 
gastric capacity by cutting out the greater curvature of 
the stomach (in other words, turning the stomach into a 
tube). The death rate is halfway between that for LAGB 
and the RYGB, and the efficacy is halfway between the 
two as well.608

Who Should Perform Bariatric Surgery 
in Children?

Surgical outcomes in adults vary widely among surgeons 
and institutions.609-611 Furthermore, there is a clear learn-
ing curve, as the morbidity of bariatric surgery varies 
inversely with the number of procedures performed.612 
Also, because RCTs in adolescents are unlikely, the only 
method to validate and refine the use of these procedures 
will come from following patients carefully and long 
term. Lastly, the increased risk of readmission after  
bariatric surgery in adults613 argues for close and careful 
follow-up and monitoring in adolescents. Therefore, it is 
essential that bariatric surgery in adolescents be per-
formed in regional pediatric academic centers with pro-
grams equipped to handle the data acquisition, long-term 
follow-up, and the multidisciplinary nature of these  
difficult patients.593

A multidisciplinary team with medical, surgical, nutri-
tional, and psychological expertise should carefully select 
adolescents who are well informed and motivated to be-
come potential candidates for LAGB or RYGB. Attention 
to the principles of growth, development, and compliance 
is essential to avoid adverse physical, cognitive, and psy-
chosocial outcomes following bariatric surgery.593 It must 
be clear to the subject and the parent that bariatric surgery 
is in fact an adjunct to a sincere commitment to lifestyle, 
rather than a magic bullet. Indeed, evidence of relapse in 
adults after RYGB is now commonplace.

Subjects and families must be well informed as to the 
risks and complications of such surgery. The medical 
team will require endocrine, GI, cardiology, pulmonary, 
and otolaryngologic support. Prophylactic tracheostomy 
is rarely required to maintain airway patency and to allow 
for the resolution of the hypercapnia prior to surgery.614 
Adolescents undergoing bariatric surgery require lifelong 
medical and nutritional surveillance postoperatively.592 
Extensive counseling, education, and support are re-
quired both before and after bariatric surgery; patients 
left to their own recognizance tend to regain weight over 
time. Indeed, studies in adults document an increased 
risk of hospitalization after RYGB, due to difficulties 
from the procedure.613 Monitoring of long-term weight 
maintenance, improvements in CV morbidity, and lon-
gevity are all necessary to determine the cost-effectiveness 
of bariatric surgery in the pediatric population.

ENERGY INADEQUACY
Starvation versus Cachexia
Although both are weight loss syndromes, understanding 
the neuroendocrine mechanisms that distinguish starvation 
from cachexia is integral to both understanding and treat-
ing these disorders properly. In starvation, the negative 
feedback energy balance pathway is intact. The signal of 
leptin inadequacy from the weight loss is transduced by the 
VMH neuron into reduced sympathetic activity (to con-
serve energy) and increased vagal activity (to store energy). 
However, in cachexia, this pathway is short circuited by 
cytokine action on the hypothalamus. The VMH POMC 
neuron expresses receptors for various cytokines, including 
IL-1 and TNF-a.615 In response to cytokine exposure, 
POMC neurons are activated, resulting in anorexigenesis, 
increased sympathetic activity, decreased vagal activity, and 
energy wastage.616,617 Proinflammatory cytokines increase 
epinephrine, growth hormone, and cortisol, and they re-
duce insulin. These long-term hormonal changes acceler-
ate muscle proteolysis (cortisol), increase resting energy 
expenditure (SNS), contribute to insulin resistance (both 
epinephrine and cortisol-glucagon), increase catabolism 
(cortisol), and suppress appetite and intestinal transit 
(vagus). This is clearly adaptive in the short term during 
times of infection (in order to generate body heat to 
eradicate the organism), but it is maladaptive in the long 
term, when chronic cytokine signaling can lead to ca-
chexia. Thus, even in the situations of leptin decline  
or inadequacy, cytokine activation of POMC neurons  
promotes continued cachexia and weight loss through 
persistent SNS activation.
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BOX 22-2 Differential Diagnosis of Failure to Thrive

 1. Inadequate caloric intake
• Poverty and low food resources
• Mechanical feeding difficulties (altered swallowing 

ability, congenital anomalies, central nervous system 
damage, severe gastroesophageal reflux)

• Wrongful preparation of infant formula (too diluted, 
too concentrated)

• Unsuitable feeding habits by parent
• Behavioral problems affecting eating
• Child neglect
• Poor parent-child interaction

 2. Inadequate absorption of caloric intake
• Reduced absorption surface area (short bowel syndrome, 

s/p necrotizing enterocolitis)
• Chronic liver disease, biliary atresia
• Celiac disease
• Cystic fibrosis
• Cow’s milk allergy
• Chronic diarrhea
• Vitamin or mineral deficiencies (acrodermatitis 

enteropathica)
• Vomiting due to CNS abnormalities (tumor, raised 

ICP)

 3. Increased metabolism
• Hyperthyroidism
• Chronic infection (due to immune deficiency)
• Occult malignancy
• Congenital heart defects or acquired heart disease 

(mainly right to left shunts and heart failure)
• Chronic lung disease with hypoxemia (broncho-

pulmonary dysplasia)
• Burns

 4. Defective utilization of calories
• Renal failure, renal tubular acidosis
• Inborn errors of metabolism (storage diseases, amino 

acid disorders)
 5. Reduced growth potential

• Genetic disorders (trisomies, skeletal dysplasias, Russell-
Silver syndrome)

• Specific genetic syndromes
• Primordial dwarfism

Failure to Thrive
Failure to thrive (FTT) is not a disease per se but rather a 
sign of multiple organic and nonorganic conditions and the 
interactions between them leading to compromised growth 
at a young age. FTT still represents a common pediatric 
medical problem mostly managed in the outpatient setting. 
Although FTT can rarely be a manifestation of critical ill-
ness, the majority of cases are the result of undernutrition 
due to the combination of biologic, environmental, and 
psychological factors. The diagnosis of FTT requires a 
thorough, prudent, and oriented history taking by the care-
giver and is not always simple to establish. Moreover, this 
diagnosis may carry several legal implications that are not 
within the scope of this text.

Definition

There is no consensus on a single definition for FTT. 
The condition reflects inadequate physical growth re-
corded over time using standard growth charts. The 
commonly used definitions in clinical practice include 
length or weight below the fifth percentile for age and 
gender, a downward cross of two major percentile lines of 
the growth chart over time, or a weight per height below 
the 10th percentile of expected. The practicality of  
usually using weight and not length curves evolves from 
the fact that undernutrition and chronic disease tend to 
primarily affect weight gain while preserving linear 
growth. Ultimately, linear growth is also affected if these 
conditions persist. It is important to emphasize that sin-
gle measurements without longitudinal follow-up growth 
points are inadequate to make the diagnosis of FTT, and 
a wrongful diagnosis may be established in infants who 
were born small for gestational age or prematurely, and 

in some healthy growing infants growing along the lower 
percentiles.

Classification and Etiology

The traditional classification of FTT is to segregate be-
tween organic and nonorganic causes. The nonorganic 
causes refer to environmental and psychological factors 
such as sensory deprivation, parental and emotional depri-
vation, and feeding difficulties of no organic source that 
occur in infancy. This traditional classification seems to 
lack the insight that the majority of cases suffer from a 
combination of the two, reflecting a mixed etiology.618 
A different approach is to classify the disorder based on its 
pathophysiology (i.e., inadequate caloric intake, inade-
quate absorption, excess metabolic requirements, defective 
utilization of intake, and reduced growth potential).619 
Common causes of FTT based on this classification 
scheme are shown in Box 22-2.

Of note, normal growth variation can confound the 
diagnosis of FTT, as some infants may be born large for 
gestational age as a result of intrauterine causes (such as 
gestational diabetes) and later experience a “catch down” 
pattern of growth during infancy toward the actual 
growth potential curves. Another cause of such negative 
crossing of percentiles can be constitutional growth de-
lay. It is estimated that up to 25% of children can cross 
curves by more than 25 percentile lines (representing a 
cross of two major growth percentile lines), for the previ-
ously mentioned reasons.620 These infants reach a new 
point from which they display a normal growth rate and 
weight gain pattern, yet they do not have FTT.

Endocrine causes of FTT are uncommon, as typical 
hormonal deficiencies such as growth hormone deficiency 
or hypothyroidism present as growth failure but with 
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preserved or increased weight gain. Hyperthyroidism 
(representing a state of increased metabolic demands and 
characteristically manifested by increased linear growth) 
and disorders of salt metabolism, such as hypoaldosteron-
ism and pseudohypoaldosteronism, may have FTT as part 
of their clinical manifestations.621 Hypophosphatemic 
rickets may also present as FTT.

Diagnosis and Evaluation

The key to making the diagnosis of FTT is in plotting 
anthropometric data (weight and length) during a reason-
able follow-up period. Although a prudent and focused 
history and physical examination are the keys to diagnosis, 
often the correct diagnosis is made in retrospect. The lack 
of an organic etiology to explain the findings is not 
enough to establish a diagnosis of nonorganic FTT.  
A response to an active intervention, manifested at least  
as a limited period of adequate growth while altering a 
behavioral element by the caregiver or child, can help 
establish a diagnosis of nonorganic FTT.

History should focus on the dietary and feeding his-
tory, past and present medical history, social environ-
ment, and family history. The dietary history is aimed at 
assessing, as accurately as possible, the actual caloric 
intake of the patient. An important tool for this assess-
ment can be the use of food logs of several days. The 
important details concern the actual amounts of food, 
the way the food is prepared (specifically relevant for 
the dilution technique of infant formulas and to cereals 
added to the formula), and beverages consumed, with a 
specific emphasis on sweetened juices and formula. 
These details should allow the practitioner to estimate 
the caloric intake.

The important details regarding feeding begin with 
the location of the meals and their timing throughout the 
day. Who feeds the patient or supervises the feeding  
process is of major importance. The feeding technique 
should be appropriate for the child’s developmental stage. 
The timing is relevant in regard to frequent snacking  
in between meals that may cause early satiety during 
mealtimes.

A standard pediatric medical history should be taken 
from all patients, yet it should be focused on details that 
may be relevant to the diagnosis of FTT. The pregnancy 
and birth history are important for differentiating infants 
who were born small for gestational age from those who 
suffer from FTT. The timing at which poor weight gain 
began, especially in relation to changes in feeding, is 
critical for the diagnosis. Chronic medical conditions 
such as congenital heart disease, asthma, multiple recur-
rent infections, and anemia can all be causes of organic 
FTT. Multiple hospitalizations and a history of injuries 
can raise the suspicion of parental neglect. Gastrointestinal 
manifestations of relevant medical conditions such as 
frequent vomiting (in cases of milk allergy or gastro-
esophageal reflux) and stool frequency and consistency 
(in order to rule out malabsorption, celiac, inflammatory 
bowel disease, or cystic fibrosis) should be elicited in 
detail.

The social history should focus on identifying the  
patient’s primary caregivers and determining whether 

there are economical issues that may affect the ability to 
nourish the patient adequately. Potential external and 
intrafamilial stressors that may affect the supply of food 
to the child should be sought (any stressor or life event 
that can affect the functioning of the caregiver in a way 
that could compromise the well being of the child). The 
family history should focus on the body habitus of par-
ents and siblings in order to obtain clues regarding the 
genetic potential for height and weight. Medical condi-
tions in siblings and relatives can suggest a predisposition 
to genetic disorders. The caregivers should be asked 
about mental illnesses, such as depression, that may ham-
per their ability to provide adequate care for the child.  
A family history of previous children who suffered from 
FTT should be investigated as well. A call to the local 
Department of Family Services may be warranted.

The physical examination begins with plotting the 
child’s’ length, weight and head circumference on stan-
dard growth charts, along with previous measurements 
(if available). The severity of the FTT can be estimated 
by assessing the present weight in comparison to the ex-
pected weight for age. If the weight is less than 60% of 
expected by the 50th percentile for age and length, the 
condition is severe, whereas a weight between the 60th 
and 75th percentile of expected is considered moderate 
FTT. Microcephaly accompanied by neurologic signs 
may suggest a CNS lesion. It should be remembered that 
head circumference is the last parameter to change in 
FTT, and only in the severest cases. The detection of 
dysmorphism may suggest a genetic cause for impaired 
growth and development. Measures of nutritional status 
(such as thickness of skin folds and body fat distribution) 
can be examined. It is important to carefully observe the 
interaction of the caregiver, and the child during feeding. 
Impaired parental-child interactions can have a major 
impact on feeding habits, and their identification is criti-
cal to the design of effective behavioral interventions  
tailored for the patient and family.

The majority of children with FTT have no labora-
tory abnormalities and no hormonal alterations. Minimal 
literature is available about comprehensive laboratory 
workups in children with FTT, although a classic 
manuscript about the workup of more than 180 infants 
in an inpatient setting found laboratory abnormalities 
in less than 1.4% of tests taken.622 The choice of tests 
that may be beneficial should be based on the history 
and physical examination and usually is focused on the 
assessment of malnutrition in severe cases. A minimal 
workup, although not cost effective, may include a 
blood count, chemistry panel (including liver and renal 
function tests, electrolytes, serum protein, and albu-
min concentrations as well as blood acid-base status), 
and a urinalysis with pH. Additional tests should be 
oriented at specific findings from the history and 
physical examination. No hormonal tests are war-
ranted initially unless a clinical suspicion of a specific 
disorder arises. In children older than 6 months, 
screening for iron deficiency and lead poisoning is 
warranted. Hospitalization and inpatient workup does 
not add any yield to the workup,623 unless the degree 
of FTT is severe, or if there are concerns about child 
safety and neglect.
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Management

The management of FTT is based on identifying the 
underlying cause and correcting it. The majority of cases 
are handled by a combination of nutritional and behav-
ioral intervention. Importantly, the intervention should 
begin before the workup is complete (i.e., less than from  
the first evaluation). All medical problems are treated 
independently of nutritional and behavioral interven-
tions and should not delay or hamper them. The main-
stay of treatment of all infants with FTT is a calorie-rich 
diet accompanied by frequent and close monitoring of 
weight response. An effective intervention will document 
a catch-up weight and height gain that is maintained over 
time.

Feeding and eating behaviors should be addressed  
by walking the fine line between encouragement and 
pressure to promote eating. Timing meals and snacks 
and eating as a family in a pleasant environment of low 
stress may be important for improving eating and feed-
ing practices. The feeding intervention is dependent  
on the infant’s age at presentation. For breastfeeding 
infants, it is beneficial to attempt to increase breast  
milk supply624 by pumping milk, treatment with meto-
clopramide to induce oxytocin secretion,625 improving 
maternal nutrition and fluid intake, and making adapta-
tions at the home and workplace that can promote and 
simplify the breastfeeding process. Suckling problems 
in neurologically impaired infants can be solved by  
providing expressed human milk via bottle feeding. 
Bottle-fed and older infants allow more interventions to 
increase the caloric content of the diet. Infants with 
FTT should receive ,150% of the recommended daily 
caloric intake based on their expected weight (rather 
than their actual weight).626 Formula may be enriched 
by adding cereals, and toddlers may benefit from the 
addition of palatable high energy density foods (such as 
cheese and peanut butter) to their diet. High-calorie 
milk-based drinks (such as PediaSure, which provides 
30 calories per ounce, compared to whole milk, which 
provides 19 calories ounce) can be added along with 
vitamin supplements. Zinc supplements have been 
shown to increase IGF-1 levels without affecting 
IGFBP-3 in infants with nonorganic FTT, yet this  
effect did not actually promote growth.627

Prognosis

The majority of infants and children with FTT show 
improvement with intervention. Others may even show 
progress when they achieve a more independent stage of 
development where they can attain their own food. 
Those who require gastrostomy feeding due to neuro-
logic dysfunction may require assisted enteral nutrition 
for life. The cognitive and intellectual function outcomes 
of those who suffered from FTT seem worse than their 
peers, although this association has only been well estab-
lished in cases of iron deficiency anemia.628 It seems 
conceivable that deficiencies of other elements critical 
for brain development during infancy may have a similar 
adverse impact on intellectual properties at later ages, 
although this has not been studied systematically.  

The effects of nonorganic factors (such as emotional de-
privation) on intellectual development, often coexisting 
with organic factors, may also contribute to decreased 
cognitive ability at later ages.

Cancer Cachexia
Cancer activates a complex set of CNS metabolic path-
ways, which result in cachexia (Box 22-3).629 Peripheral 
cytokines gain access to the CNS through the central 
circumventricular organs, which bypass the blood-
brain barrier, or by stimulation and amplification of 
CNS microglial cytokine or eicosanoid production. For 
instance, TNF-a stimulates VMH POMC neurons, 
which stimulates the SNS, which increases resting  
energy expenditure, increases cortisol and glucagon 
levels, and contributes to insulin resistance. IL-1  
decreases neuropeptide Y within the VMH and thus 
decreases appetite. IL-1 also increases CRF, which in-
directly inhibits appetite. IL-6 bears a striking similar-
ity to ciliary neurotrophic factor (CNTF), which has 
been shown to reduce weight by activating VMH 
POMC neurons through a leptin-independent mecha-
nism.630 Conversely, due to a reduction in vagal activity, 
gastrointestinal motility is impaired in cancer cachexia 
and is clinically manifest by early and inappropriate 
satiety, which occurs in 40% to 60% of cancer patients.

In addition, cytokines have adverse peripheral effects. 
Uncoupling proteins are up-regulated by cytokines and 
contribute to increased energy expenditure. Cancer ca-
chexia leads to the overexpression of UCP1 in brown 
adipose tissue; UCP2 in brain, skeletal muscle, and liver; 
and UCP3 in skeletal muscle. Levels of UCP2 and UCP3 
in the liver and muscle are regulated by prostaglandins, 

BOX 22-3 Metabolic Changes in Cachexia

ExPrESSION Of CyTOkINES

• Increased production of acute phase proteins (APP)
• Up-regulation of transcription factor NFkB and AP-1
• Increased interleukin-1, IL-6, and tumor necrosis factor-a 

and interferon-g
• Increased expression of tumor-specific cachexins (proteolysis 

inducing factor, lipid mobilizing factor, and anemia inducing 
substance)

• Increased expression of ubiquitin, E1, E2, E3, and proteasome 
components (cell death and removal)

INCrEaSED SNS TONE

• Increased expression of hormone sensitive lipase in 
adipose tissue

• Up-regulation of uncoupling proteins (UCP2 and UCP3) 
in muscle and adipose tissue

• Increased hepatic gluconeogenesis

rEDuCED Vagal TONE

• Reduced lipoprotein lipase expression in adipose  
tissue

• Reduced intestinal transit
• Reduced hunger
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and UCP3 is also regulated by triglycerides, all of which 
are increased in cancer.631

Cytokines cause insulin resistance in skeletal muscle, 
liver, and adipose tissue. TNF-a decreases insulin receptor 
and PPAR activity. In addition, there is an inverse correla-
tion between interleukin-6 levels and insulin sensitivity.632 
Adipose tissue insulin resistance increases fat oxidation and 
decreases lipoprotein lipase activity, resulting in continued 
lipolysis.633 The insulin resistance of cancer is not related 
to defective insulin clearance and therefore differs from 
other forms of primary insulin resistance.634

Cancers are uniformly anaerobic and depend on glu-
cose for survival; thus, the glucose manufactured from 
gluconeogenesis secondary to hepatic insulin resistance is 
essential for tumor growth. Cancers release large amounts 
of lactate, which is converted in the liver back to glucose. 
Such gluconeogenesis consumes ATP, which also in-
creases energy expenditure.635 Additional raw materials 
for gluconeogenesis are alanine derived from skeletal 
muscle proteolysis and glycerol from lipolysis.

Treatment is difficult. Many methods have been tried 
(SNS antagonists, prostaglandin inhibitors, omega-3 
fatty acids, melatonin, thalidomide, interleukins, anticy-
tokine monoclonal antibodies, IL-1 receptor antagonists, 
and chemotherapy), but all are lacking. One promising 
new avenue is that of melanocortin antagonists,615 but 
this is still in preclinical evaluation.

Diencephalic Syndrome
Originally described by Russell in 1951,636 this rare dis-
order presents in infants younger than 1 year old and is 
an indication of a hypothalamic lesion, usually an ante-
rior hypothalamic glioma, or other neoplasm affecting 
hypothalamic function. Although the clinical spectrum is 
variable, emaciation with paucity of subcutaneous fat but 
with normal linear growth and head circumference is 
inviolate. Other frequent features include hyperalertness, 
hyperkinesis, nystagmus, and vomiting.637,638

Although numerous patients have been anecdotally 
reported and characterized, the cause of the emaciation 
remains unclear. Subjects with diencephalic syndrome 
have extremely elevated baseline GH levels but normal 
IGF-1 levels, suggesting a modicum of GH resistance.637 
It has been suggested that the high GH leads to lipolysis 
and accounts for the emaciation, but this finding is not 
consistent in all patients. Only one evaluation of energy 
balance has been performed, which demonstrated 30% 
to 50% greater REE in comparison to normal babies, and 
13% greater energy expenditure compared to intake.639

The recommended treatment is surgical extirpation  
of the lesion whenever feasible. Radiation is usually con-
traindicated for the very young patient. Frequently, these 
patients postoperatively manifest hypopituitarism and  
ultimately develop hypothalamic obesity.638

Anorexia Nervosa (AN)
Definition

Anorexia nervosa (AN) is an eating disorder that typically 
begins during adolescence and consists of persistent dieting 

and intense physical activity, usually accompanied by com-
pulsive behavioral traits and sometimes purging behavior 
and binge eating. Most subjects manifest a disturbed body 
image and a persistent fear of fatness, both of which  
promote further weight loss. The result of this behavior is 
a pathologic weight loss, with pathophysiologic conse-
quences. The risk of developing AN among females in 
Western societies is estimated to be between 0.5% and 
1%.640 There are two subtypes of anorexia: the food restric-
tive type, characterized by very low caloric intake plus  
excessive exercise, and the purging type, characterized  
by varying levels of food purging, usually by way of self-
induced vomiting and laxative abuse. Alongside the obvious 
mental elements, the definition in the DSM-IV includes 
anthropometric as well as metabolic components: a signifi-
cantly low weight (defined as a sustained weight below the 
85th percentile of the expected weight per height due to 
weight loss or failure to gain weight during growth and 
development) and secondary amenorrhea in pubertal girls 
and women (defined as no menses in 3 months).

Medical complications driven by the chronically re-
duced caloric intake, purging behavior, and excessive ex-
ercise may affect several organ systems. Typically, patients 
develop a marked loss of subcutaneous fat tissue, impaired 
menstrual function, bradycardia and orthostatic hypoten-
sion, hypothermia, and increased hair loss. Importantly, 
anorexia nervosa that develops during adolescence may 
create adverse clinical effects that persist into adult-
hood,641 including osteopenia and osteoporosis,642 higher 
rates of miscarriage, and reduced offspring birth weight.643 
Anorexia may also alter cognitive abilities as during  
extreme weight loss, and a reduction of both gray and 
white matter occurs; conversely, during weight restora-
tion white matter returns to premorbid levels, but gray 
matter does not.644 Anorexia carries an increased mortality 
risk, specifically for suicide yet also from medical causes 
such as starvation per se and purging-induced arrhyth-
mias. Full recovery of body habitus and of growth and 
development occurs in 50% to 70% of treated adolescents, 
yet achieving a full physiologic and psychological recovery 
may require a comprehensive treatment intervention that 
may last as long as 5 to 7 years.645 Greater weight loss, 
lower sustained weight, and the coexistence of other  
psychiatric disorders adversely affect the probability of 
recovery. The outcomes for adults with anorexia nervosa 
are poorer than they are for those who are diagnosed and 
treated during adolescence.

Endocrine Associations

Obesity and malnutrition usually result in opposing ef-
fects on normal physiology and are both associated with 
changes in the hormonal profile. The majority of these 
changes represent an adaptive response yet should be 
considered as part of the differential diagnosis of specific 
hormonal excess or deficiency disorders. Figure 22-9 
demonstrates the typical hormonal profile of patients 
with AN, aimed at energy preservation and the cessation 
of energetically costly and nonvital processes.

Hypothalamic-Pituitary-Thyroid Axis.   The starvation 
status of AN may resemble the sick euthyroid syndrome. 
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In patients with AN, serum total and free T4, total and 
free T3, TSH, and TBG are significantly lower than 
normal, whereas rT3 levels are significantly greater than 
they are in healthy controls.646 Most AN patients have a 
hyporesponsiveness or delayed responsiveness of TSH to 
TRH stimulation. Of note, weight regain reverses the  
effects of AN on the hypothalamic-pituitary-thyroid axis 
back to normal; thus, the reduction in thyroxinemia may 
actually be a normal adaptive physiologic response to 
starvation. The differential diagnosis of hypothyroidism 
should be considered in patients with AN, as both disor-
ders are characterized by low T4 and T3 levels. In primary 
hypothyroidism, TSH levels are greater than those  
observed in patients with AN, although in mild secondary 
hypothyroidism this distinction may be difficult. Obtain-
ing a serum reverse T3 (rT3) level may be helpful in dis-
tinguishing a true thyroid disorder from the euthyroid 
sick syndrome associated with systemic illness.

Growth  Hormone-IGF-1  Axis.   Patients with AN 
typically have GH hypersecretion accompanied by low 
IGF-1 levels. Whether this profile is due to a primary 
hypothalamic dysfunction, a peripheral target organ 
resistance to GH, or an impaired negative IGF-1 central 
feedback mechanism is unclear. An increased GH  
response to GHRH has been demonstrated in AN, pos-
sibly reflecting an impairment of beta-adrenergic sup-
pression of GH secretion.647 The clinical presentation 
of weight loss, cessation of menses, and cold intolerance 
alongside low levels of pituitary-derived hormones  
may resemble panhypopituitarism, yet patients with AN 
present with GH hypersecretion.

Hypothalamic-Pituitary-Adrenal  Axis.   Patients with 
AN typically present with elevated cortisol levels in the 
presence of normal ACTH levels.648 The elevated cortisol 
levels are apparently due to increased cortisol secretion 

alongside a reduction in cortisol clearance. Elevated CRH 
levels found in the cerebrospinal fluid of patients with AN 
suggest that AN represents an overall state of activation of 
the hypothalamic stress response, manifested peripherally 
by hypercortisolemia. An abnormal response in the dexa-
methasone suppression test, mainly of reduced suppres-
sion, suggests that an element of decreased feedback  
sensitivity occurs in this disorder.

Bone Metabolism.   Adolescence represents a critical pe-
riod for the accumulation of bone mineral, thus building 
bone strength and density for later years. The achieve-
ment of peak bone mass depends several hormonal effects 
characteristic of puberty (such as estradiol and IGF-1)  
as well as on adequate nutrition, all of which are compro-
mised in patients with AN. Adolescents and adults with 
AN have a low bone mineral density. In adults this condi-
tion is due to increased bone resorption and reduced bone 
formation, but in adolescents it is characterized by an 
overall reduced bone turnover.649 The reduced bone den-
sity is caused by the typical hormonal profile of AN (i.e., 
reduced estrogens and androgens, low IGF-1, and relative 
hypercortisolemia). Moreover, the reduced lean body 
mass and lower mechanical forces acting on long bones 
may also contribute to the overall reduced bone mineral 
density. Some publications also suggest that elevated  
levels of gut-derived hormones PYY(3-36) and ghrelin may 
also contribute to impaired bone metabolism in AN.650 
Importantly, resolving AN with weight gain often does 
not bring full recovery of the bone mineral density status. 
Osteopenia resulting from undernutrition and the typical 
hormonal dynamics of AN is one of several long-term 
complications of AN during adolescence, and thus is a 
major treatment target.

Hypothalamic-Pituitary-Gonadal  Axis.   Amenorrhea 
is one of the hallmarks of AN, yet it is not always  

FIGURE 22-9 n  Hormonal changes in anorexia nervosa. The hormonal profile of the patient with anorexia nervosa represents an adap-
tive response aimed at conserving energy. Processes that require significant energy such as reproduction and growth are limited by 
a complete suppression of the gonadotropic axis and by reduced IGF-1 levels, respectively. A seemingly chronic stress response 
characterized by increased growth hormone and cortisol is aimed at efficient utilization of the limited energetic sources present. 
Reduced leptin serves as a signal for down-regulating the hypothalamic-pituitary-gonadal axis. Reduced leptin also serves as a 
starvation signal, although this signal appears to be circumvented in this disorder.
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explained by the severe weight loss; thus, hypothalamic 
amenorrhea in AN often precedes weight loss and may 
persist after refeeding and achievement of normal weight. 
Gonadotropin levels are reduced in patients with AN, 
and GnRH stimulation testing in patients with AN dem-
onstrates a blunted LH response with a preserved FSH 
response and very low levels of estradiol. LH pulsatility 
may revert to prepubertal patterns in adolescents who 
have previously achieved pubertal status. The amenor-
rhea of AN is also marked by strikingly reduced leptin 
levels. Leptin serves as a metabolic signal of energy status 
and nutritional reserve and thus may have a permissive 
role for the initiation of the complex hormonal dynamics 
necessary for normal reproductive function.651 Teleologi-
cally, conserving energy for immediate and necessary 
metabolic demands while suppressing energetically  
expensive processes such as reproduction can serve as  
a protective measure in severely malnourished individu-
als, as seen in AN. The rise in leptin upon weight gain  
is associated with increases in gonadotropin secretion, 
suggesting that leptin serves a permissive role for the 
activation of the hypothalamic-pituitary-gonadal axis.

Fat-Derived  Hormones.   Adipocytes secrete a wide 
array of adipocytokines, the normal profile of which is 
altered in AN. Patients with AN typically have very low 
plasma leptin concentrations alongside a marked distur-
bance of the leptin diurnal secretion profile.652 The 
concentration of leptin-binding protein (the soluble 
isoform of leptin receptor) has been reported to be in-
creased in patients with AN, contributing to a further 
reduction in the concentration of free leptin.653 Leptin 
has a major role in the neuroendocrine adaptations to 
the chronic starvation and undernutrition typical of 
AN, such as a reduction in gonadotropins, a reduction 
in thyroid hormone in order to conserve energy, a 
modified stress response manifested by hypercortisolemia, 
and elevated GH aimed at mobilizing and utilizing  
alternative energy sources.654 Weight gain in AN patients 
can induce relative hyperleptinemia in comparison to 
controls matched for body mass index; circulating leptin 
concentrations in AN patients thus traverse from sub-
normal to supranormal levels within a few weeks.

Adiponectin is the only adipocytokine whose plasma 
concentrations are inversely related to fat mass. Conflict-
ing results regarding adiponectin concentration in AN, 
ranging from hyperadiponectinemia655 to hypoadiponec-
tinemia,656 have been reported. Interestingly, weight gain 
in AN is not necessarily associated with reciprocal 
changes in adiponectin concentration.657

Treatment

Indications for hospitalization and inpatient treatment of 
AN include dehydration, electrolyte disturbances (mainly 
hypokalemia), arrhythmias, CV instability (significant 
bradycardia, hypotension, and orthostatic changes), hy-
pothermia, acute food refusal, acute complications of 
malnutrition (seizures, pancreatitis, cardiac failure), and 
psychiatric emergencies.

Along with psychological interventions that may con-
sist of psychotherapy or pharmacotherapy (based on the 

spectrum of psychiatric pathology), an increase in caloric 
intake must be part of the treatment protocol. A protocol 
of starting with 1200 to 1500 kcal per day and increasing 
by 500 kcal is aimed at a gain of 0.5 to 1 kg per week.658 
There is no superior feeding regimen as long as adequate 
caloric intake is supplied. Extreme cases may be handled 
through hospitalization in dedicated inpatient units, and 
caloric intake in this setting may initially be provided by 
nasogastric and in extreme cases parenteral feeding.

One major treatment decision facing the caregiver of 
patients diagnosed with AN is whether to utilize estrogen 
replacement therapy to treat amenorrhea and protect  
the skeleton from osteopenia. There is a lack of a proven 
efficacious beneficial effect of estrogen replacement ther-
apy in regard to improved bone mass in AN in compari-
son to placebo,659 although this treatment modality is still 
commonly used.660 This treatment approach may have 
several adverse effects on the treatment of adolescents,  
as it masks the beneficial effect of weight gain on the  
resumption of menses and may provide an erroneous 
sense of security in patients who are still at a critically low 
weight status. Increased calcium intake alongside 400 IU 
of vitamin D to accelerate absorption should be encour-
aged in all patients with AN as another potential protec-
tive measure of bone status.

CONCLUSIONS

The overwhelming majority of childhood obesity cases  
are not due to a documentable genetic or neuroanatomic 
lesion. Indeed, although classic endocrinopathies account 
for less than 2% of childhood obesity, every obese patient 
does manifest an endocrine disturbance (i.e., insulin re-
sistance and/or leptin resistance). We must get past the  
obvious—that the child eats too much and exercises too 
little. The question that physicians must internally pose 
when seeing an obese patient is, “Where in the negative 
feedback energy balance pathway is this patient’s dysfunc-
tion?” Only then can appropriate treatment be proffered. 
Similarly, in cachexia, we must go beyond the lack of  
appetite to understand the reasons for the wasting and  
illness. These are endocrine paradigms that may permit 
modulation, especially with endocrine therapies. Under-
standing the energy balance pathway, and where these 
various disorders impair its regulation, is the key to further 
research, and successful prevention and treatment.
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QUESTIONS

 6. A 7-year-old obese male is referred for evaluation. 
Which of the following suggest an epigenetic cause 
for the obesity?
 a. Acanthosis nigricans
 b. Normal weight parents
 c. Low Apgar scores
 d. Small for gestational age

Answer: d
Cutfield, W. S., Hofman, P. L., Mitchell, M., & Morison, I. M. (2007). 
Could epigenetics play a role in the developmental origins of health 
and disease? Pediatr Res, 61(5 Pt. 2), 68R–75R.

 7. A proven effective lifestyle strategy for stabilizing 
weight in children includes which of the following?
 a. Bringing lunch to school
 b. Reducing television time
 c. Increasing sleep duration
 d. Participating in physical education at school

Answer: b
Robinson, T. N. (1999). Reducing children’s television viewing to prevent 
obesity: a randomized controlled trial. JAMA, 282, 1561–1567.

 8. Aside from liver biopsy, what is the most accurate for 
diagnosing nonalcoholic fatty liver disease?
 a. ALT
 b. Liver ultrasound
 c. MRI
 d. MRS

Answer: c
Mazhar, S. M., Shiehmorteza, M., & Sirlin, C. B. (2009). Noninvasive  
assessment of hepatic steatosis. Clin Gastroenterol Hepatol, 7, 135–140; 
Schwenzer, N. F., Springer, F., Schraml, C., et al. (2009). Non-invasive 
assessment and quantification of liver steatosis by ultrasound, com-
puted tomography and magnetic resonance. J Hepatol, 51, 433–445.

 9. What is the current mean daily fiber intake?
 a. 6 g/day
 b. 12 g/day
 c. 18 g/day
 d. 24 g/day

Answer: b
Martlett, J. A., McBurney, M. I., & Slavin, J. L. (2002). Position of  
the American Dietetic Association: health implications of dietary fiber. 
J Am Diet Assoc, 102, 993–1000.

 10. Which subcellular organelle is thought to be responsi-
ble for most forms of obesity with mental retardation?
 a. Cilia
 b. Mitochondria
 c. Endoplasmic reticulum
 d. Peroxisomes

Answer: a
Sen Gupta, P., Prodromou, N., & Chapple, J. (2009). Can faulty 
antennae increase adiposity? The link between cilia proteins and 
obesity. J Endocrinol, 203, 327–336.

 1. Which correlates best with metabolic dysfunction?
 a. Visceral fat
 b. Intrahepatic fat
 c. Body mass index
 d. Subcutaneous fat

Answer: b
Fabbrini, E., Magkos, F., Mohammed, B. S., et al. (2009). Intrahepatic 
fat, not visceral fat, is linked with metabolic complications of obesity. 
Proc Natl Acad Sci USA, 106, 15430–15435.

 2. As caloric intake has increased since the 1980s, how 
has dietary fat intake been affected?
 a. Increased proportionately (i.e., percentage remained 

the same)
 b. Increased disproportionately (i.e., percentage  

increased)
 c. Increased because trans-fat intake increased
 d. Remained the same

Answer: d
Chanmugam, P., Guthrie, J. F., Cecilio, S., et al. (2003). Did fat intake 
in the United States really decline between 1989-1991 and 1994-1996? 
J Am Diet Assoc, 103, 867–872.

 3. Hypothalamic obesity occurs due to defective hypo-
thalamic leptin signaling, resulting in which of the 
following?
 a. Autonomic dysfunction
 b. Increased caloric intake
 c. Decreased physical activity
 d. Decreased resting energy expenditure

Answer: a
Lustig, R. H. (2008). Hypothalamic obesity: causes, consequences, 
treatment. Ped Endocr Rev, 6, 220–227.

 4. It what way does hepatic fructose metabolism differ 
from hepatic glucose metabolism?
 a. Increases glycogen formation
 b. Promotes de novo lipogenesis
 c. Decreases forkhead protein (Foxo1) phosphory-

lation
 d. Increases mitochondrial b oxidation

Answer: b
Faeh, D., Minehira, K., Schwarz, J. M., et al. (2005). Effect of 
fructose overfeeding and fish oil administration on hepatic de  
novo lipogenesis and insulin sensitivity in healthy men. Diabetes, 
54, 1907–1913.

 5. A 5-year-old is seen for obesity. Which feature  
suggests a classic endocrinopathy?

 a. Mental retardation
 b. Early adiposity rebound
 c. Family history
 d. Growth attenuation

Answer: d
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Lipid Disorders in Children  
and Adolescents
Stephen R. Daniels, MD, PhD • Sarah C. Couch, PhD, RD

INTRODUCTION

Cardiovascular disease (CVD) is a major cause of morbid-
ity and mortality among adults in industrialized countries. 
Dyslipidemia (specifically elevated low-density lipoprotein 
[LDL] cholesterol, low high-density lipoprotein [HDL] 
cholesterol, high non-HDL cholesterol, and triglycerides) 
has been identified as an independent risk factor in the 
development of CVD. There is strong evidence that lipo-
protein levels track from childhood into adulthood and 
that abnormal levels of LDL cholesterol and perhaps 
other lipoproteins are associated with atherosclerosis and 
therefore with related adverse outcomes.

This chapter reviews the evidence for the role of cho-
lesterol abnormalities in the early natural history of ath-
erosclerosis. In addition, a general overview of lipoprotein 
metabolism is provided—followed by a review of genetic 
disorders in the metabolism of lipoproteins. Secondary 
causes of high cholesterol are explained, including the 
increasing prevalence of obesity and metabolic syndrome 
as a cause of cholesterol abnormalities in the pediatric 
population. Standards and approaches to screening for 
hyperlipidemia in children are reviewed, as well as current 
approaches to the dietary and pharmacologic manage-
ment of pediatric lipid disorders.

METABOLISM

Lipid disorders in children and adolescents can result 
from defects in the production, transport, or degradation 
of lipoproteins. To understand the diverse causes of lipo-
protein abnormalities, a brief review of lipoprotein struc-
ture, function, and metabolism is provided. Table 23-1 
summarizes the lipoprotein subclasses, the source of each 
one, and the constituent lipids and apolipoproteins asso-
ciated with each particle.

Triglycerides, cholesterol esters, phospholipids, and 
plant sterols within food postingestion are digested to fatty 
acids, 2-monoglycerides, lysophospholipids, unesterified 
cholesterol, and plant sterols. Absorption of these diges-
tive end products occurs through two mechanisms: passive 
diffusion and carrier-mediated transport. In passive diffu-
sion, nonpolar lipids are solubilized with the aid of bile 
acids and lysophospholipids into mixed micelles that can 
diffuse through the apical surface of the enteric mem-
brane. Carrier-mediated transport involves several differ-
ent transport proteins for fatty acids and sterols. CD 36, a 
fatty acid translocase, promotes long chain fatty acid and 
cholesterol absorption in the proximal small intestine.1 At 
least two additional transporters, Niemann-Pick C1-like 1 
protein (NPC1L1) and scavenger receptor B1 (SR-B1), 
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into the lymphatic system and enter the venous plasma 
compartment through the thoracic lymph duct. As the 
nascent particles are released into the plasma, several 
apolipoproteins (including apoC-II, C-III, and apoE) are 
preferentially transferred to the chylomicrons from cir-
culating high-density lipoproteins (HDLs).9 Figure 23-1 
depicts chylomicron metabolism.

Chylomicrons transport dietary triglyceride and cho-
lesterol to sites of storage or metabolism.10 They are 
rapidly cleared from the circulation through the action 
of lipoprotein lipase (LPL). LPL is a triglyceride hydro-
lase found on the capillary endothelium of various tissues, 
with its highest concentration in muscle and adipose  
tissues.11 LPL is activated by apoC-II and inhibited 
by apoC-III on the chylomicron. As the triglyceride 
contained within the chylomicron is hydrolyzed, the 
particle decreases in size. When approximately 80% of 
the initial triglyceride has been removed, apoC-II dis-
sociates from its surface.11 The triglyceride-depleted 
chylomicrons, now considered chylomicron remnants, 
are taken up by the liver through the LDL receptor 
(LDLR), a receptor that recognizes apoE on the chylo-
micron surface and apoB100 on the surface of liver- 
derived lipoproteins.9 A smaller fraction of remnants 
may also be internalized via an LDLR-related protein-1 
(LRP1)-mediated endocytosis.12,13

Very low density lipoproteins (VLDLs) originate from 
the liver, and like chylomicrons they are triglyceride-rich 
particles (Figure 23-2). In contrast to the intestinally 

play a role in sterol uptake.2,3 As such, NPC1L1 and SR-
B1 are targets for the cholesterol-lowering medication 
ezetimibe, a potent inhibitor of cholesterol and plant ste-
rol absorption.

Most of the plant sterol ingested and about half of the 
absorbed cholesterol are excreted from the intestinal cell 
back into the lumen by two adenosine triphosphate (ATP)-
binding cassette (ABC) half-transporters, G5 and G8, thus 
limiting the amount of these sterols that is absorbed.4,5 A 
rare mutation of either ABCG5 or ABCG8, known as  
sitosterolemia, results in abnormally high plant sterol lev-
els in plasma and tissues and deposition of sterols in the 
skin and arteries. Individuals with this disorder are at an 
increased risk of premature atherosclerosis.6

Within the enterocyte, lipids are aggregated into lipo-
proteins through the action of a microsomal triglyceride 
transfer protein (MTP). MTP conjugates triglycerides 
and cholesterol ester with apolipoprotein B-48 (apoB-48) 
on the luminal side of the endoplasmic reticulum (ER) 
membrane to create a mature chylomicron.7,8 A similar 
process is used to aggregate triglyceride and cholesterol 
with apoB-100 in the liver to form very low density lipo-
protein (VLDL) particles. In the genetic disorder abet-
alipoproteinemia, mutations in the gene encoding MTP 
result in an inability to produce chylomicrons and VLDL, 
suggesting the essential nature of MTP in chylomicron 
and VLDL biogenesis.8

Chylomicrons once formed are too large to penetrate 
the capillary membrane. Consequently, they are secreted 

Lipoprotein Apolipoprotein Source Lipid Constituents

Chylomicrons ApoB-48, apoC-II,* apoC-III, apoE* Intestine Dietary triglycerides
VLDL ApoB-100, C-II,* C-III, apoE* Liver Endogenous cholesterol and triglyceride
IDL ApoB-100, apoE VLDL metabolism Cholesterol and triglyceride
LDL ApoB-100 VLDL metabolism Cholesterol
HDL ApoA-I, apoA-II, apoC-II, apoE Liver and intestine Cholesterol and phospholipid

TABLE 23-1 Lipoprotein Subclasses and Associated Apolipoproteins and Lipid Constituents

*Transferred from HDL.
VLDL, very low density lipoprotein; IDL, intermediate-density lipoprotein; LDL, low-density lipoprotein; HDL, high-density lipoprotein.
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FIGURE 23-1 n  Endogenous lipoprotein metabolism. See text for details. (Courtesy of Emilie Graham, University of Cincinnati.)
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derived chylomicrons, the fatty acids contained within 
the VLDL triglyceride come from de novo synthesis 
from dietary carbohydrate, lipoprotein remnants, or cir-
culating fatty acids internalized by the liver from plasma.9 
Within the hepatocyte, triglyceride and cholesterol ester 
are assembled by an MTP and surrounded with a phos-
pholipid membrane associated with apoB-100.8 The 
mature VLDL particles are released into the lymph and 
ultimately into the vascular space, where other apolipo-
proteins (including apoC-II, apoC-III, and apoE) adsorb 
to the VLDL surface. The metabolism of the VLDL 
particle follows a route similar to that of the chylomi-
cron: apoC-II on its surface activates LPL, LPL hydro-
lyzes the VLDL triglyceride, the particle decreases in 
size (after an 80% loss of triglyceride), and ultimately 
apoC-II dissociates—resulting in the formation of VLDL 
remnants (also known as intermediate-density lipopro-
teins [IDLs]). Approximately half of the IDL is then  
removed from plasma through the interaction of apoB 
with the LDLR on the surface of liver cells.9 The rest of 
the IDL is converted to LDL through further hydrolysis 
of core triglycerides by hepatic triglyceride lipase (HL).14 
ApoE is transferred from IDL to HDL during the transi-
tion of the remnant to LDL.15

LDL, the major carrier of cholesterol in plasma, is 
taken up into peripheral tissues and liver cells by the 
LDLR assisted by an adaptor protein (AP). The AP binds 
to the LDLR and clathrin, suggesting a role for AP in the 
recruitment and retention of LDLR in clathrin-coated 
pits.16 Upon receptor binding, the LDL particle bound 
to LDLR/AP is rapidly internalized into clathrin-coated 

pits by endocytosis. Within the cell, the newly formed 
endosome becomes acidified through the action of an 
ATP-dependent proton pump.17 Acidification causes 
degradation of the clathrin coat, dissociation of the 
LDLR from LDL, and subdivision of the endosomal 
membranes. The endosome containing the LDLR recir-
culates back to the cell membrane for additional LDL 
uptake. Alternatively, proprotein convertase subtilisin/
kexin type 9 (PCSK9), binds LDLR, and short-circuits 
recycling of LDLR from the endosome, leading to its 
degradation.18 The remaining LDL-containing endo-
some fuses with a lysosome, where hydrolytic enzymes 
digest the lipoprotein into its component parts: unesteri-
fied cholesterol, fatty acids, and free amino acids.17

The amount of cholesterol released from endosomal 
uptake regulates hepatic synthesis of LDLR and choles-
terol. When cellular concentration of cholesterol is low, 
sterol receptor binding protein (SREBP) is released from 
the Golgi. SREBP translocates to the nucleus, where  
it serves as a nuclear factor that enhances the transcrip-
tion of LDLR and hydroxymethylglutaryl (HMG) CoA 
reductase, the rate-limiting enzyme of cholesterol bio-
synthesis.19 In this way, intracellular hepatic cholesterol 
concentration regulates the amount of cholesterol inter-
nalized and synthesized by the cell.

When excess LDL and other small apoB-containing 
lipoproteins (chylomicron remnants and IDL) are present 
in the plasma, the capacity of the LDLR to remove them 
is exceeded and these particles become more susceptible 
to oxidation. Oxidized apoB-containing lipoproteins can 
be taken up by scavenger receptors on macrophages in 
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FIGURE 23-2 n  Exogenous lipoprotein metabolism. See text for details. (Courtesy of Emilie Graham, University of Cincinnati.)
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the subendothelium of arteries and may contribute to 
the formation of atherosclerotic lesions.20

HDL transfers cholesterol and other lipids from pe-
ripheral tissues (including arterial atheroma) back to the 
liver. The particles are synthesized predominantly in the 
liver (and to a lesser extent in the intestine) as lipid-poor 
precursor particles (prebeta HDL) containing apoA-I  
(Figure 23-2).9 Nascent HDL interacts with the plasma 
membrane of cells, collecting lipid through an ATP- 
binding cassette transporter-A1 (ABCA1) mechanism.3,4 
The cholesterol and phospholipids transferred through this 
process adsorb to the HDL, forming a disk-shaped particle 
referred to as HDL3. Within the plasma, HDL3 interacts 
with the enzyme lecithin cholesterol acyl transferase 
(LCAT)—which catalyzes the esterification of particle- 
associated cholesterol. ApoA-I on the HDL surface acti-
vates LCAT. Once formed, the cholesterol ester is more 
hydrophobic and moves to the interior of the particle—
creating a sphere-shaped HDL particle known as HDL2.21

As HDL2 increases in size, the particle becomes sub-
strate for cholesterol ester transfer protein (CETP). This 
enzyme promotes the exchange of esterified cholesterol 
within HDL2 for triglyceride contained within apoB-
100–associated lipoproteins.22 This lipid exchange is the 
primary mechanism whereby HDL participates in re-
verse cholesterol transport from tissues back to the liver. 
The rest of the cholesterol ester is selectively taken up 
from HDL by hepatocytes via a SRB1, without con-
comitant uptake of the entire HDL particle. This latter 
process may require the action of HL.23 The lipid-poor 
prebeta HDL resulting from this process is released for 
recycling.16

PRIMARY DYSLIPIDEMIAS
Lipoprotein synthesis, transport, and metabolism occur 
in many steps and involve many specialized proteins. A 
number of genetic defects have been identified in these 
processes and are referred to as primary dyslipidemias. 

Most of these genetic defects present in childhood.  
Table 23-2 summarizes pediatric lipoprotein disorders 
with reference to the characteristic lipoprotein profile of 
each one. The genetic and metabolic etiologies of these 
disorders are detailed in the following material.

Disorders of Cholesterol Metabolism
Familial Hypercholesterolemia

Familial hypercholesterolemia (FH) is the most common 
single gene disorder of lipoprotein metabolism. FH is 
inherited as an autosomal-dominant trait with relatively 
low prevalence in Western countries. The prevalence has 
been reported to be 10 times higher in certain populations 
with a presumed founder effect, such as the Lebanese, the 
French Canadians, and the South Afrikaners.24 The 
heterozygous form is found in 1 in 500 persons, and  
the homozygous form is found in 1 in 1 million persons. 
The disorder is caused by a mutation in the LDLR 
gene.25 More than 1100 mutations in this gene have been 
identified, including those that affect receptor synthesis, 
intracellular transport, ligand binding, internalization, 
and recycling.26 In the heterozygous form, inheritance of 
one defective LDLR gene results in plasma LDL choles-
terol levels two to three times higher than normal.25

Individuals with heterozygous FH are at an increased 
risk of developing early-onset coronary artery disease 
(CAD), usually between the ages of 30 and 60 years.24 
In the homozygous form, individuals inherit a mutant 
allele for FH from both parents, resulting in plasma LDL 
cholesterol concentrations that are four to six times 
higher than normal.27 A more severe phenotype is found 
in individuals with receptor-negative mutations (those 
with ,5% residual LDL receptor activity) compared 
to those with receptor-defective mutations (5% to 30% 
of normal LDL receptor activity).28 Due to the exces-
sively high plasma cholesterol levels in individuals with 
homozygous FH, cholesterol deposits are common in  

Lipoprotein Disorder Lipoprotein Analysis Blood Lipids Genetic Defect

Familial hypercholesterolemia hhLDL hhCholesterol LDL receptor (LDLR)
Autosomal recessive  

hypercholesterolemia
hhLDL hh Cholesterol LDLRAP

Autosomal dominant  
hypercholesterolemia

hhLDL (with increase in 
function mutations)

hh Cholesterol PCSK9

Familial ligand-defective apoB-100 hh LDL hhCholesterol ApoB-100
Sitosterolemia h LDL h Cholesterol ABCG5 or ABCG8
Familial combined hyperlipidemia h VLDL, h LDL, g HDL h Cholesterol, 

h triglycerides
Unknown

Familial hypertriglyceridemia hh VLDL, g HDL h Triglycerides Unknown
Familial chylomicronemia syndrome hh Chylomicrons 

h VLDL
hhTriglycerides Lipoprotein lipase (LPL),  

ApoC-II, Apo A-V, GP1HBP1
Hypoalphalipoproteinemia g HDL Normal ApoA-1
Dysbetalipoproteinemia hh Chylomicron 

remnants, hh IDL
hh Cholesterol, 

hh triglycerides
ApoE

TABLE 23-2 Pediatric Lipoprotein Disorders*

*hh Very high; h moderately elevated; and g decreased.
LDL, low-density lipoprotein; VLDL, very low density lipoprotein; HDL, high-density lipoprotein; IDL, intermediate-density lipoprotein. See 

text for details.
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the tendons (xanthomas) and eyelids (xanthelasmas)—
generally by the age of 5 years.29 In the heterozygous 
form, xanthomas occur less frequently and generally not 
until one reaches older adulthood. Children with homo-
zygous FH have early-onset atherosclerosis and often 
have myocardial infarction in the first decade of life, and 
death from CAD in the second decade. 29

Autosomal Dominant and Autosomal-
Recessive Hypercholesterolemia

Autosomal-dominant hypercholesterolemia (ADH) is 
another inherited disorder resulting in a phenotype that 
is expressed as marked elevations or low levels of LDL 
cholesterol. ADH is caused by mutations in proprotein 
convertase subtilisin/kexin type 9 (PCSK9).30 This pro-
tein binds and favors degradation of the LDLR and 
thereby modulates the plasma levels of LDL cholesterol. 
Some of the naturally occurring PCSK9 mutations favor 
an increase in the function of the protein and cause hy-
percholesterolemia, whereas some favor a loss of func-
tion and are associated with low LDL cholesterol. The 
latter mutations appear to confer protection from devel-
oping CAD.

Autosomal recessive hypercholesterolemia (ARH) is 
caused by mutations in the ARH gene, which encodes the 
adaptor protein required for normal LDLR-mediated 
endocytosis in hepatocytes.31 Several different mutations 
in this protein have been identified, all leading to a lack of 
or suboptimal internalization of the LDLR.32 Cholesterol 
levels in individuals with ARH are five to six times higher 
than normal. Children with this disorder are clinically 
similar to those with homozygous FH. However, their 
parents usually have normal lipoprotein profiles. 31

Familial Ligand-Defective ApoB-100

Familial ligand-defective apoB-100 (FDB) is a monogenic 
disorder that clinically resembles heterozygous FH. The 
disease is characterized by moderate to markedly high 
plasma LDL cholesterol levels, normal triglycerides, and 
tendon xanthomas. The disorder is caused by poor bind-
ing of the LDL particle to the LDLR due to a mutation 
in apoB-100.33 Deficient LDLR binding results in a 
decreased clearance of LDL from plasma. The disorder is 
most common in individuals of European descent (1 per 
1000).9 Patients with FDB are at moderate to high risk of 
developing CAD.34

Sitosterolemia

Sitosterolemia is a rare autosomal-recessive disease 
caused by a mutation in either of two genes (ABCG5 or 
ABCG8) encoding the ABC half-transporters.35 These 
genes are expressed in enterocytes and hepatocytes. The 
ABC half-transporters limit the absorption of cholesterol 
and plant sterols (and possibly shellfish sterols) in the gut. 
They also promote biliary and fecal excretion of choles-
terol and phytosterols.36,37 Defective proteins result in 
an abnormally high absorption of plant sterols (and, to  
a lesser extent, cholesterol) into the enterocyte and  
decreased excretion of these sterols from the liver into 

the bile. Plasma cholesterol can be mildly, moderately,  
or markedly elevated, whereas plant sterol concentra-
tions in the plasma are markedly increased. Patients with 
sitosterolemia develop premature CAD and xanthomas 
in childhood, and may develop aortic stenosis.35

Disorders of Overproduction of VLDL
Familial combined hyperlipidemia (FCHL) is an autosomal-
dominant disorder with a prevalence of 1% to 2% in 
Western populations.38 Individuals with FCHL generally 
share the same metabolic defect, which is overproduction 
of hepatic VLDL. Families with FCHL have multiple 
patterns of hyperlipidemia, including hypercholesterol-
emia, hypertriglyceridemia, and elevated apoB levels. A 
diagnosis of FCHL is based on the presence of increased 
levels of cholesterol, triglyceride, or apoB in patients and 
their first-degree relatives.38 Veerkamp and colleagues 
have developed a nomogram to calculate the probability 
that a person is likely to be affected by FCHL.39 A classic 
feature of FCHL is that the lipoprotein profile is variable 
in the same individual over time and may depend on fac-
tors such as diet, exercise, and weight. FCHL can mani-
fest in childhood but is usually not fully expressed until 
adulthood.38 Patients with FCHL often have concurrent 
problems with insulin resistance, central obesity, and 
hypertension and are at an increased risk of premature 
CAD. 40

Syndromes with a similar phenotype are hyperapo-
betalipoproteinemia, LDL subclass pattern B, and the 
clustering of CVD risk factors known as metabolic 
syndrome in adults.38 Of the three, the latter syndrome 
is much more prevalent in children. Rates of metabolic 
syndrome are continuing to rise with the prevalence  
of obesity in the pediatric population.41 There appears 
to be a mechanistic link between central obesity,  
insulin resistance, and dyslipidemia—with central  
obesity generally preceding both glucose and lipid  
abnormalities.

Disorders of Marked Hypertriglyceridemia
Familial Hypertriglyceridemia

Familial hypertriglyceridemia (FHTG) follows an autosomal-
dominant inheritance pattern expressed predominantly in 
adulthood, with a population prevalence of ,5% to 
10%.38 The prevalence in children is increasing. Obesity 
is an important factor that can expedite the expression  
of FHTG, and patients often have concurrent glucose 
intolerance. The phenotype for FHTG is moderate to 
markedly high serum triglycerides (200 to 500 mg/dL 
range) and low to normal LDL and HDL cholesterol 
levels. The metabolic cause of the disorder is hepatic  
secretion of large triglyceride-rich VLDL particles that 
are catabolized slowly.42 The fundamental genetic defect 
for FHTG has not been identified.

Familial Chylomicronemia Syndrome

Chylomicronemia syndrome is a compilation of rare 
monogenetic disorders that cause marked impairment of 
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lipoprotein lipase (LPL) activity. These disorders are phe-
notypically expressed as hypertriglyceridemia (usually tri-
glycerides [TGs] . 1000 mg/dL) due to diminished or 
absent hydrolysis of chylomicron and VLDL-associated 
triglycerides by LPL.43 Impairment of LPL activity may 
be related to LPL deficiency, apoC-II (cofactor for LPL) 
deficiency, or the more recently described apoA5 and gly-
cosylphosphatidylinositol-anchored HDL-binding pro-
tein 1 (GPIHBP1) loss-of-function mutations that result 
in poor hydrolysis of chylomicron and VLDL-associated 
triglycerides.44

In homozygous chylomicronemia, fasting plasma has a 
viscous, creamy appearance due to the presence of large 
numbers of chylomicron particles. Risks for pancreatitis 
and hepatosplenomegaly are increased due to the markedly 
elevated serum triglycerides.43 In addition, eruptive xan-
thomas and neurologic symptoms may be apparent. Indi-
viduals heterozygous for the syndrome may have a mild to 
moderate elevation in plasma triglycerides. Environmental 
factors such as weight gain may exacerbate hypertriglyceri-
demia. Premature CAD is generally not a feature of chylo-
micronemia, but cases have been reported.44

HYPOLIPIDEMIAS
Low HDL Cholesterol
In clinical practice, patients with low HDL cholesterol 
levels commonly have concurrent high triglycerides, with 
or without elevations in small dense LDL cholesterol.38 
These patients are usually obese, and the mechanistic 
explanation for this dyslipidemic triad is VLDL overpro-
duction. Less common are familial disorders of HDL, 
including familial hypoalphalipoproteinemia, mutations 
of the apoA-1 protein, Tangier disease, and LCAT defi-
ciency.45 These disorders are characterized by a low 
HDL cholesterol level with no other lipid abnormality. 
Familial hypoalphalipoproteinemia follows an autoso-
mal-dominant inheritance pattern.46 ApoA-1 levels are 
also often low due to decreased production of HDL.

A number of mutations have been described in the 
apoA-1 gene and are associated with low HDL cholesterol 
and low apoA-1.45,47 Tangier disease is due to mutations 
in the ABCA1 gene.47 Patients affected by this disease are 
not able to actively withdraw cholesterol from cells onto 
nascent HDL particles, causing rapid degradation of the 
nascent HDL. ApoA-1 is rapidly cleared before it is able 
to acquire cholesterol. In Tangier disease, HDL choles-
terol levels are close to zero and the apoA-1 levels are  
less than 5 mg/dL. The risk of premature CAD in these 
patients is mild to moderate.46,47 LCAT deficiency is a very 
rare autosomal recessive disorder cause by mutations in 
LCAT, an enzyme synthesized by the liver and secreted 
into the plasma, where it associates with lipoproteins.48 
LCAT esterifies free cholesterol on the surface of HDL 
and enables the accumulation of cholesteryl esters in the 
core of HDL. In LCAT deficiency, lack of normal choles-
terol esterification impairs formation of mature HDL 
particles, which are readily catabolized along with apoA-1. 
Remarkably, despite the extremely low levels of plasma 
HDL cholesterol (usually , 10 mg/dL) and apoA-1, pre-
mature CAD is not a consistent feature of this disorder.

Abetalipoproteinemia
Abetalipoproteinemia is associated with low serum choles-
terol (, 50 mg/dL) and triglycerides (,2 to 45 mg/dL). 
Patients with this disorder present with steatorrhea  
and fatty liver. Without treatment, ataxia follows (with 
acanthocytosis and retinitis pigmentosa). Abetalipopro-
teinemia is caused by a defect in MTP.49 Without MTP, 
no chylomicrons, VLDL, or LDL appear in the plasma. 
In these patients, HDL takes over as the primary choles-
terol carrier. Thus, the defect is not fatal. Because of 
significant fat malabsorption, fat-soluble vitamin status is 
impaired.

In particular, because vitamin E absorption and cellular 
uptake require chylomicron and LDL transport, high 
doses of vitamin E are required to prevent retinal and  
sensory neuron degeneration. Additional dietary consider-
ations include restricting long-chain dietary triglycerides 
to less than 15 g/day to alleviate the steatorrhea.  
Medium-chain triglycerides (MCT oils) can be used as 
an alternative source of energy.44

Hypobetalipoproteinemia
Hypobetalipoproteinemia is an autosomal-dominant 
disorder resulting from a defect in the apoB gene that 
produces a truncated apolipoprotein B.50 Cholesterol 
levels in patients with heterozygous hypobetalipopro-
teinemia are usually 50% of those of an unaffected fam-
ily member. The heterozygous form of this condition is 
benign. However, homozygous hypobetalipoproteinemia 
is associated with severe hypocholesterolemia, significant 
steatorrhea, fatty liver, acanthocytosis retinopathy, and 
peripheral neuropathy.51

Disorders with Lipoprotein Clearance 
via ApoE Pathways
Dysbetalipoproteinemia is characterized by elevated cho-
lesterol and triglyceride levels.38 The disorder results 
from the presence of a polymorphism of the apoE allele 
(apoE2, rather than the more common apoE3 or less 
common apoE4).52 Metabolically, this defect results in a 
poor uptake of remnant particles and abnormal remnant 
catabolism because of the abnormal apoE. Increased 
remnants, VLDL, chylomicrons, and apoE are all pres-
ent. Xanthomas may occur, and premature CAD has 
been reported. This lipoprotein disorder is rare in chil-
dren and often presents in young adulthood.38

SECONDARY CAUSES

Secondary dyslipidemias can result from a variety of dis-
eases and conditions (see Box 23-1). In the United States, 
the most prevalent cause of secondary dyslipidemia is 
overweight and obesity.53 The dyslipidemic triad (namely, 
elevated triglycerides and small dense LDL and low 
HDL cholesterol) is commonly associated with over-
weight (in particular, with central adiposity).53,54 In addi-
tion to dyslipidemia, insulin resistance and elevated blood 
pressure may be present. This cluster of abnormalities is 
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known in adults as the metabolic syndrome. Empirical 
evidence in children also indicates that obesity during 
childhood is associated with the same risk factor cluster-
ing seen in adults, that it continues into adult life, and 
that it is associated with an increased risk for accelerated 
early atherosclerosis.55 The primary approach to treating 
this disorder in both adults and children is weight man-
agement. Improvement in weight status and a decrease  
in body fatness have been shown to be associated with 
improvements in the dyslipidemia and other comorbidi-
ties associated with obesity.56

Metabolic lipid perturbations in adult patients with 
types 1 and 2 diabetes mellitus are similar to those found 
in patients with the metabolic syndrome, but often are 
more severe.57 Generally in adults with diabetes, triglyc-
erides are elevated and HDL cholesterol is low—and 
LDL cholesterol can be normal or mildly or moderately 
elevated. Diabetes in adults is considered a CAD risk 
equivalent according to the National Cholesterol Educa-
tion Program (NCEP). This means that the risk for  
developing CAD in patients with poorly controlled dia-
betes is equivalent to those with established CAD.58 For 
this reason, the NCEP recommends aggressive treat-
ment of dyslipidemia in adult patients with diabetes.

Although type 1 diabetes is currently the main form of 
diabetes seen in children, in the United States a growing 
number of patients with type 2 diabetes are under the age 
of 18 years.59 Change in the prevalence of type 2 diabetes 
in youth is likely related to the growing obesity epidemic 
occurring in the pediatric population.59,60 Data on lipid 
concentrations in children and adolescents with diabetes 
are few, particularly in those with type 2 diabetes.

The Search for Diabetes in Youth Study assessed the 
prevalence of serum lipid abnormalities among a repre-
sentative sample of U.S. children and adolescents with 
type 1 and type 2 diabetes.61 Findings from this study 

showed a substantial number of diabetic children over 
the age of 10 years with abnormal serum lipids: nearly 
50% had an LDL cholesterol level above the optimal 
level of 100 mg/dL. For children with type 2 diabetes, 
37% had elevated triglyceride levels and 44% had low 
HDL cholesterol. These data highlight the importance 
of serum lipid screening in children with diabetes. A 
growing body of literature also shows early vascular 
dysfunction in children with diabetes, regardless of 
type.62 This is thought to be due to glycemic and lipid 
abnormalities associated with poorly managed diabetes. 
For this reason, new treatment guidelines recommend 
intensive glucose and lipid management for children 
with diabetes.56 These guidelines are discussed later in 
the chapter.

Other causes of secondary dyslipidemia include hypo-
thyroidism, nephrotic syndrome, other renal diseases, 
liver diseases, and infection.63 The risk of development of 
atherosclerosis with these conditions is unknown but is 
likely proportionate to the length of exposure and extent 
of elevation in serum LDL cholesterol levels. Cardiovas-
cular disease is common in patients with chronic renal 
insufficiency.64 Dyslipidemias can also result from the 
ingestion of a variety of medications. These medications 
include progestins, estrogens, androgens, anabolic steroids, 
corticosteroids, cyclosporine, and retinoids. Secondary 
causes of dyslipidemias should be identified by patient 
historical data and a careful physical examination.63 Labo-
ratory tests (including thyroid, renal, and liver function 
panels) can confirm the diagnosis.

The treatment of dyslipidemia in patients with sec-
ondary causes is focused on managing the underlying 
disease. Diet and physical activity changes may also be 
recommended to reduce elevated LDL cholesterol and 
triglyceride levels.

VASCULAR CHANGES AND DYSLIPIDEMIA

It is well established that elevated concentrations of 
total cholesterol and LDL cholesterol in adult life are 
strong and reversible risk factors for CAD.58 Whether 
dyslipidemia during childhood contributes to athero-
sclerotic lesions in coronary and other arteries has been 
a subject of debate, but accumulating evidence from 
pathology and in vivo imaging studies favors a relation-
ship. Atherosclerotic lesions result from deposits of 
lipid and cholesterol in the intima of the arterial wall.65 
Early lesions, called fatty streaks, are formed from the 
accumulation of macrophages filled with lipid droplets 
(foam cells).

Fatty streaks do not disorganize the normal structure 
of the intima, do not deform or obstruct the artery, and 
are in and of themselves not considered harmful.66 How-
ever, some continue to accumulate macrophage foam 
cells and extracellular lipid and smooth muscle cells—
forming raised plaques. From these, more advanced le-
sions may develop—with further deposition of extracel-
lular lipid, cholesterol crystals, collagen, and potentially 
calcium.67 It is these raised lesions that result in a myo-
cardial infarction because of their increasing size and 
obstruction of the arterial lumen or because of rupture of 

BOX 23-1 Selected Secondary Causes of 
Pediatric Hyperlipoproteinemia

ENdOCrINE

• Hypothyroidism
• Diabetes
• Pregnancy

ExOgENOuS

• Drugs
• Obesity
• Alcohol

rENal

• Nephrotic syndrome
• Chronic renal failure

HEpaTIC

• Cholestasis
• Biliary atresia
• Hepatitis
• Biliary cirrhosis

ImmuNOlOgIC

• HIV infection/AIDS
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the fibrous plaque, which results in the release of throm-
bogenic substances from the necrotic core.67

Pathobiologic studies of the coronary arteries of young 
individuals who died from causes unrelated to heart dis-
ease have been useful in documenting the progression of 
atherosclerosis by age and risk factor determinants. Stary 
and colleagues studied more than 500 postmortem sam-
ples of coronary arteries from persons younger than  
30 years of age and found the presence of fatty streaks in 
the majority of children younger than 9 years of age, raised 
lesions in about half of adolescents, and more advanced 
lesions in about a third of the young adults studied.68 In 
93 autopsies of young adults for whom childhood risk fac-
tor data were available, Berenson and colleagues found 
that the extent of the surface of arteries covered with fatty 
streaks and fibrous plaques was positively associated with 
LDL cholesterol, triglycerides, blood pressure, and body 
mass index and negatively associated with HDL choles-
terol levels in childhood.69

The Pathobiological Determinants of Atherosclerosis 
in Youth (PDAY) study reached similar conclusions from 
examination of more than 3000 postmortem samples of 
coronary arteries of young adults who died from noncar-
diovascular events and who likewise had a variety of sur-
rogates for antimortem risk factor measures available.70 
In general, pathology studies have made important con-
tributions to the identification of risk factors for early 
aspects of the atherosclerotic process. In conjunction 
with findings from longitudinal studies such as the Fram-
ingham Heart Study (in which risk factor assessments of 
participants preceded the development of cardiovascular 
disease),71 a group of risk factors, often referred to as the 
traditional risk factors for CAD, has been established. A 
complete list of pediatric risk factors for CAD is found in 
Box 23-2.

Advances in vascular imaging technology have pro-
vided a means of measuring early pathologic changes  
and functional abnormalities against coronary and other 
arteries in response to adverse changes in cardiovascular 
disease risk factors. The advantage in using this technology 

is that walls of superficial arteries can be imaged nonin-
vasively in real time at high resolution, and changes  
to the arterial wall can be measured as a continuous  
variable from childhood to adulthood in patients with 
and without the presence of risk factors for CVD.72 

Computed tomography (CT) scanning is considered one 
of the most sensitive noninvasive tools for imaging the 
extent and location of coronary artery calcium present in 
atheroma.73

The presence of coronary artery calcium has been  
associated with adverse cardiovascular disease outcomes 
in adults.74 In adolescents, small studies have shown 
associations among hypercholesterolemia, body mass  
index (BMI), and significant coronary artery calcium. In 
the Muscatine Study in which participants were assessed 
for CVD risk factors during their school-age years and 
later assessed for cardiovascular changes by CT scan, 
31% of men and 10% of women aged 29 to 37 years had 
significant coronary artery calcification.75 In this study, 
childhood risk factors associated with calcification were 
obesity, increased blood pressure, and low HDL choles-
terol. Gidding and colleagues showed significant coronary 
calcium by electron bean CT in 7 of 29 young adults with 
heterozygous familial hypercholesterolemia.76 Overweight 
was found to increase the likelihood of calcium being  
present in individuals already at high risk.

Vascular ultrasound imaging has been utilized to  
assess alterations in brachial artery flow-mediated dila-
tion, which is a measure of endothelial function, and  
carotid intima-media thickness (IMT).73 In adults, both 
measures have been associated with adverse changes in 
traditional cardiovascular disease risk factors,77 respond 
to normalization of risk factors,78 and are considered 
important early markers for the progression of athero-
sclerotic disease.77-80 Although few studies have used 
ultrasound technology to evaluate coronary arteries in 
the young, children with hypercholesterolemia have been 
assessed using measures of the carotid and brachial arter-
ies and have been found to have abnormalities of carotid 
IMT and brachial artery vasodilation.81-83

Further, in young adults aged 33 to 42 years who had 
comprehensive risk factor assessments performed some 
25 years prior, Davis and colleagues found an association 
between mean carotid IMT and elevations in total cho-
lesterol and triglyceride concentrations during child-
hood.84 Lavrencic and associates found that the mean 
carotid IMT was significantly greater in youth with FH 
compared with those in a control group—as well as being 
significantly greater in all subjects in regard to total cho-
lesterol, LDL cholesterol, and systolic blood pressure.85 
Similar risk factors have been associated with impaired 
vasodilation, indicating endothelial dysfunction.86-88

In summary, these studies confirm the utility of vascular 
imaging for detecting early pathologic and functional 
changes to coronary vessels and associations with modifi-
able CVD risk factors in the young. Clinically, vascular 
imaging by ultrasound may be a valuable means of estimat-
ing the benefit of treating multiple CVD risk factors in 
children and adolescents. However, the collection of more 
normative data across age, race, and gender groups and 
longitudinal studies to determine age and puberty-related 

BOX 23-2 Pediatric Risk Factors for 
Coronary Artery Disease

pOSITIvE rISk FaCTOrS

• Elevated LDL cholesterol ($ 130 mg/dL)
• Family history of premature (aged . 55 years) coro-

nary heart disease, CVD, or peripheral vascular disease
• Smoking
• Hypertension
• Obesity ($ 95th percentile weight for height on Na-

tional Center for Health Statistics [NCH] growth 
chart)

• Physical inactivity
• Diabetes

NEgaTIvE rISk FaCTOrS

• High HDL cholesterol (. 60 mg/dL)
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changes in these measures is needed before these methods 
could be adopted in clinical evaluation.89 In general, CT 
scans may be less useful in younger patients because cal-
cium depositions are uncommon before young adulthood.

SCREENING FOR LIPID DISORDERS
Routine Screening
The approach to pediatric screening for dyslipidemia  
has been controversial. Since the 1990s, pediatric guide-
lines established by the National Cholesterol Education 
Program (NCEP) have provided the standard of care with 
respect to lipid screening and treatment of dyslipidemia in 
children.90 These guidelines recommend selective blood 
cholesterol screening in children based on a positive family 
history of premature CVD (prior to age 55 years), presence 
of dyslipidemia in a parent (total cholesterol . 240 mg/dL), 
or presence of additional CVD risk factors in the child 
such as hypertension, diabetes, and obesity. If family his-
tory is unknown, recommendations suggest that lipid 
screening of a child be done at the discretion of the pri-
mary care provider. These guidelines have served as the 
basis for related recommendations from the American 
Academy of Pediatrics,91 the American Heart Association,92 
and the American Diabetes Association.60

The controversy regarding the NCEP targeted screen-
ing approach stems largely from studies showing that the 
NCEP family history–based approach compared to a uni-
versal or general approach to childhood screening for 
dyslipidemia missed many children with moderate dyslip-
idemia (as many as 30% to 60%) and failed to detect a 
substantial number who likely had genetic dyslipidemia 
who might require more intensive therapy.93 Familial 
hypercholesterolemia (FH) is a relatively common prob-
lem, with the heterozygous form occurring in 1 in 500 
individuals.26,27 FH has been clearly associated with an 
increased lifetime risk of atherosclerotic CAD, and earlier 
treatment is associated with reduced subclinical evidence 
of atherosclerosis.27 To increase the likelihood of detecting 

young patients with FH and other genetic dyslipidemias, 
the National Lipid Association94 and more recently the 
National Heart, Lung, and Blood Institute (NHLBI)  
Expert Panel on Integrated Guidelines for Cardiovascular 
Health and Risk Reduction in Children and Adolescents56 
recommended universal lipid screening for children ages 
9 to 10 years.

These newer recommendations recognized that there is 
considerable variation in LDL cholesterol with age during 
growth and development, especially during puberty.95,96 
Total and LDL cholesterol levels tend to decline during 
puberty, meaning that some adolescents will appear nor-
mal when in fact they will have elevated levels after pu-
berty.95 For this reason, 9 to 10 years of age was selected as 
a good age to screen, before the effect of puberty lowers 
LDL cholesterol levels, but closer to an age when drug 
therapy may be appropriate.56 Additionally, the National 
Lipid Association (NLA)94 and the expert panel56 agreed 
that lipid screening should occur earlier ($ 2 years of age) 
in the following conditions: presence of a positive family 
history for hypercholesterolemia or premature coronary 
heart disease (CHD) or the presence of major CHD risk 
factors such as hypertension, diabetes, and obesity.

The expert panel56 also added nonfasting HDL choles-
terol as a new screening tool for the identification of dys-
lipidemia in children. Non-HDL cholesterol is calculated 
by subtracting the HDL cholesterol from the total choles-
terol. This measure reflects the amount of cholesterol 
carried by atherogenetic apolipoprotein B–containing  
lipoproteins (VLDL, IDL, and LDL). In both adults and 
children, non-HDL cholesterol has been determined to be 
more predictive of persistent dyslipidemia and therefore 
atherosclerosis and future CVD events than total choles-
terol, LDL cholesterol, or HDL cholesterol alone.97 A 
major advantage of non-HDL cholesterol is that it can be 
accurately calculated in a nonfasting state and is therefore 
practical to obtain in a primary care setting. Percentiles for 
non-HDL cholesterol have been established (Table 23-3) 
and are based on data from the Bogalusa Heart Study,98 
where non-HDL cholesterol $ the 95th percentile is 

Category Low Acceptable Borderline High

Total cholesterol — , 170 170-199 $ 200
LDL cholesterol — , 110 110-129 $ 130
Non-HDL cholesterol — , 120 120-144 $ 145
Apolipoprotein B — , 90 90-109 $ 110
Triglycerides —
 0-9 y , 75 75-99 $ 100
 10-19 y , 90 90-129 $ 130
HDL cholesterol , 40 . 45 40-45
Apolipoprotein A-1 , 115 . 120 115-120 —

TABLE 23-3  Normal Plasma Lipid and Lipoprotein Concentrations (mg/dL) 
for Children and Adolescents*

*Values for plasma lipids and lipoproteins are from the Expert Panel on Integrated Guidelines for 
Cardiovascular Health and Risk Reduction in Children and Adolescents (2011). Summary report. 
Pediatrics 128:S1-S44.

LDL, low-density lipoprotein; HDL, high-density lipoprotein.
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considered “abnormal/high” and between the 75th to 95th 
percentile is considered “borderline.”

If a nonfasting non-HDL cholesterol is found to be 
abnormal, a fasting (12-hour) lipoprotein analysis is 
recommended56 to allow quantification of total choles-
terol, HDL cholesterol, triglycerides, and calculation of 
LDL cholesterol. The Friedewald equation—LDL 
cholesterol 5 total cholesterol 2 (HDL cholesterol 1 
triglycerides/5)—can be used to calculate LDL cholesterol 
as long as the serum triglyceride level is , 400 mg/dL.99 
Direct measurement of LDL cholesterol concentration 
is available through some commercial laboratories and 
is indicated for individuals whose fasting triglyceride 
level is $ 400 mg/dL.

The lipid/lipoprotein cut points to be used in screen-
ing are presented in Table 23-3. Cut points for total 
cholesterol and LDL cholesterol in children are from the 
NCEP report.90 The 75th and 95th percentiles for lipid 
values from this report were used to define “borderline” 
and “high” risk categories, respectively. If a lipoprotein 
analysis reveals LDL cholesterol to be borderline or 
high, there is consensus among guidelines that the test 
should be repeated and the average value of the two tests 
be considered for clinical decision making.56

Although the NCEP report provided population per-
centiles for triglyceride and HDL-C concentrations, 
recommended cut points for these variables were not 
established back in 1992.90 Measurement of these vari-
ables has become more important because they are part 
of the clustering of risk factors associated with the grow-
ing epidemic of pediatric obesity in the United States.54 
Data from pathology and imaging studies show adverse 
changes in vascular structure and function in adulthood 
related to low HDL cholesterol and high triglyceride 
levels in childhood.89 Therefore, the latest guideline56 
recommends cut points for triglycerides and HDL cho-
lesterol based on percentiles provided by the NCEP.90 
The 75th and 95th percentiles for triglyceride values 
were used to define “borderline” and “high” risk catego-
ries, respectively, and the 25th and the 10th percentiles 
were used to define “borderline” and “high” risk groups 
for HDL cholesterol (see Table 23-3).

Although well-standardized immunochemical meth-
ods are available for the determination of apoB and 
apoA-1 measurements, guidelines suggest that measure-
ments of apolipoproteins for universal screening provide 
no additional advantage over measuring non-HDL cho-
lesterol, LDL cholesterol, and HDL cholesterol levels, 
except in youth with premature CVD in parents.100,101 
Cut points for apoB and apoA-1 from the National 
Health and Nutrition Examination Survey (NHANES) 
should be used in these cases100 (see Table 23-3). Mea-
surement of lipoprotein subclasses and their sizes in 
children and adolescents by advanced lipoprotein testing 
has been found to have no sufficient clinical utility to 
warrant routine use.56

Clinical evaluation of children and adolescents at high 
risk for CVD based on abnormal lipid levels should in-
clude a careful review of the patient’s medical and family 
history and physical examination to identify additional 
risk factors and secondary causes of dyslipidemia. Assess-
ment should include the following: review of past medical 

or family history for hypertension, diabetes mellitus, 
medication use, obesity, poor dietary habits (including 
excessive intake of saturated fat), sedentary behavior, and 
tobacco use; measurement of height, weight, and calcula-
tion of BMI; Tanner staging to assess pubertal growth; 
blood pressure measurement; physical inspection of skin, 
eyes, and tendons for lipid deposition and palpitation of 
the thyroid gland and liver for signs of enlargement; and 
laboratory tests (including thyroid, renal, and liver func-
tion panels). Glucose and insulin levels should be mea-
sured to assess for the presence of metabolic syndrome or 
diabetes.

Genetic Testing
Increasingly, DNA-based tests are being used to confirm 
the diagnosis of FH in patients with a family member 
who has a mutation or in a young patient with high LDL 
cholesterol with tendon xanthomas or atherosclerotic 
disease.102 Currently, three genes (LDLR, apoB, and 
PCSK9) have been identified in association with muta-
tions that cause this disorder.103 In addition to LDLR, 
most laboratories test for the apolipoprotein B gene 
r500Q mutation. Rapid and relatively inexpensive meth-
ods have been developed to test a selected subset of the 
LDLR mutations. However, more expensive “complete 
gene scans” are needed for mutation-negative samples.103 

Once a mutation is identified, relatives can be tested rap-
idly and cheaply.

At present, it is unclear whether knowledge of specific 
mutations will lead to improved treatment. Several stud-
ies have shown that the degree of cholesterol lowering 
achieved by statins is influenced by the type of mutation 
(e.g., individuals with the APOB r3500Q mutation 
showed a strong positive response to statin therapy).104,105 

In addition, the diagnosis of FH based on genetic testing 
improved uptake and adherence to treatment in several 
studies.106,107 Concerns remain about the long-term ben-
efits and potential side effects from lifelong treatment 
with statins for identified children. As progress in this 
area continues, current treatment algorithms may need 
modification to describe the role of genetic testing in 
clinical practice.

DIET THERAPY IN MANAGING 
DYSLIPIDEMIA

New pediatric nutrition recommendations from the ex-
pert panel56 support a two-pronged dietary approach to 
managing pediatric hypercholesterolemia: one geared to 
the population in general and the second focused on an 
individualized treatment of dyslipidemia, including an 
approach to elevated LDL-C and an approach to ele-
vated triglycerides. On the population level for healthy 
infants, the expert panel56 has recommended breastfeed-
ing as optimal to 12 months of age if possible with sup-
plementation of complementary foods when appropriate; 
the introduction of iron-fortified formula is recom-
mended if breastfeeding is stopped or reduced before  
1 year of age. Previous nutrition recommendations  
from the NCEP90 did not include recommendations for 
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infants; however evidence in favor of the sustained car-
diovascular benefits of breastfeeding, including lower 
total cholesterol, BMI, and carotid IMT into adulthood, 
is now strong.108-110 These guidelines are in accordance 
with the Surgeon General’s Office, the World Health 
Organization, the American Academy of Pediatrics, and 
the American Academy of Family Physicians.

The 2010 Dietary Guidelines for Americans (DGA)111 
provide optimal nutrition guidance for primary care pro-
viders to use in promoting nutrient adequacy and CVD 
risk reduction in children . 2 years of age. In keeping 
with the goal of reducing chronic disease risk among all 
Americans, the DGA support a dietary fat composition of 
25% to 35% of calories, with less than 10% of calories 
from saturated fat, fewer than 300 mg of cholesterol per 
day, and no or minimal trans fats included. The DGA 
also emphasizes setting an appropriate daily calorie goal 
for healthy weight stability. This dietary pattern closely 
matches the former NCEP Step 1 diet90 and is viewed as 
a primary preventive measure to optimize serum lipids, 
thereby reducing the risk of CVD in the pediatric popu-
lation at large. Similar food-based dietary recommenda-
tions are available through the World Health Organiza-
tion (www.fao.org/docrep/X0243E/x0243e00.htm).

Within appropriate gender- and age-specific require-
ments for growth and development in normal children 
and children with dyslipidemia, the expert panel56 has 
recommended an early transition (between 1 and 2 years 
of age) to reduced fat, unflavored milk (from whole to 
2%), and a dietary composition that matches that recom-
mended by the DGA.111 Advice to transition early to a 
low-fat diet (minimum of 30% of total calories to age 2 
years) is supported by data from the ongoing Special 
Turku Risk Intervention Program (STRIP) study,112-114 
which showed that limiting total fat, saturated fat, and 
dietary cholesterol to DGA levels could be instituted 
safely after 6 months of age under medical supervision 
and lowered total cholesterol, LDL cholesterol, and BMI 
more than a usual higher-fat diet. The expert panel56 has 
cautioned that any dietary changes initiated during child-
hood should be tailored to the child to ensure optimal 
growth and development and administered under the 
guidance of the child’s primary care physician. Estimated 

calorie requirements based on age and gender at three 
levels of physical activity from the Institute of Medi-
cine115 are found in Table 23-4.

The expert panel’s56 population approach for youth 
ages 4 years and older encourages consumption of a 
plant-based diet comparable to the Dietary Approaches 
to Stop Hypertension (DASH)116 dietary pattern. This 
dietary pattern recommends 7 to 10 servings/day of fruits 
and vegetables and 6 to 10 servings of breads, cereals, and 
grains. Whole fruits and vegetables rather than juice and 
whole grains rather than processed grains are encour-
aged. Key sources of saturated fat and cholesterol are 
moderated on the DASH dietary plan. For example, red 
meats are limited to modest amounts of lean cuts (e.g., 5 
to 6 oz per day) and dairy products are limited to skim or 
low-fat varieties (24 to 32 oz/day). Plant-based foods 
should constitute the largest proportion of energy in 
children’s diets. Most choices within these food groups 
are low in fat, cholesterol free, and high in fiber—and 
will help displace energy sources containing saturated 
fat.117-118 The major health benefits of a DASH style of 
eating are lowered blood pressure, improved lipids, and 
improved weight status.119,120 Box 23-3 highlights some 
practical dietary strategies for lowering saturated fat and 
cholesterol in the diets of the young.

For the individual child with identified dyslipidemia, a 
positive family history of premature CVD, obesity, or hy-
pertension, the expert panel56 has recommended initiating 
the same dietary approach recommended for the general 
population (as described previously). The expert panel  
has deemed this plan the Cardiovascular Health Inte-
grated Lifestyle Diet (CHILD-1) and considers this the 
first line of therapy to remediate CVD risk factors with a 
primary target of lowering LDL cholesterol levels. If LDL 
cholesterol levels remain abnormal (LDL cholesterol  
$ 130 mg/dL) after 3 to 6 months of dietary adherence to 
the CHILD-1, further restriction of dietary saturated fat 
(, 7% of total calories) and cholesterol (, 200 mg/day), 
referred to as the CHILD-2 (LDL), is recommended. 
Repeated studies have shown that a stepwise dietary satu-
rated fat reduction to 7% of total calories and cholesterol 
to 200 mg/day is safe and efficacious in lowering LDL 
cholesterol in children with hypercholesterolemia.121-123

Gender Age (Years) Calorie Requirements (kcals) by Activity Level

SEDENTARY MODERATELY ACTIVE ACTIVE
Child 2-3 1000-1200 1000-1400 1000-1400
Female 4-8 1200-1400 1400-1600 1400-1800

9-13 1400-1600 1600-2000 1800-2200
14-18 1800 2000 2400

Males 4-8 1200-1400 1400-1600 1600-2000
9-13 1600-2000 1800-2200 2000-2600
14-18 2000-2400 2400-2800 2800-3200

TABLE 23-4  Estimated Calorie Needs per Day by Age, Gender, and 
Physical Activity Level*

*Estimated amounts of calories needed to maintain caloric balance for various age and gender 
groups at three different levels of physical activity are from the Expert Panel on Integrated Guide-
lines for Cardiovascular Health and Risk Reduction in Children and Adolescents (2011). Summary 
report. Pediatrics 128:S1-S44.

http://www.fao.org/docrep/X0243E/x0243e00.htm)
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Low-fat diets should be designed to be nutritionally 
adequate and consultation with a registered dietitian is 
particularly helpful in that regard. In some studies, lower 
intakes of calcium, zinc, vitamin E, and phosphorus on 
low-fat diets were reported for diets initiated without 
medical supervision.123 To prevent overzealous implemen-
tation of a very low fat diet for children with dyslipidemia, 
which could lead to failure to thrive,124 the expert panel56 
has recommended 25% as the lower end of the range for 
total fat calories, consistent with the acceptable macronu-
trient distribution range stipulated by the DGA111 for 
children $ 2 years of age. In most cases, dietary compli-
ance to the CHILD-2 diet should normalize borderline-
high LDL cholesterol levels. The reported response  
to diets with this composition of total fat, saturated fat,  
and cholesterol in children with LDL cholesterol levels  
. 130 mg/dL has ranged from 3% to 10%.125,126

For children older than 2 years of age with persistently 
high LDL cholesterol levels, additional dietary adjuncts 
can be used. These may include margarines containing 
plant stanol/sterol esters or water-soluble fibers, such as 
psyllium. About three servings of stanol containing marga-
rine daily (equivalent to approximately 2 g/day), consumed 
as part of a low-fat diet, can reduce LDL cholesterol by 
5% to 15%.127-129 Psyllium at a dose of 6 g/day added to a 
low-fat diet may provide an additional 5% to 10% reduc-
tion in LDL cholesterol.129,130 The extent to which LDL 
cholesterol is lowered may depend on previous dietary 
intake and baseline LDL cholesterol levels. Dietary sup-
plements are covered in more detail later in the chapter 
(dietary additives and supplements).

For children with elevated triglycerides or low HDL 
cholesterol, the expert panel56 has recommended following 

the CHILD-2 (TG) dietary pattern, which includes  
reducing one’s intake of simple sugars from processed 
desserts, snacks, and sugared-sweetened beverages. Foods 
that are high in simple sugar generally add excess calories 
to the diet, which may contribute to weight gain and  
elevate serum triglycerides.131 Weight management should 
be a goal of diet therapy for children with a BMI $ the 
85th percentile. Weight-reduction approaches should  
focus on decreasing the child’s weight-for-height percen-
tile while maintaining linear growth.132 Although weight 
loss may temporarily lower HDL cholesterol, weight sta-
bilization at a new lower level will lead to a gradual  
increase in HDL cholesterol over time.133 Fish oils from 
fatty fish, such as salmon and tuna, contain omega 3 fatty 
acids, which may also help to lower serum triglycerides.134 
Increased physical activity should be encouraged with a 
goal of 1 hour per day of moderate to vigorous activity, and 
sedentary activities (such as watching television viewing 
and playing computer and video games) should be limited 
to no more than 2 hours per day.56

PHARMACOLOGIC MANAGEMENT

For many children with moderately or severely ele-
vated LDL cholesterol, which usually results from a 
genetic dyslipidemia, diet alone will not lower their 
cholesterol levels to the acceptable or even borderline 
range. In these cases, lipid-lowering drug therapy will 
be required to achieve LDL cholesterol treatment 
goals in children age 10 years and older. Long-term 
drug therapy is associated with a decreased incidence of 
heart disease and overall mortality in adults.58 Although 
no studies directly demonstrate the efficacy of adminis-
tering lipid-lowering drug therapy in children to pre-
vent CVD, there is evidence from vascular imaging 
studies that statins may delay the atherosclerotic dis-
ease process.135-137

The expert panel56 has recommended using medica-
tion in patients who are at least 10 years of age and whose 
postdietary (e.g., CHILD-1 n CHILD-2 after 6 months) 
LDL cholesterol level is $ 190 mg/dL or whose LDL 
cholesterol level is $ 160 mg/dL and there is a family 
history of early CVD, with at least one high-level or  
at least two moderate-level risk factors for CVD. In  
children with FH who have substantially elevated LDL 
cholesterol, medication management may need to be 
started earlier than age 10.137 A lipid specialist should be 
consulted in these cases. A follow-up LDL cholesterol 
assessment is recommended 6 weeks after starting drug 
therapy and every 3 months thereafter until LDL choles-
terol goals are met. Thereafter, follow-up can be less 
frequent.

For children in general, the goal for LDL cholesterol 
is , 130 mg/dL. For children with diabetes, the goal for 
LDL cholesterol is , 100 mg/dL.60,138 The lower LDL 
cholesterol goal for children with diabetes reflects a 
synthesis of pediatric guidelines and treatment recom-
mendations for adults with diabetes that now consider 
the presence of diabetes a coronary heart disease risk 
equivalent.58 Table 23-5 summarizes the recommenda-
tions of the expert panel56 regarding lipid screening 

BOX 23-3 Practical Dietary Strategies for 
Lowering Saturated Fat and 
Cholesterol

• Eat 7 to 10 servings of fresh, frozen, or canned fruits and 
vegetables daily.

• Use vegetable oils and soft margarines low in saturated  
fat and trans fatty acids instead of butter or most other 
animal fats in the diet.

• Eat whole-grain breads and cereals rather than processed 
grain products.

• Use nonfat (skim) or low-fat milk and dairy products 
daily.

• Eat more fish, especially oily fish (broiled or baked).
• Eat lean cuts of meat, and trim any obvious fat from red 

meat before cooking.
• Take the skin off chicken or turkey and eat only the white 

meat.
• Avoid processed meats such as hotdogs, sausage, and  

bologna.
• Avoid creams or sauces made with butter or whole-milk 

dairy products.
• Choose low-fat snacks such as ginger snaps, graham 

crackers, pretzels, plain popcorn, animal crackers, and 
vanilla wafers.

• Use recommended portion sizes on food labels when pre-
paring and serving food.
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and management of children and youth with diabetes. 
Medications used in the treatment of specific lipid  
abnormalities are summarized in Table 23-6 and are 
reviewed in the following material.

Bile Acid–Binding Agents
Bile acid–binding agents lower serum cholesterol indi-
rectly by binding with bile acids in the gastrointestinal 
tract. This action prevents their reabsorption into the 
enterohepatic circulation, resulting in their loss from the 
body and removal from the cholesterol pool.139 To com-
pensate for this loss, the liver increases endogenous 
cholesterol synthesis and up-regulates LDL-receptor 
synthesis—thereby lowering LDL cholesterol levels in 
the blood. In bile-acid resin trials in children, a dose of 
8 g/day while on a cholesterol-lowering diet resulted in 
a decrease in LDL cholesterol ranging from 10% to 
20%.140,141

Bile-acid resins come in powder and tablet form. 
The powder is usually taken twice daily (4-g scoop) 
mixed with water or juice. Resins in this form tend to 
be gritty in texture and children complain that they are 
unpleasant to drink. Tablets are more palatable but are 
large and difficult for some children to swallow. Over-
all, studies report poor to fair compliance with the 
medication.139,142 Side effects are few and are mainly 
gastrointestinal in nature, including constipation and 
gas. These can be minimized with increased intake of 
water and fiber. Resins may increase triglyceride levels 
and may interfere with the absorption of certain medi-
cations and fat-soluble vitamins.143 Supplementation 
with a multivitamin and folate (1 mg daily) is usually 
recommended.139

HMG-CoA Reductase Inhibitors
HMG-CoA reductase inhibitors (also known as statins) 
lower LDL cholesterol in the blood by blocking hepatic 
HMG Co-A reductase, the rate-limiting enzyme in cho-
lesterol biosynthesis.137 This action depletes the intracel-
lular cholesterol pool, leading to an up-regulation of 
LDL receptors and a decrease in serum cholesterol. 
Doses ranging from 5 to 40 mg/day in children with  
familial hypercholesterolemia have resulted in a 23% to 
40% lowering of LDL cholesterol.135-137 Statins may be 
taken in combination with bile acid–binding agents for 
patients who fail to meet LDL cholesterol targets with 
statin monotherapy. No adverse effects of the combined 
therapies were noted in a pediatric trial of the medica-
tions, and the efficacy of the two medications taken  
together was additive.94

In vivo imaging studies have demonstrated improve-
ments in surrogate markers for atherosclerosis with statin 
therapy. Reversal of endothelial dysfunction and regres-
sion of carotid IMT have been reported in children 
treated with statins over a 2-year period.136,137 This latter 
finding suggests that the initiation of lipid-lowering 
statins in childhood may inhibit progression or might 
even lead to a regression of atherosclerosis.

Adverse effects of the medication are few but have 
included gastrointestinal (GI) complaints, elevated liver 
transaminase and creatine kinase (CK) levels, and myosi-
tis.139,143,144 For this reason, statins would not be recom-
mended for patients with liver disease. Follow-up of  
patients treated with statins should include a laboratory 
assessment of liver transaminase and CK levels and iden-
tification of adverse physical symptoms such as muscle 
cramps.

Type 1 and Type 2 Diabetes Mellitus

Screening After glycemic control
. 2 years at diagnosis if other CVD risk factors; otherwise at 

10 years; if normal, rescreen every 5 years
At diagnosis regardless of age; if normal, rescreen every 2 years

Lipid goals LDL-C # 100 mg/dL
Non-HDL-C , 120 mg/dL
Triglycerides , 90 mg/dL

Treatment strategies Glycemic control
Diet (CHILD-1nCHILD-2)
Physical activity
Weight reduction if appropriate
Medication indications if initial management fails:
• Age $ 10 years
• If LDL . 160 mg/dL
• If LDL 130-159 mg/dL consider based on CVD risk profile
• Statins with or without resins
• Fibrates if TG . 1000 mg/dL
• Manage other CVD risk factors (see Table 23-4) if appropriate

TABLE 23-5  Expert Panel on Integrated Guidelines for Cardiovascular 
Health and Risk Reduction in Children and Adolescents 
Recommendations for Lipid Management of Children  
and Adolescents with Diabetes*

*Recommendations are from the Expert Panel on Integrated Guidelines for Cardiovascular Health 
and Risk Reduction in Children and Adolescents (2011). Summary report. Pediatrics 128:S1-S44.

CVD, cardiovascular disease; LDL, low-density lipoprotein; HDL, high-density lipoprotein.
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Because statins are potentially teratogenic, it is essen-
tial that physicians determine that adolescent girls are 
not pregnant or likely to become pregnant before initiat-
ing therapy.139 The longest statin trials have been 2 years 
in length. Thus, whether statins adversely affect long-
term growth and development and are safe for lifelong 
use has not been ascertained. Longer-term safety and  
efficacy studies are needed, particularly with a follow-up 
of vascular end points.

Inhibitors of Cholesterol Absorption
Ezetimibe is a cholesterol-lowering agent that prevents 
the absorption of cholesterol and plant sterols by inhibit-
ing the passage of sterols across the intestinal wall.145 The 
reduction in cholesterol absorption leads to a decrease in 
hepatic cholesterol uptake and availability. As a result, 
there is a compensatory increase in hepatic cholesterol 
biosynthesis, an up-regulation of LDL receptor expres-
sion, and an overall decrease in blood LDL cholesterol 
levels. In children and adolescents, a daily intake of 10 
mg/day reduced LDL cholesterol by approximately 
20%.78 Currently ezetimibe has not been systematically 
studied, and the Food and Drug Administration (FDA) 
has not approved it for use in children.

Fibric Acid Derivatives
Fibric acid derivatives (also known as fibrates) lower 
blood triglyceride levels by increasing degradation and 
reducing the hepatic production of VLDL.139,145 The 
drug also increases the production of apoA-I, resulting in 
higher HDL cholesterol levels. Side effects are similar to 

those for statins and include GI complaints, elevated liver 
transaminase activity, and myopathy.139 For this reason, 
fibrates are not recommended for use with statins. These 
medications are not FDA approved for use with children 
and adolescents and should be used only in consultation 
with a lipid specialist for adolescents with genetic hyper-
triglyceridemia.56

Niacin
Niacin decreases hepatic VLDL production, leading to 
decreased production of LDL cholesterol.139,145 Children 
with heterozygous FH treated with 1000 to 2250 mg of 
niacin daily over an average of 8 months showed a 23% 
to 30% reduction in LDL cholesterol.146 However, 76% 
of the children had adverse effects from therapy (e.g., 
flushing, headache, nausea, glucose intolerance, myopa-
thy, abnormal liver function) and 38% discontinued the 
drug. Niacin is not recommended for children younger 
than 2 years of age and is generally not used to treat chil-
dren with FH unless LDL cholesterol is persistently  
elevated or unusual hypertriglyceridemia and low HDL 
cholesterol are present.56 Niacin given in combination 
with statins has been used to treat homozygous FH.  
Niacin is available in immediate and slow-release forms 
(Niaspan, Slo-Niacin).

Dietary Additives and Supplements
Plant sterols and stanols consumed at levels of 2 g per day 
have been shown to reduce LDL cholesterol levels by 9% 
to 20% in adults.58 Foods containing these additives (e.g., 
margarines and salad dressings) lower serum cholesterol 

Class of Medication Common Name Mechanism of Action
Change in  
Lipid Profile Adverse Effects

Bile acid–binding  
agents

Cholestyramine
Colestipol
Colesevelam

Binds intestinal bile acids;  
more cholesterol converted  
into bile acids; decrease hepatic 
cholesterol pool

g LDL
h TG

Constipation
Abdominal cramping

HMG Co-A  
reductase  
inhibitors

Atorvastatin
Simvastatin
Pravastatin
Rosuvastatin
Lovastatin
Fluvastatin

Inhibits cholesterol synthesis  
in hepatic cells; decreases  
cholesterol pool resulting in  
up-regulation of LDLR

g LDL
g TG
h HDL

Dyspepsia
h Liver transaminases
h CK
Myositis

Fibrates* Fenofibrate Increases degradation of VLDL 
cholesterol and TG; hepatic 
synthesis of VLDL may be  
decreased

Gemfibrozil

g TG
h HDL

Constipation
Myositis
Anemia

Niacin* Niacin extended 
release

Inhibits release of free fatty  
acids from adipose tissue;  
decreases VLDL and LDL  
cholesterol production and  
HDL cholesterol degradation

g LDL
g TG
h HDL

Flushing
Headache
h Liver transaminases

Cholesterol absorp-
tion blocker*

Ezetimibe Inhibits intestinal absorption of 
cholesterol and plant sterols

g LDL Not reported in children 
or adolescents

TABLE 23-6 Drugs Used in the Treatment of Pediatric Lipid Disorders

*Not FDA approved for youths (as of this writing).
CK, creatine kinase; LDLR, low-density lipoprotein receptor; VLDL, very low density lipoprotein; LDL, low-density lipoprotein; TG, triglycerides; 

HDL, high-density lipoproteins.
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by preventing dietary cholesterol absorption in the gas-
trointestinal tract.127 In children with familial hypercho-
lesterolemia, use of 2 g/day of plant sterols decreased 
LDL cholesterol by 5% to 15% but did not improve 
endothelial function.128 This suggests that LDL choles-
terol must be reduced to a certain threshold level before 
improvement of endothelial function can occur.

More studies examining the long-term effects of 
plant sterols on the vascular endothelium are warranted. 
Concern has been raised about the potential for the 
malabsorption of fat and fat-soluble vitamins in chil-
dren consuming plant sterols chronically.58 The expert 
panel56 recommends reserving the use of foods supple-
mented with plant sterols/stanols to children with mod-
erate to severe elevation in cholesterol, and monitoring 
fat-soluble vitamin status.123

Dietary supplements containing soluble fiber, garlic, 
and fish oils have been used to treat pediatric dyslipidemia 
with limited to moderate efficacy. In a randomized con-
trolled trial, Davidson and colleagues studied the effect of 
psyllium fiber versus placebo on change in blood choles-
terol levels of 6- to 18-year-old children with hypercho-
lesterolemia.130 Psyllium fiber (6 g/day) and the placebo 
were added to a ready-to-eat cereal. Compliance to treat-
ment was excellent; consumption of the enriched cereal 
resulted in a modest 7% reduction in LDL cholesterol 
concentrations compared to the control cereal.

Garlic extract therapy was studied in a randomized 
controlled trial for effects on serum lipoproteins in 8- to 
18-year-old children with FH.147 The extract was given 
in three daily doses of 300 mg versus a placebo for  
8 weeks. No significant effects of garlic treatment versus 
placebo were noted on total, LDL, or HDL cholesterol.

Omega-3 fatty acids, as found in fish oils, are known 
to reduce serum triglyceride levels in adults.58 In a ran-
domized crossover study, children with FH and FCHL 
were supplemented with either 1.2 g/day of docosahexa-
enoic acid (DHA) or a placebo for 6 weeks.134 All children 
were given dietary counseling to reduce saturated fat in-
take to , 7% of calories. Outcomes studied included 
triglycerides, LDL and HDL cholesterol, and endothe-
lial function as measured by flow-mediated dilation 
(FMD) of the brachial artery. Findings showed that DHA 
supplementation was associated with increased levels  
of total, LDL, and HDL cholesterol but no change  
in triglycerides compared to the placebo group. FMD 
improved significantly after DHA supplementation com-
pared to baseline in both groups, and the change was 
greater in the DHA-treated group versus the controls. 
This finding suggests that in children DHA may not be 
effective for positively modifying serum lipids. However, 
the endothelium may be a therapeutic target for DHA in 
hyperlipidemic children.

LDL Apheresis
For children with homozygous familial hypercholes-
terolemia and extremely elevated LDL cholesterol  
(. 500 mg/dL), where LDL cholesterol cannot be 
reduced through the combination of diet therapy and 
multiple medication management, biweekly LDL 
apheresis has been utilized successfully to achieve  

significant lipid lowering under the care of a lipid  
specialist. In this process, apoB-containing particles 
are selectively removed from the circulation through 
extracorporeal precipitation.148 Apheresis reduced 
LDL concentrations up to 72% compared with maximal 
drug therapy in patients with homozygous FH. The 
procedure is FDA approved, and qualified medical 
sites that perform this procedure are listed on the  
National Lipid Association website (www.lipid.org).

CONCLUSIONS AND FUTURE DIRECTIONS

Increasing evidence indicates that extreme elevation in 
LDL cholesterol is associated with vascular pathology in 
youth. With new recommendations for universal screening 
of pediatric patients, more patients with significant hyper-
cholesterolemia are likely to be identified. Fortunately, 
appropriate therapy is available to modify and potentially 
reverse vascular abnormalities. Pediatric clinical trials of 
lifestyle and drug therapy to treat dyslipidemia suggest 
similar effectiveness and safety to that observed in adults. 
Most studies, however, have been of short or medium term 
in design. Longer-term safety and efficacy studies are 
needed, particularly with follow-up of vascular end points. 
Also, few clinical data are available to document at what age 
drug therapy should be appropriately and safely started. 
More work is needed in this regard to support clinical judg-
ments on what age and dosage should be used in children 
at high risk for CHD.
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QUESTIONS

 1. A 4-year-old child is diagnosed with the autosomal 
recessive disease sitosterolemia with a mutation in 
two genes encoding the ABC half-transporter. In  
assessing the patient, all of the following are likely to 
be present except which one?
 a. High plant sterol levels in plasma
 b. Tendon xanthomas
 c. Normal plasma cholesterol
 d. Aortic stenosis

Answer: c

 2. Which of the following statements commonly de-
scribes individuals with heterozygous familial hyper-
cholesterolemia (FH) of the receptor-defective type?
 a. Have plasma LDL-cholesterol that is two to three 

times higher than normal
 b. Experience early onset atherosclerosis
 c. Have xanthomas in the tendons
 d. Require treatment with LDL apheresis

Answer: a

 3. A mutation in proprotein convertase subtilisin/kexin 
type 9 (PCSK9) of the increase in function type will 
generally result in which of the following?
 a. Marked elevations in LDL-cholesterol
 b. Low levels of LDL-cholesterol
 c. High levels of VLD particles
 d. Low levels of HDL-cholesterol

Answer: a

 4. Which of the following statements is (are) true regard-
ing familial combined hyperlipidemia (FCHL)?
 a. The metabolic defect is overproduction of VLDL.
 b. A diagnosis of the disorder is based on the pres-

ence of increased levels of cholesterol, triglyceride 
or apo B in patients and their first-degree relatives.

 c. The disorder can manifest in childhood but is usu-
ally not fully expressed until adulthood.

 d. All the statements above are true about FCHL.
Answer: d

 5. All except which of the following could cause chylomi-
cronemia syndrome?
 a. Lipoprotein lipase deficiency
 b. Apo CII deficiency
 c. Apo A5 loss of function mutations
 d. LDL receptor deficiency

Answer: d

 6. The NHLBI Expert Panel on Integrated Guidelines 
for Cardiovascular Health and Risk Reduction in 
Children and Adolescents has recommended univer-
sal lipid screening for which of the following groups?
 a. All children
 b. Children ages 9 to 10 years
 c. Adolescents ages 12 years and above
 d. Adolescents ages 16 years and above

Answer: b

 7. The expert panel added a nonfasting HDL choles-
terol as a new screening tool for the identification  
of dyslipidemia in childhood. What is (are) the 
advantage(s) of this assessment tool over other 
methods?
 a. It reflects the amount of cholesterol carried by 

all atherogenic apolipoprotein B containing lipo-
proteins.

 b. Is more predictive of persistent dyslipidemia than 
total cholesterol, LDL-cholesterol or HDL cho-
lesterol alone.

 c. It can be accurately calculated in a nonfasting 
state.

 d. All of the statements above are considered advan-
tages of nonfasting HDL cholesterol measurement.

Answer: d

 8. Which of the following is true of the Cardiovascular 
Health Integrated Lifestyle Diet (CHILD-1)?

 a. Emphasizes reducing dietary saturated fat to less 
than 7% of total calories

 b. Is considered the first line of therapy to lower 
LDL-cholesterol levels in children

 c. Recommends the use of plant sterols at a 2-gram 
dose per day

 d. Recommends a dietary cholesterol reduction to 
200 mg/day

Answer: b

 9. To lower triglycerides, all of the following are  
encouraged as part of the expert panel’s CHILD-2 
(TG) dietary pattern except which one?

 a. Reduced intake of simple sugars
 b. Weight management/reduction as necessary
 c. Reduced intake of dairy foods to no more than 

two servings per day.
 d. Increased fatty fish consumption (e.g., salmon and 

tuna) to increase intake of omega-3 fatty acids
Answer: c

 10. Which of the following medications may be useful 
for a child with high triglycerides that cannot be 
lowered with the CHILD-2 (TG) diet in consulta-
tion with a lipid specialist?

 a. Ezetimibe
 b. Fibrates
 c. Statins
 d. Bile acid resins

Answer: b
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resorption of, 252f

in mother/neonate, 253t
strength of, 255

assessment of, 258–264, 260t, 261t, 
262t, 264f, 265t

Bone alkaline phosphatase (BAP), 210–211t
Bone collagen subunit a1 (I) (COL1A1), 832t
Bone mineral apparent density (volumetric 

BMD) (BMAD), 210–211t
Bone mineral content (BMC), 210–211t, 

255, 832t
in child/adolescent, 261t, 262t
hormones for, 256
in infants, 260t
for non-black/black boys/girls, with 

DEXA, 261t, 262t
Bone mineral density (BMD), 210–211t, 

258–259, 832t
in child/adolescent, 261t, 262t
in infant, 260t

Bone morphogenetic protein (BMP),  
210–211t, 239, 832t

Bone morphogenetic protein-2, 211–214t
Bone morphogenetic protein-4, 211–214t
Bone morphogenetic protein-7, 211–214t
Bone remodeling unit (BRU), 210–211t
Bone sialoprotein (BSP), 222

AVP, 482–483
Axial skeleton, defects of, 325b
Axin, 242–244
Axis inhibitor 1, 211–214t

B
B-cell leukemia/lymphoma 2 (Bcl-2),  

246–248
B cells, tolerance of, 904
Bardet-Biedl syndrome, 892, 984–985
Bariatric surgery, 932

in pediatric obesity, 992–994
Bartter syndrome, 52
Basal-bolus therapy, 872–873, 872f
Basal insulin rates, 884–885

temporary, 885
verifying settings of, 885

Basal insulin suspend, 885
“Basal pattern,” 876
BAT thermogenesis, 192
Beckman access, immunoassay analyzer, 91t
Beckwith-Wiedemann syndrome (BWS), 

169, 279, 556
Benign hypophosphatasia, 795
Beta cells

function of
genetic abnormalities in, 888t
genetic defects in, 887–891, 889t
history of, 852f
residual, 878–879

insulin and
resistance of, 847f
secretion of, 170f, 278f

pancreatic, 928
Betamethasone, therapeutic, potency of, 504t
“Big IGF-2,” 932
Bile acid binding agents, 1027, 1028t
Bioavailable hormone tests, 95–97, 95b, 96f
Bipotential gonad, 112f, 113
Birth

adaptations in endocrine function at, 6–7
glucose changes at, 159–161
low, weight infants, 776

Bisphosphonates, in low bone mass, 808–
809, 808f

Bladder, exstrophy of, 137
Blepharophimosis ptosis epicanthus inversus 

syndromes (BPES), 125
BLIMP1 gene, 146–147t
Blomstrand chondrodysplasia, 50, 227–228, 

229–230, 828–829
Blood glucose concentration

factors affecting measurement of, 165b
in GDH, 174f
in neonates/infants, 163–165

Blood production rate, 593
Blood tests, for hypoglycemia, 166, 167f
“Blue diaper” syndrome, 760
BMC. see Bone mineral content (BMC)
BMD. see Bone mineral density (BMD)
BMI, effect of, on pubertal timing, 704–705
BMP receptor 1A, 211–214t
BMP receptor 2, 211–214t
BMP1 protein, 812–813
BMP2 gene, 146–147t
BMP15 gene, 146–147t
Body

mass-index-for-age percentiles
for boys, 300f
for girls, 301f

proportions of
evaluation of, 301
standard, 301

temperature of, maintenance of, 6

to aromatic L-amino acid decarboxylase, 
915

in hypoparathyroidism, 915
to IL-17A, IL-17F, and IL-22, 913
to isolated Addison disease, 915
steroidal cell, 914–915
to tyrosine hydroxylase, 915

Autoantigens
in Addison disease, 905t
in anemia, 905t
in autoimmune diseases, 904
in celiac disease, 905t

Autoimmune disorders, 904
autoantigens in, 904, 905t
of chronic adrenal insufficiency, 509–510
with diabetes mellitus, 880
polyendocrine syndrome, 510
tolerance defects in, 904–907
in Turner syndrome, 681

Autoimmune hepatitis, 902t, 905t
Autoimmune hypoglycemia, 931
Autoimmune oophoritis, 617
Autoimmune polyendocrine syndrome 

(APS), 832t
type I, 750–752
type II, 750

Autoimmune polyendocrinopathy- 
candidiasis-ectodermal dystrophy 
(APECED), 832t

Autoimmune polyendocrinopathy syndrome
type I, 750–752
type II, 750

Autoimmune polyglandular syndromes 
(APS), 901–1

Addison disease, 902t, 907, 908
amenorrhea in, 908
antibodies in, 913–915
autoantibodies in, 914
classification of, 907, 907f
clinical aspects of, 907–910
diagnostic approach to, 910–912, 910f, 

912f
follow-up to, 910–912, 910f, 912f
genetics of, 912–913
IPEX in, 910
tolerance and, 901
treatment of, 912

Autoimmune regulatory (AIRE) gene, 752, 
902, 912

Autoimmune thyroid disease, 902t
autoantibodies in, 910–911

Autoimmunity
mechanisms for, 901–907, 902f, 902t, 903f
thyrogastric, 909
in Turner syndrome, 672t, 681

Autonomic nervous system, in hypoglycemia, 
166t

Autosomal dominant hypercholesterolemia 
(ADH), 1018t, 1019

Autosomal dominant hyperthyroidism, 195t, 
452–453

Autosomal dominant hypoparathyroidism, 
750

Autosomal dominant hypophosphatemia 
with urolithiasis

type 1, 793
type 2, 793

Autosomal dominant hypophosphatemic 
rickets (ADHR), 210–211t

Autosomal-recessive hypercholesterolemia 
(ARH), 1018t, 1019

Autosomal recessive hypophosphatemic  
rickets (ARHR), 210–211t, 832t

Autosomal recessive NDI (ARNDI), 42

Autoantibodies (Continued) Body (Continued)
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epiphyseal, growth plate, 227–228, 241f, 
242

formation of, 239
Cartilage-associated protein, 211–214t, 

832t
Cartilage oligomeric matrix protein 

(COMP), 210–211t, 211–214t,  
239–240

CASR. see Calcium sensing receptor (CASR)
Catabolic states, GH treatment in, 374
Catecholamines, 192, 537f, 538t, 879

actions of, 536
biosynthesis of, 536
clinical presentation of, 535t, 536
complications of, 536–537
diagnosis of, 539

radiographic studies in, 534f, 535f, 539, 
539f

metabolism of, 537f
b-Catenin, 211–214t, 242–244, 243f
b1-Catenin, 211–214t
Cathepsin K, 211–214t
Cayler cardiofacial syndrome, 743
CBX2 gene, 146–147t
CCD73 gene, 764
CCK. see Cholecystokinin (CCK)
CD4, 903
CDGP, in puberty, 710–711
CDKN1C gene, 146–147t, 328

loss-of-function mutations in, 117t
cDNA. see Complementary DNA (cDNA)
Celiac disease, 880

autoantigens in, 905t
in Turner syndrome, 682

Cellular signaling, 3f
Central diabetes insipidus, 425–430

autoimmune disease causing, 426–427
brain death causing, 427
causes of, 425–427
congenital anatomic defects with, 426
drugs causing, 427
fluid therapy for, 427–428
genetic causes of, 425
increased vasopressin metabolism causing, 

427
infectious disease causing, 426–427
infiltrative disease causing, 426–427
neoplasms with, 426
neurosurgical intervention for, 426
primary enuresis causing, 427
trauma and, 425–426
treatment of, 427–430, 431–432

vasopressin analogues for, 428–430
Central nervous system (CNS), 452

maturation of, 599–600
thyroid hormone actions in, 192
tumors of, 374
vasopressin and, 423t

Central neural integration, melanocortin  
receptors (MCR) and, 961

Central precocious puberty, 709
Central processing, in energy balance, 959f, 

960–961
Cerebral coma, 865–866
Cerebral edema, 869–870
Cerebral glucopenia, 879
Cerebral obtundation, 865–866
Cerebral salt wasting, 424

treatment of, 425
CHARGE syndrome, 124
CHD7 gene, 124, 146–147t
Chemotherapy, radiation therapy and cancer 

survival, 716
Childhood hypophosphatasia, 795

PTH regulating, 225
sensing receptor, 218–220

Calcium channel, L-type, subunit a1, 
211–214t

Calcium-ionized, extracellular (Ca2+e), 
210–211t, 832t

Calcium-ionized, intracellular (Ca2+i), 
210–211t

Calcium sensing receptor (CASR), 210–211t, 
218–220, 751f, 763f, 832t

as class C receptor, 51–52
CALCR, in G protein-coupled receptors, 37
Calmodulin, 218
Calmodulin 1 (CALM1), 211–214t, 217
Camurati-Engelmann disease. see Progressive 

diaphyseal dysplasia
Cancellous bone, 246
Cancer

risk, long term, 375–376, 375t
survival, chemotherapy, radiation therapy 

and, 716
vasopressin and, 423t

Candidal balanitis, 864–865
Candidal vaginitis, 864–865
Candidate Bene-Based Studies, 703
Capillary electrophoresis (CE), 97t
Carbohydrate

-deficient glycoprotein hyperinsulinism, 
929

dietary fat vs., in obesity, 977
intolerance, 682

Carbohydrate-deficient glycoprotein  
syndrome, 618

Carbonic anhydrase II, 211–214t, 819–820
Carboxyl telopeptide of collagen type I 

(ICTP), 832t
Carboxyl-terminal cross-link telopeptide of 

collagen type 1 (CTX), 832t
a1 chain, 210–211t
generated by matrix metalloproteinase 

(ICTP), 210–211t
Carboxyl-terminal peptides, 225
Carboxyl terminal propeptide of collagen 

type I (PICP), 832t
Carcinoid, 547t
Carcinoma, 533

medullary thyroid, 460–462, 461t
MTC, 542–544
papillary-follicular, 445b, 457

Cardiac care, in Turner syndrome, 679–680
Cardiovascular disease

for growth disorders, 330
metabolism in, 1015–1020, 1016f, 1016t, 

1017f
morbidity of, 1015

Cardiovascular system
abnormalities, in Turner syndrome, 672t, 

676–680, 678f
aortic complications, 677–678
screening of, in Turner syndrome,  

678–679, 679f, 684b
sex hormones in, 600–601

Carnevale syndrome, 135t
Carney complex (CNC), 544–545, 545f

clinical presentation of, 544
endocrine manifestations of, 544–545
management of, 545
molecular genetics of, 544

Carney triad, 556
Carpenter syndrome, 985
CART, 960
Cartilage

differentiation of, 239
disorders of, genetic causes of, 735–738t

Bone transmission time (BTT), 210–211t, 
263–264

Börjeson-Forssman-Lehmann syndrome, 
135t, 985

Bovine cartilage equivalent (BCE), 832t
BPES. see Blepharophimosis ptosis 

epicanthus inversus syndromes
Brain

death, causing central diabetes insipidus, 
427

fatty acids in, 162–163
hypothalamic astrocytoma in, 619f
inflammation of, 338–339
irradiation of, 340
sexual differentiation of, 116
trauma of, 337–338
tumors of, 339

Brain-derived neurotrophic factor (BDNF) 
deletion, 984

“Brain-lung-thyroid syndrome,” 194–195
Brain type 2 deiodinase, 188
Breast

development of, 602, 602f
pubertal milestone attainment in, 602t

“Brittle bone disease,” 809–810
“Brittle diabetes,” 849
Bromodomain adjacent to zinc finger  

domain, 1B (WSTF), 211–214t
Bruck syndromes, 812–813
BSND gene (Barttin), 211–214t

C
C-peptide

in diabetes mellitus, 858, 859f
in hormone assays, 103–104t

C-type natriuretic protein, 211–214t
Ca. see Calcium (Ca)
Cachexia

cancer, 997–998
cytokines in, 997b
starvation response vs., 994

CAH. see Congenital adrenal hyperplasia
CAIS. see Complete androgen insensitivity
CALB3, 217
Calbindin 3 (D9k), 211–214t
CALCA, 230
Calcilytics, 220
Calcimimetics, 220, 771–772
Calciopenic rickets, 781–787
Calcitonin, 211–214t, 228–229, 230–231, 

766–767
in hormone assays, 103–104t

Calcitonin-gene-related-peptide-a, 230
Calcitonin receptor, 211–214t
Calcitonin release-activated calcium  

modulator 1, 211–214t
Calcitonin sensing receptor, 211–214t
Calcitriol, 64, 217, 233, 234f

genes regulated by, 237f
in osteoblast formation, 245–246
preparations of, 748t
responses to, 238f
VDR and, 64, 235, 237f

Calcium (Ca), 209–1, 209–220
absorption of, 217
in bone, 255
disorders of, phosphorus homeostasis in 

newborn and infant, 209–1, 210–211t
in gastrointestinal tract, 217
homeostasis, 215f
intake of, recommended, 217, 218t
in muscles, 214–216
obesity and, 981
preparations of, 748t

Calcium (Continued) Cartilage (Continued)
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Children
BMC in, 261t, 262t
BMD in, 261t, 262t
bone deposition in

female, 254t
male, 254t

bone mineralization in, 779–780t, 779–797
Ca intake in, 217, 218t
congenital hypothyroidism, 449
coronary artery disease in, 1021, 1022, 

1022b
diencephalic syndrome in, 998
diffuse nontoxic goiter in, 445b
failure to thrive in, 995–997
glucose metabolism in, 920–923, 921f
Graves disease in, 453
growth measurement of, 292–293
height of, in GHR deficiency, 356f, 357f
hypercalcemia in

etiology of, 762–768
evaluation of, 768–770, 769t
management of, 770–772

hypocalcemia in
etiology of, 739t, 740–741t, 749–753
evaluation of, 747f, 753–754
management of, 754–755

hypoglycemia in, 920–1
classification of, 167b
major causes of, 925–944

hypoparathyroidism in, 740–741t, 742–746
hypophosphatemic rickets in, 785t
LDL apheresis in, 1029
lipids in, 1028t
mineral homeostasis in, 734–1
sex steroids, 489
sexual maturation in, 577t, 601
tolbutamide in

with hyperinsulinism, 172f
with neonatal diabetes mellitus, 283

Turner syndrome in, 683b
Chinese hamster ovary cells (CHO), 30
Chloride channel, kidney, B, 211–214t
Chloride channel 5, 211–214t
Chloride channel 7, 211–214t
Chloride (Cl-), 210–211t
CHO. see Chinese hamster ovary cells 

(CHO)
Cholecalciferol, 231. see also Vitamin D

synthesis of, 231–235
Cholecystokinin (CCK), 958
Cholesterol, 474

absorption of, inhibitors of, 1028
in androgen biosynthesis, 129f
biosynthesis of

disorders of, 126–132, 126f
in mutations, 829–831, 829t, 830f

high
diet therapy for, 1024–1026, 1025t, 

1026b
dietary additives for, 1028–1029
supplements for, 1028–1029

low HDL, 1020
metabolism of, disorders of, 1018–1019
mitochondrial uptake of, 474–475
in osteochondrodysplasias, 829–831
steroid biosynthesis from, 593f

Chondroblasts, 239, 240f
Chondrocytes, 239

differentiation of, 240–241
in estrogen synthesis, 257
PTH-rP developing, 240–241, 241f

Chondrodysplasia. see Osteochondrodysplasias
Chondrodysplasia punctata 2, 831
Chondrogenesis, 239–242
Chromobox homolog 2 (CBX2), 118, 120–121

Chromogranin A, 539
Chromosomal origins, 665

karyotype, in Turner syndrome, 667
Chromosomes

6q24, 279
9p monosomy, 123
16p11.2, 984
analysis of, 25–26
human metaphase, 26f
sex

abnormalities in, with growth retardation, 
326–327

DSD, 110–111
Chronic diseases, for growth disorders,  

330–331
Chronic kidney disease-mineral and bone 

disorder (CKD-MBD), 797–798, 832t
Chronic lymphocytic thyroiditis, 880
Chronic renal failure, GH treatment of, 369
Chylomicronemia syndrome, familial, 1018t, 

1019–1020
Chylomicrons, 1016, 1016t
Circadian rhythm, hormonal measurement 

and, 99t
Classic percentile-based growth charts, 293
“Classical triad,” 199
Claudin 2, 211–214t
Claudin 16, 211–214t, 773–774
Claudin 19, 211–214t, 223
CLCN7 channel, 778, 819–820
Clinical validation, in laboratory methods, 

102–106, 105b, 105f
Closed-loop insulin delivery, 882–886
Clotting-fibrinolytic pathway, 869–870
Cocaine amphetamine regulated transcript 

(CART), 210–211t, 211–214t
Cockayne syndrome, 328
Coefficient of variation (CV), 101
Cohen syndrome, 985
COL1A1, 809–810, 810f

in osteochondrodysplasias, 824–825
COL2A1, mutations in, 810f
Colcemid, 25
Collagen

pyridinium of, 251f
telopeptides of, 251f
type I, 251–252, 251f

Collagen binding protein (HSP) (CBP), 832t
Collagen type I(a1), 211–214t
Collagen type I(a2), 211–214t
Collagen type II(a1), 211–214t
Collagen type III(a1), 211–214t
Collagen type IV(a1), 211–214t
Collagen type IX(a1), 211–214t
Collagen type X(a1), 211–214t
Collagen type XI(a1), 211–214t
Collagenomas, 547t
Column chromatography, 97t
Compact bone, 246
Comparative genomic hybridization (CGH), 

671
Competitive immunoassay, 92, 98t
Complementary DNA (cDNA), microarray, 

24–25, 24f
Complete androgen insensitivity (CAIS), 66, 

133, 716
Computed tomography and positron  

emission tomography (CT/PET), using 
Fluoro-L-Dopa, 173f

Computers, for DNA analysis, 31
Congenital adrenal hyperplasia (CAH), 478

DHEA in, 130
hormone replacement therapy in, 143
nonclassic, 500
in puberty, 610

salt-wasting, 500
simple virilizing, 500
SSCP and ASOH for analysis of gene in, 20f
virilizing, 128, 129f

Congenital anatomic defects, with central  
diabetes insipidus, 426

Congenital anomalies, multiple, 123–124
Congenital autosomal nephrogenic diabetes 

insipidus, 430–431
Congenital cardiovascular malformations 

(CVM), in Turner syndrome, 676, 677t
Congenital disorders of glycosylation 

(CDG), 929
Congenital hyperinsulinism, 169, 170f, 171f, 

925–926
Congenital hyperthyroidism, 201–202
Congenital hypopituitarism, undescended 

testes in, 176f
Congenital hypothyroidism, 186, 193–201

diagnosis of, 200
newborn screening for, 193–194, 449, 

458–459
positive screening report for, 200, 201f
transient, 200

treatment of, 201
Congenital lipoid adrenal hyperplasia, 128
Congenital X-linked diabetes insipidus, 430, 

431f
Conn syndrome, 520
Conradi-Hünermann-Happle syndrome.  

see Chondrodysplasia punctata 2
Constitutional delay

of growth, 363, 363b
treatment of, 364

Constitutional tall stature, management of, 
381–382

Consumptive hypothyroidism, 199
Continuous glucose monitoring, 877
Core binding factor, beta subunit, 211–214t
Cornelia de Lange syndrome, 135t
Corpus luteum, 582
Correction dose, 875
Corrective surgery, 330
“Cortical porosity index,” 262–263
Corticosterone methyl oxidase, deficiencies 

of, 507
Corticotropin-releasing factor (CRF), 40

function of, 482–483
in hypothalamus, 482–483

Corticotropinoma, 547t
Cortisol, 484

deficiency of, in hypoglycemia, 937
plasma concentration of, 487–489, 488t
response, to 60-minute ACTH test, 491t
rhythms of, 484
stress and, 976
therapeutic, potency of, 504t
urine-free, in hormone assay, 103–104t

Cortisol saliva, in hormone assay, 103–104t
Cortisone acetate, therapeutic, potency of, 

504t
Cortisone reductase deficiency,  

11b-hydroxysteroid dehydrogenase-1-
apparent, lesions in, 508

Counter-regulatory hormone, 162t
defects of, 176–177, 176f

Coxsackievirus B4 virus, 890–891
Craniofacies defects, from GH insensitivity, 

355b
Craniopharyngiomas, 344

adamantinomatous, 345
clinical signs and symptoms of, 345
guidelines for, 345
treatment of, 345

Congenital adrenal hyperplasia (Continued)
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Creatinine phosphokinase, 934
Cross-contamination, in PCR, 11
Crouzon syndrome, 242
CRTAP genes, 810–811
Cryptorchidism, 713f, 714, 717–718

characteristics of, 134–136, 135t
CSII-based treatment regimens, 883–884
CT/PET. see Computed tomography and 

positron emission tomography
CTLA-4, 903
Cushing syndrome, 2–3, 536, 545f, 983

adenoma in, 516–517, 544–545
causes of, 517–518
characteristics of, 515–520
clinical findings of, 515–516, 516t
differential diagnosis of, 518–520, 519t
etiology of, 515t
growth disorders from, 332

CXCL12 gene, 146–147t
CXCR4 gene, 146–147t
CXORF6 gene, 146–147t
CYB5 gene, 146–147t
Cyclic adenosine monophosphate (AMP), 

860–861
Cyclic AMP-responsive element binding 

protein (CREB), 210–211t
Cyclophilin B, 211–214t, 251–252
CYP11A1 gene, 146–147t

mutations in, 117t, 715
CYP11B1 gene, 146–147t
CYP17, 126f
CYP17A1 gene, 146–147t
CYP19A1 gene, 146–147t

mutations in, 117t, 719
in placental aromatase deficiency, 132

CYP21A2 gene, 146–147t
in virilizing congenital adrenal hyperplasia, 

128, 129f
CYP24A1 genes, 759–760
CYP26B1 gene, 146–147t
CYP27B1, 222, 225, 785
CYP450 enzyme, 313
Cyproterone acetate, 642
Cystic fibrosis-related diabetes (CFRD), 890, 

932
Cystic hygroma, 670f
Cystic lesions, 339–342
Cytochrome b5, 477–478

deficiency of, 131, 498
Cytochrome P450, 474–475

characteristics of, 474
family 24, subfamily A, polypeptide 1 

(25OHD-1a-hydroxylase), 211–214t
oxidoreductase deficiency, 131
side chain cleavage, enzyme, 128
subfamily IIR, polypeptide 1  

(25-hydroxylase), 211–214t
subfamily XXVIIB, polypeptide 1 

(25OHD-1a-hydroxylase), 211–214t
Cytochrome P450 III A, 211–214t
Cytogenetics, molecular, 25–26
Cytokines

adipo-, 971–973
inflammatory, 972
receptors of, 35t, 53–55, 54t

structure/function, 54
that transduce hormone action, 54–55

Cytosolic free calcium (Ca2+), 214–216

D
Dairy, 981
DAX1, 146–147t

in gonadal dysgenesis, 122
NROB1, mutations in, and DSD, 117t
transgenic models of, 118

DAZL gene, 146–147t
dDAVP. see Desamino-d-arginine vasopressin 

(dDAVP)
ddF. see Dideoxy-fingerprinting (ddF)
Debrancher deficiency, 166
Dehalogenase defects, 197–198
Dehydration, systemic, in hyponatremia, 421
Dehydroepiandrosterone (DHEA), 477, 

697–698
concentration of, 478f
in congenital adrenal hyperplasia, 130
in hormone assay, 103–104t
response, to 60-minute ACTH test, 491t

Dehydroepiandrosterone sulfate (DHEAS), 
589, 697–698

Deiodinase, 445f
type 1, 190
type 2, 190

Deiodination
of T4, 191f
of thyroxine, 191f

Delayed puberty, 710–716
etiologies of, 710, 710f
evaluation of child with, 719–724

history in, 722
initial evaluation, 719–722, 720–721t, 722f
physical examination in, 723
testing in, 723

medications used for, 724t
syndromes associated with, 714–715
treatment of, 724–725

Demeclocycline treatment, 431
Denaturing-gradient gel electrophoresis 

(DGGE), 19
Denaturing high-performance liquid  

chromatography (DHLPC), 19
Denosumab, 808
Dentin matrix protein (DMP), 210–211t
Denys-Drash syndrome, 120
2’-deoxynucleoside triphosphate (dNTP), 

16–18
Deoxypyridinoline (DPD), 210–211t, 251f, 832t
Deoxyribonucleic acid (DNA), 210–211t

complementary, 24–25
digestion of, 9–11
fragments of, 10–11, 10f
isolation of, 9–11

computers for, 31
probe, 10–11
recombinant, pediatric endocrine disease 

therapy and, 30–31
sequencing of, 16, 17f

direct methods of, 16–18
indirect methods of, 18–21

Depo-Provera. see Medroxyprogesterone 
acetate

Desamino-d-arginine vasopressin (dDAVP), 
405–406, 406f

Desert hedgehog (DHH), 122
loss-of-function mutations in, 117t

Desmosterolosis, 831
Developmental delay, epilepsy, neonatal  

diabetes syndrome (DEND), 279
DEXA. see Dual-energy X-ray absorptiome-

try (DEXA)
Dexamethasone, 192

therapeutic, potency of, 504t
Dexamethasone androgen suppression test 

(DAST), 633, 639–640
Dextrin matrix acidic phosphoprotein 1, 

211–214t
DGGE. see Denaturing-gradient gel 

electrophoresis (DGGE)
DHCR7 gene, 146–147t

loss-of-function mutations in, 117t
in Smith-Lemli-Opitz syndrome, 127

DHEA. see Dehydroepiandrosterone
DHH gene, 146–147t
DHLPC. see Denaturing high-performance 

liquid chromatography (DHLPC)
Diabetes

cystic fibrosis related, 890
genetic defects in, insulin action and, 891
gestational, 892
lipoatrophic, 891
mitochondrial, 888–889
neonatal, 892–893
thiamine-responsive, 890

Diabetes Control and Complications Trial 
(DCCT), 872

Diabetes insipidus, 338–339
central, 425–430

autoimmune disease causing, 426–427
brain death causing, 427
causes of, 425–427
congenital anatomic defects with, 426
congenital autosomal nephrogenic,  

430–431
congenital x-linked, 430, 431f
drugs causing, 427
fluid therapy for, 427–428
genetic causes of, 425
increased vasopressin metabolism  

causing, 427
infectious disease causing, 426–427
infiltrative disease causing, 426–427
neoplasms with, 426
neurosurgical intervention for, 426
primary enuresis causing, 427
trauma and, 425–426
treatment of, 427–430, 431–432

vasopressin analogues for, 428–430
evaluation of, 418f
nephrogenic, 42, 430–432

causes of, 430–431, 431f
treatment of, 431–432

Diabetes mellitus, 846–1
antigens in, 855
associated autoimmune diseases, 880
associated psychosocial problems, 880–881
atypical, 887
autoantibodies in, 910–911
autoantigens in, 905t
autoimmune polyglandular syndromes, 

902t, 907, 909
C-peptide in, 858, 859f
characteristics of, 846–847
chemical-induced, 890
as chronic disease, 331
classification of, 847–850, 848b, 849t
clinical manifestations of, 864–866
cystic fibrosis related, 890
definition of, 846–847
diagnosis of, 866–867
drug-induced, 848, 890
exercise in, 878
HLA DQ phenotypes in, 851–852, 853t, 

854f
HLA DR phenotypes in, 853t
hypoglycemia in, 879–880
insulin in

action of, 861–863
receptors for, 861, 862f
secretion of, 859–861, 860f

lipoatrophic, 891
living with, 868
management during surgery, 882
medical nutritional therapy, 877–878
mitochondrial, 888–889
morbidity of, 847
mortality of, 847
outpatient care for, 881–882
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overview of, 846–847
permanent neonatal, 283–286
sick day management in, 880
syndromic neonatal, 285–286
thiamine-responsive, 890
transient neonatal, 280–283
treatment of, 866t, 868

goals of, 872
levels of, 875b

type 1, 277, 849, 850–872
age-standardized incidence of, 850, 851f
characteristics of, 849, 849t
epidemiology of, 850, 851f
etiology, pathogenesis and genetics of, 

850–857, 852f, 853t, 854f
immune intervention strategies in, 856t, 

857–858
loci for, 852t
non-autoimmune, 883
pathophysiology of, 863–864, 863t, 865f
phenotypes in, 853t
prediction and prevention of, 856t,  

857–858, 857f, 857t
risk of, 852t, 855t
treatment of, 872–874

type 2, 277, 849–850
characteristics of, 849–850, 849t
mutations causing, 888t
typical, 887

virus infections in, 890–891
youth-onset, 889t

Diabetic heterodimers, 857t
Diabetic ketoacidosis, 866t, 867–868

fluid electrolyte therapy for, 866t
pathophysiology of, 865f
treatment of, 868–872, 868b

“Diabolemia,” 881
1,2-Diacylglycerol (DAG), 210–211t
Diaphyseal dysplasia, progressive, 822
Diaphysis, 239
Diarrheal illness, in hypoglycemia, 940
Diazoxide, 927
Dichlorodiphenyl dichloroethene (DDT), 705
Dideoxy-fingerprinting (ddF), 18–19
Dideoxy (Sanger) method, 16–18, 17f
Diencephalic syndrome, in children, 998
Diet

fat in, in obesity, 977
intervention in, in childhood obesity, 988
therapy, for dyslipidemia, 1024–1026, 

1025t, 1026b
Dietary phosphate deficiency, 784–785
Diethylstilbestrol (DES), 137
Differentially methylated region (DMR), 832t
DiGeorge syndrome (DGS), 743, 832t
DiGeorge syndrome chromosome region 

(DGCR), 832t
Dihydrotestosterone (DHT), 716
1,25-Dihydroxyvitamin D membrane  

associated rapid response steroid  
binding protein, 238–239

24,25-Dihydroxyvitamin D3 
(24R,25(OH)2D3), 210–211t

1,25-Dihydroxyvitamin D3 (calcitriol) 
(1,25(OH)2D3), 210–211t, 832t

Diiodotyrosine (DIT), 195–196
Dikkopf, 211–214t
Disease-related growth curves, 293
Disheveled 1, 211–214t
Disorders of sexual development (DSD)

46, XX
Mullerian duct abnormalities in, 134
mutations of, 117t
phenotypes for, 116–119
research models for, 116–119, 117t

sex chromosomes in, 110–111
SRY-gene in, 117t

46,XY
for androgen synthesis and action, 111b
for gonadal dysgenesis, 121, 121f, 142
sexual rearing of, 141
for testicular differentiation, 111b

diagnosis of, 137–140, 138f
genetic counseling for, 145
gonadal tumors in, risk of, 144–145
laboratory studies for, 139–140
psychological counseling for, 145
in puberty, 606–607
support and ethical considerations for, 145
surgery for, 143–144
treatment of, 140–145

medical, 142–143
“Disposition index,” 846–847, 847f
Disproportionate short stature, 778
Distal-less 5, 211–214t
Distal tubule, structure of, 413f
DIT. see Diiodotyrosine (DIT)
Diurnal variation, hormonal measurement 

and, 99t
DMP1 protein, 794
DMRT1 gene, 146–147t
dNTP. see 2’-deoxynucleoside triphosphate 

(dNTP)
DOC acetate, therapeutic, potency of, 504t
Donohue syndrome, 891, 930
Dopamine, in hormone assays, 103–104t
Dosage-sensitive sex-reversal adrenal  

hypoplasia congenital critical region  
X chromosome gene 1 (DAX1), 63t, 67

Dose response curve, for GH/GV, 365f
Down-regulation, in G protein-coupled  

receptors, 39
Down syndrome, 326, 892

GH treatment of, 370–371
Drug

central diabetes insipidus from, 427
diabetes mellitus induced by, 848
hypercalcemia from, 767–768
impairing free water clearance, 420t

Dual-energy X-ray absorptiometry (DEXA), 
210–211t, 259, 260t, 261t, 262t,  
371–372, 832t

estimation of BMC by, 776–777
“Dumping syndrome,” 932
DuOX2, 197
Dwarfism, 227–228

in mice, 27–28
psychosocial, 345

Dysalbuminemic hyperthyroxinemia,  
familial, 202–203

Dysbetalipoproteinemia, 1018t, 1020
Dysfunctional uterine bleeding, 629–631
Dysgenesis, 194
“Dysinsulinism,” 932
Dyslipidemia

diet therapy for, 1024–1026, 1025t, 1026b
pharmacologic management for, 1026–1029, 

1027t
primary, 1018, 1018t
secondary causes of, 1020–1021, 1021b
vascular changes and, 1021–1023, 1022b

Dysmenorrhea, 631

E
EBP genes (Emopamil-Binding Protein), 

831
EcoR I, 12f
Ectodermal dysplasia, in APS, 902t
Ectodermal dystrophy, in APS, 908

Ectodomain, N-terminal domain, 43
Ectonucleotide pyrophosphatase/ 

phosphodiesterase 1, 211–214t
Ectopic ACTH syndrome, 517
Ectopic calcification, 822–824

genetic causes of, 823t
Ectopic thyroid gland, 194, 448
Edema

cerebral, 869–870
in Turner syndrome, 672

Effector pathways
osmotic sensor and, 405–410, 406f, 407f, 

408f
volume sensor and, 413–416, 415f

Effector site-based selectivity, 596
Efferent system

for energy balance, 961–962
vagus nerve, energy storage and, 962

EGF, 223–224, 323
EIF2AK3, mutations in, 285
EIF2B2 gene, 146–147t
EIF2B4 gene, 146–147t
EIF2B5 gene, 146–147t
Eiken chondrodysplasia, 744–745
Electrolytes, therapy with, 866t, 868–869, 

870
Electron transport

to P450c17, 477
to P450scc, 476f

Electrophoresis, 17f
agarose gel, 10f
denaturing-gradient gel (DGGE), 19

Embryogenesis, 239
in thyroid system, 187

Embryology, 471–474
Embryonic stem (ES) cells, 309–310
Emesis, 880
Emiocytosis, 860–861
EMX2 gene, 146–147t

loss-of-function mutations in, 117t
Endocannabinoids (EC), in energy balance, 

961
Endochondral bone

development, 240
formation of, 239

Endocrine disorders
autoimmune disorders with, 510
environmental, 111
evaluation of, in infancy and childhood, 7
genomic deletions causing, 27
growth disorders from, 331–339, 333t, 

334f, 335f, 346f, 347b, 355b, 356f, 
357f, 358t, 360f, 362b, 363b

with hyperinsulinism, 168–175, 168b, 
169f, 170f, 171f, 172f, 173f, 174f

with obesity, 983
pediatric, recombinant DNA technology 

in, 30–31
Endocrine disrupting chemicals, effect of, 705
Endocrine function

adaptations in, at birth, 6–7
test for, 418f

Endocrine genes, positional cloning of, 22
Endocrine genetics, molecular endocrinology 

and, 9–34
Endocrine hormone assays, 90–91

performance characteristics of, 98t
Endocrine neoplasia

APC-associated polyposis in, 555–556
Beckwith-Wiedemann syndrome in, 556
Carney triad in, 556
Li-Fraumeni syndrome in, 556
neurofibromatosis type 1 in, 556
Peutz-Jeghers syndrome in, 557
PTEN hamartoma tumor syndrome in, 557
tuberous sclerosis complex in, 557
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Endocrine renin-angiotensin-aldosterone 
system

anatomy and biochemistry of, 414
regulation of secretion of, 414

Endocrine system
in anorexia nervosa, 998–1000
regulation, of growth, 304–324, 306f, 

307f, 308f, 308t, 309f
Endocrinology. see also Pediatric endocrinology

molecular, endocrine genetics and, 9–34
positional genetics in, 21–24, 23f

Endocrinopathy, pediatric, 26–29
Endonucleases, restriction, 10
Energy

balance of
afferent system for, 957f, 958–960
central processing in, 959f, 960–961
disorders of, 956–1
efferent system for, 961–962
endocannabinoids, 961
ghrelin in, 957f, 958
hedonic pathway, 963
in hyperinsulinemia, 964f
leptin resistance in, 963–964, 964f
neuroendocrine regulation of, 957–962, 

957f
norepinephrine in, 960
orexins, 960–961
serotonin in, 960
study of, 956

excess of, in obesity, 964–968
expenditure of, sympathetic nervous  

system (SNS) and, 961–962
storage of, efferent vagus and, 962

Enthesopathy, 788–789
Enuresis, primary, causing central diabetes 

insipidus, 427
Environmental factors

in ambiguous genitalia, 111b, 137
in obesity, 976–977

Enzymes, 472
cytochrome P450, 128, 474–475
iodothyronine monodeiodinase, 447f
of steroid hormone synthesis, 474–482
steroidogenic, 472

human genes for, 472t
types of, 474–481

Ependymomas, 547t
Epidermal growth factor (EGF), 211–214t
Epigenetics, developmental programming 

and, 975
Epilepsy, in hypothalamic anovulation, 628
Epinephrine

deficiency, 177
in hypoglycemia, 937–938

in fasting metabolism, 161, 162t
in hormone assays, 103–104t
in hypoglycemia, 166t
nor-, in energy balance, 960

Epiphyseal cartilage growth plate, 227–228, 
241f

Episodic secretion, hormonal measurement 
and, 99t

Epithelium
coelomic, 112f
site of, of PTH-rP, 228t
vaginal, 598f

Escherichia coli, 30
Estradiol

in early puberty, 578f
in hormone assays, 103–104t
in infants, 574f
in menstrual cycle, 576
regulation of, 588f
sources of, 594f

testosterone-, binding globulin, 595f
transdermal, 627t

Estrogen, 217, 245. see also Nonhypoestro-
genic menstrual disturbances

adolescent rise in, 324
mechanism of, model, 596f
in skeletal maturation, 324
synthesis, chondrocytes in, 257
in thyroid metabolism, 187f
in Turner syndrome, 681

Estrogen receptor (ER), 211–214t
hypothalamic, 596f
for skeletal growth, 257

Estrogen receptor a (ERa), 63t, 66–67
Estrone, 594f
Ethanol, obesity and, 981
Eukaryotic translation initiation factor  

a-kinase 3, 285
European Nicotinamide Diabetes  

Intervention Trial (ENDIT), 858
Exaggerated adrenarche, 604
Exercise

acute, hormonal measurement and, 99t
in bone acquisition, 256
in diabetes mellitus, 878

Exercise-induced hyperinsulinemic  
hypoglycemia (EIHI), 929

Exocrine-duct lineage, 284–285
Exon 1A transcript, of GNAS, 745
Exon 3, 312–313
Expression studies, 24–25
Expressivity, 30
Extracellular fluid (ECF), 211–214t
Extracellular fluid tonicity, 405
Extracellular signal-regulated kinase (ERK), 

211–214t
Extrauterine thyroid adaptation, 190f, 191
Ezetimibe, 1028

F
Face, appearance of, in GHR deficiency, 357f
Factitious hyperinsulinism, 930–931
Factor in germline alpha (FIGLA), 125, 

146–147t
Failure to thrive

in children, 995–997
classification and etiology of, 995–996
definition of, 995
diagnosis and evaluation of, 996
differential diagnosis of, 995b
management of, 997
prognosis of, 997

Familial chylomicronemia syndrome, 1018t, 
1019–1020

Familial combined hyperlipidemia (FCHL), 
1018t, 1019

Familial dysalbuminemic hyperthyroxinemia, 
202–203

Familial expansile osteolysis, 798–799
Familial glucocorticoid deficiency (FGD), 

23–24, 41, 511
Familial glucocorticoid resistance, 520–521
Familial hypercholesterolemia (FH),  

1018–1019, 1018t, 1023
Familial hypertriglyceridemia (FHTG), 

1018t, 1019
Familial hypocalciuric hypercalcemia, 219
Familial hypocalciuric hypercalcemia type 1 

(HHC1), 762
Familial isolated pituitary adenomas (FIPA), 

545–546
Familial isolated primary hyperparathyroid-

ism (FIHP), 832t

Familial medullary thyroid carcinoma 
(FMTC), 458–459. see also Medullary 
thyroid carcinoma

clinical presentation of, 542–543
mechanism of, 542f

Familial paraganglioma syndrome, 535t, 538t, 
546

“Familial short stature,” 363
Familial tumoral calcinosis, 824
Family

history of, for DSD diagnosis, 137
intervention of, in childhood obesity, 989

Fanconi-Bickel syndrome, 282–283
in hypoglycemia, 935

Fanconi syndromes, 787–795
Fasting adaptation, 161–163

fuel metabolism in, 162f
in glucose metabolism, 921–923, 922f, 923f
hormonal regulation in, 162t
in infants, 163f

Fasting metabolic systems
hormonal regulation of, 162t, 921t
in tissue, 863, 863t

Fasting system approach, to hypoglycemia 
diagnosis, 944

Fasting test results, 926t
Fat

-derived hormones, in anorexia nervosa, 
1000

dietary, in obesity, 977
saturated, diet therapy for, 1024–1026, 

1025t, 1026b
Fatty acid

in brain, 162–163
free, 961–962

receptor 1, 47–48
oxidation

defects of, in hypoglycemia, 939
disorders of, 178–179, 179f

with distinguishing metabolic  
markers, 180t

newborn screening for, 178
trans-unsaturated, 977

Fatty streaks, 1021
FBJ osteosarcoma oncogene (FOS), 211–214t
FCHL. see Familial combined hyperlipidemia 

(FCHL)
Female reproductive system

in adolescent, 575–578, 575f, 576f, 577t, 
578f, 579f

in adults, 578–582, 579f
fetal development of, 570–572, 571f
infant development of, 573–575, 573f, 574f

Feminizing adrenal tumors, 520
Ferriman-Gallwey hirsutism, 637f
Fetal goiters, 188, 189f
Fetal life

glucose homeostasis in, 159–161
to neonatal life, transition of, 159–161
thyroid function in, 189, 190f

Fetal-neonatal Graves disease, 201–202, 456
Fetal thyroid hormone, 191
Fetus, 473

abnormalities in, intrinsic, 327b
adrenal cortex formation in, 126–127, 473
adrenal steroidogenesis in, 481–482

characteristics of, 481
androgen biosynthesis in, steroidogenic 

pathways for, 129f
female reproductive system in, 570–601, 

571f
neuroendocrine unit in, 570–571
normal sexual maturation of, 601
overgrowth in, 378b, 379–380
programming of, obesity and, 975
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FGD. see Familial glucocorticoid deficiency 
(FGD)

FGF receptor substrate (FRS), 211–214t
FGF7, 222
FGF8 gene, 146–147t
FGF9 gene, 146–147t

loss-of-function mutations in, 117t
FGF23. see Fibroblast growth factor 23 

(FGF23)
FGFR. see Fibroblast growth factor receptor 

family (FGFR)
FGFR2 gene, 146–147t, 322–323
FGFR3, 322–323

receptor mutations, 57t
FH. see Familial hypercholesterolemia (FH)
FHTG. see Familial hypertriglyceridemia 

(FHTG)
Fiber, obesity and, 977–978
Fibrates, 1028, 1028t
Fibric acid derivatives, 1028
Fibroblast, 239, 240f
Fibroblast growth factor (FGF), 211–214t, 

322–323, 832t
Fibroblast growth factor-1, 146–147t,  

211–214t
receptors, 57t, 59–60

Fibroblast growth factor-2, 211–214t
Fibroblast growth factor 2-4 receptors 

((FGFR2-4)), 60
Fibroblast growth factor-5, 211–214t
Fibroblast growth factor-7, 211–214t
Fibroblast growth factor-18, 211–214t
Fibroblast growth factor 23 (FGF23),  

211–214t, 221, 239, 322–323
in osteochondrodysplasias, 824–825
in tumor-induced rickets, 793–794, 794f

Fibroblast growth factor receptor (FGFR), 
211–214t

Fibroblast growth factor receptor-1,  
211–214t

Fibroblast growth factor receptor-2,  
211–214t

Fibroblast growth factor receptor-3,  
211–214t

in osteochondrodysplasias, 828f
Fibroblast growth factor receptor-4,  

211–214t
Fibroblast growth factor receptor family 

(FGFR), 59–60, 832t
and phosphatonins, 221–222

Fibrodysplasia ossificans progressiva (FOP), 
822–823, 832t

Fibrous dysplasia, 814–815
FIGLA. see Factor in germline alpha
Finasteride, 642
Flat bones, 239
9a-fludrocortisone, therapeutic, potency of, 

504t
Fluid

and electrolyte maintenance requirements, 
in diabetes mellitus, 865t

electrolyte therapy, 866t, 868–869
osmotic regulation of, 408–410, 409f

physiology of, 405–416
of vasopressin secretion, 408–410, 409f, 

410f
therapy, for central diabetes insipidus, 

427–428
Fluorescence

5’-nuclease assay with, 15–16, 15f
in CT/PET, using Fluoro-L-Dopa, 173f
detection methods with, 15–16

Fluorescent in situ hybridization (FISH), 
669, 832t

Flutamide, 642

FMTC. see Familial medullary thyroid 
carcinoma

Focal KATP HI, 2f, 172–173, 173f
Focal lesions, infants with, 2f, 172–173, 173f
FOG2, 123, 146–147t

loss-of-function mutations in, 117t
Follicle

antral, 581f
atretic, 581f
autoamplification processes in, 576b
classification of, 572f
healthy, 581f
ovarian of, 571f

Follicle-stimulating hormone (FSH), 699
in hormone assays, 103–104t
in puberty, 570f, 573f, 574f, 575f, 578f
secretion of, 587–588
in sexually infantile girls, bone age in, 616t

Follicular phase
hormone blood production rates in, 592t
of menstrual cycle, 580–582, 580f, 581f

Food intake
CNS modulation of, 962–964
glucose concentration and, 872f

Food reward, hedonic pathway of, 963
FOXL2, 125, 146–147t

BPES associations with, 125
loss-of-function mutations in, 117t

FOXP3, 750, 904
“Frankfurt plane,” 292–293
Frasier syndrome, 120
Free fatty acids (FFAs), 961–962
Frizzled receptor, 211–214t
Frizzled related protein-4 (FRP4), 211–214t, 

222
Fructose

1,6-diphosphatase deficiency, in hypogly-
cemia, 938

intolerance to hereditary, in hypoglycemia, 
938–939

obesity and, 978–980, 979f
FSH. see Follicle-stimulating hormone 

(FSH)
FSH receptors, 44–45

mutations in, 36t
during pregnancy, 46

Fuel, metabolism of, in fasting human, 162f
Fumarylacetoacetate hydrolase activity,  

929–930
Functional hypogonadotropic hypogonadism, 

712
causes of, 711t

Functional sensitivity, 101
Furin, 225
Furosemide, 218

G
G-protein, gene disorders, 52–53
G-protein coupled receptor kinase (GRK), 

210–211t
G-protein-coupled receptors (GPCR),  

35–41, 35t, 39f, 218, 832t
classes of, 40–41, 40f
clinical conditions and mutations in, 36t
N-terminal extracellular domain for, 37f

G protein receptor kinases (GRKs), 39
Gamma-amino butyric acid (GABA),  

211–214t
Gamma-amino butyric acid (GABA)  

neurons, 701
Gamma-carboxyglutamic acid protein, bone 

(Osteocalcin), 211–214t
Gas chromatography (GC), 97t, 98
Gas transcript, of GNAS, 745

Gastric bypass surgery, 942
Gastric inhibitory polypeptide receptor 

(GIPR), as class B receptor, 50
Gastrin, 230–231
Gastrinoma, 547t, 549–550
Gastrointestinal bleeding, in Turner  

syndrome, 681
Gastrointestinal disorders, 681–682

bleeding, 681
inflammatory bowel disease, 682
liver disease, 681

Gastrointestinal polypeptide (GIP) pancre-
atic glucagon, 860–861

Gastrointestinal surgery, hypersinsulinism 
after, 932

Gastrointestinal tract
Ca in, 217
vitamin D in, 232f

GATA3, in PTH, 744
GATA4 gene, 122–123, 146–147t

loss-of-function mutations in, 117t
GATA6, 286

heterozygous inactivating mutations of, 
286

GCM2, in PTH, 742
GDF7 gene, 146–147t
Gender

assignment, 110
body weight by, 294f, 295f, 296f, 297f, 

298f, 299f, 300f, 301f
labeling, 110–111
rearing, 141–142
roles, 141

Gene conversions, for CAH, 502–503, 503f
Generalized resistance to thyroid hormones 

(GRTH), 64
Genes, 444, 472

calcitriol regulating, 236, 237f
endocrine, positional cloning of, 22
in G-protein disorder, 52–53
for growth hormone, 310–311
iodotyrosine deiodinase, 445f

defect, 197
in mineral homeostasis, bone metabolism 

and, 211–214t
for oxytocin/vasopressin expression, 406, 

407f
for sex determination, 112–116

models for, 116–119
for steroidogenic enzymes, 472, 472t
for tumors, 119–125
for VDR, 236, 237f
X chromosomes, 667–668

Genetic abnormalities, in combined pituitary 
hormone deficiency, 340–342

Genetic counseling, 533–534
for DSD individuals, 145

Genetic defects
of beta cell function, 887–891, 889t
with diabetes, insulin action and, 891
in GH-IGF axis

clinical and biochemical features of, 
348t

diagram of, 334f
IGF deficiency from, 333t

in insulin action, 891
Genetic syndromes

in insulin resistance, 892–893
of lipoatrophy, 892t

Genetic testing
for lipid disorders, 1024
for MEN1, 533–534
for MEN2, 533–534
for pediatric endocrine disease, 29–30
for VHL, 533–534



Index1044

Genetics
of 21-hydroxylase locus, 501–502, 501f
of ambiguous genitalia, 30–31
of APS, 912–913
of Carney syndrome, 544
cyto-, 25–26
endocrine, molecular endocrinology and, 

9–34
positional, in endocrinology, 21–24, 22f, 

23f
in Turner syndrome, 665–671
of type 1 diabetes mellitus, 850–857, 852f, 

853t, 854f
Genital tract, maturation of, 597–598, 598f
Genital tubercle, 115
Genitalia

ambiguous
algorithm for, symmetric/asymmetric, 

138f
disorders associated with, 111b
genetics of, 30–31
karyotype for, 714
laboratory studies for, 139–140
parental concerns with, 109–110
pelvic ultrasound in, 139
treatment goals for, 109–110
in virilized female, 129f

external
development of, 699
structures of, differentiation of, 112f, 

115–116
internal, structures of differentiation of, 

112f, 115
Genitopatellar syndrome, 124
Genome-wide association (GWA) Studies, 

703–704
Genomic deletions

18q, 327
causing human endocrine disease, 27

Genomic imprinting
disorders of, 29–30
in Turner syndrome, 668–669

Germ cells
chromosomal defects, in Turner syndrome, 

665, 666f
development of, 113
tumors in, 718

characteristics of, 718
classification of, 718
risk for, 718

Germ-line mutations, somatic mutation  
versus, 29

Gestational age, GH treatment of, 371, 371f
Gestational diabetes, 892
GH. see Growth hormone (GH)
GH-binding protein (GHBP), 312–314

affinity of, 314
concentrations of, in GHR deficient  

patient, 349f
signaling of, 314f

GH-releasing hormone (GHRH), 311
molecular defects of, 336–337
receptor, 311, 336–337

GH-releasing peptides (GHRPs), 311
GH secretagogue receptor (GHS-R), 311
GH1 gene, 311
GHBP. see Growth-hormone-binding 

protein (GHBP)
GHD. see Growth hormone deficiency (GHD)
GHDIA, isolated, 342–343
GHDII, isolated, 343
GHR. see Growth hormone receptor (GHR)
Ghrelin, 311–312

in energy balance, 957f, 958
receptor mutations in, 36t
receptors, as a class A receptor, 48–49

Ghrelin-mimetic ligands, 311
GHRH. see GH-releasing hormone 

(GHRH)
GHRPs. see GH-releasing peptides (GHRPs)
GHS-R. see GH secretagogue receptor 

(GHS-R)
Giant hemangiomas, 452
Gigantism, pituitary, excess GH secretion in, 

382
Gitelman syndrome, 774
GLI3, 124, 146–147t

loss-of-function mutations in, 117t
Glial cell line-derived neurotrophic factor 

(GDNF), 211–214t, 832t
Glial cells missing, Drosophila, homologue 

of, 2, 211–214t
GLIS 3 gene, 285

etiology of, 285
manifestations of, 285
mutations in, 285

Globulin, 209–214
estradiol-testosterone binding, 595f

GLP-1. see Glucagon-like peptide-1 (GLP-1)
GLP-1 analogues, therapy, 992
Glucagon, 230–231

deficiency, in hypoglycemia, 937–938
in hormone assays, 103–104t

Glucagon-like peptide (GLP), 860–861
Glucagon-like peptide-1 (GLP-1), 958, 959f
Glucagon-like peptide 2 (GLP-2), 832t
Glucagonoma, 547t
Glucocorticoid, 202, 217, 410

for bone mineralization, 245–246
-excess low bone mass, 804–805
familial

deficiency, 511
resistance, 520–521

feedback, adrenal, 484
mean concentrations of, 488t
receptors, 63t, 65
-suppressible hyperaldosteronism,  

507–508
Glucocorticoid therapy

common preparations for, 523–524
high-dose, complications of, 524t
mineralocorticoid replacement, 525–526
pharmacological, 524
replacement, 522–523
stress doses of, 525
uses of, 521–526
withdrawal of, 524–525

Glucokinase, 170f, 284, 928
activating mutations of, 284
inactivating mutations of, 284

homozygous, 284
Glucokinase hyperinsulinism, 174–175, 928

diagnosis of, 928
Gluconeogenesis, 933

genetic disorders of, with hypoglycemia, 
938–940

hepatic, 162t
renal, 941

Glucose
concentration, food intake and, 872f
metabolism of

fasting adaptation in, 921–923, 922f, 
923f

physiologic development of, during in-
fancy and childhood, 920–923, 921f

monitoring
blood, 877
continuous, 877

production of
body weight, 165f, 920–921, 921f
changes in, 923, 923f

self-monitoring of, 877

tolerance, impaired, 893
transporters of, 158t

defects of, 179–180
utilization and production of, 920–921

Glucose 6-phosphatase deficiency  
(GSD type I), 177–178

Glucose 6-phosphatase deficiency (GSD 
types 1a and 1b), hypoglycemia from, 
933–934

Glucose-alanine cycle, 936
Glucose homeostasis, 6

at birth, 159–161
in fetus, 159
in hypoglycemia, 163–165, 165b, 165f
perinatal, 159–161
plasma levels of

hyperinsulinism diagnosis by, 168b
in newborns, 169f

“Glucose sensor,” 284
Glucose-stimulated insulin release (GSIR) 

threshold, 284
Glucose tolerance test, 866
Glucose transporter type 2 (GLUT2),  

282–283
Glucosuria, renal, 866
GLUD1 gene, 173–174, 174f
GLUT1

characterization of, 158t, 159
deficiency of, 167b, 179–180

GLUT2
characterization of, 158t
deficiency of, 167b, 180

GLUT2 glucose transporter, 859–860
GLUT3, characterization of, 158t, 159
GLUT4, characterization of, 158t, 159
Glutamate dehydrogenase (GDH), 928

blood glucose concentration in, 174f
hyperinsulinism with, 173–174, 174f, 927

diagnosis of, 927
Gly-Lys-Arg, 407f
Glycemic index, obesity and, 977–978
Glycogen branching enzyme deficiency (type 

4 GSD), in hypoglycemia, 935
Glycogen storage diseases (GSDs), 933–935

disorders of, causing hypoglycemia, 927t
Glycogen synthase deficiency, in hypoglyce-

mia, 934–935
Glycogen synthase kinase 3 (GSK3), 210–211t
Glycogenolysis, 933

defects in, 177–178
hepatic, 162t

Glyconeogenesis, defects in, 177–178
Glycosylated hemoglobin (HbA1c), 881
Glycosylation, congenital disorders of, 929
GNAS

-1 gene, mutations of, 52–53
activating mutations of, 53
gene complex, first steps in, 745f

GnRH. see Gonadotropin-releasing hormone 
(GnRH)

GNRHR gene, 146–147t
Goiters, fetal, 188, 189f
Gonadal differentiation, disorders of,  

119–125, 121f
Gonadal dysgenesis, 615, 664, 714

sex rearing, 141–142
sexual differentiation in, 121, 121f

Gonadarche, 697–698, 702
Gonadoblastoma, 144

in Turner syndrome, 676
Gonadostat, 570f
Gonadotropin, sex hormones and, 6–7
Gonadotropin deficiency, 366–367, 617–621, 

622f, 624–625f
constitutional pubertal delay, 625b

Glucose (Continued)
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Gonadotropin-dependent form, of  
precocious puberty, 705–706, 706t

Gonadotropin-independent form, of  
precocious puberty, 706–708, 706t

cause of, 707
Gonadotropin-releasing hormone (GnRH), 

698
in adolescents, 575, 575f
agonist therapy, 506

for precocious puberty, 614b
development of, 698
genetic disorders causing, deficiency, 702
increase in the secretion of, 700–701, 700f
in infants, 573, 573f, 574f
location of, 587f, 698
in menstrual cycle, 580f
pathways mediating, 590f
pulse generator, 699, 700f
receptor group, 46–47
receptor mutations in, 36t
regulation of, 585f
secretion of, 586–588, 587f

Gonadotropin resistance, 617
Gordon syndrome, 67
GPCR somatostatin receptor (SSTR5), 37
GPR54

as class A receptor, 48
in puberty, 711t
receptor mutations, 36t

Granulosa cells, 588f
Graves disease, 453, 905t

autoantibodies in, 913
in children, 453
hyperthyroidism in, 201–202
therapy in children for, 455, 455f

Group specific component (DBP), 211–214t
Growth

abnormalities in
from endocrine disorders, 331–339, 

333t, 334f, 335f, 346f, 347b, 355b, 
356f, 357f, 358t, 360f, 362b, 363b

primary
classification of, 324–329, 325b
types of, 325, 327b

secondary
classification of, 325b, 329–363
types of, 329, 334f, 335f, 346f, 347b, 

355b, 356f, 357f, 358t, 360f, 
362b, 363b

adult height, 303–304
body proportions, 301
charts, 293, 294f, 295f, 296f, 297f, 298f, 

299f, 300f, 301f, 302f, 303f
constitutional delay of, 363, 363b
criteria for, 363b
disorders of, treatment of, 364–378
endocrine regulation of, 304–324, 306f, 

307f, 308f, 308t, 309f
excess, 378–384
factors, 322–324

EGF, 323
FGF, 322–323
growth-promoting peptides, 323–324
for skeleton, 256

failure
biochemical evaluation of, algorithm of, 

360f
causes of, 373–374
primary, 327b

inhibitory peptides, 324
measurement of, 292–304
mutations, IGF-1 receptor, 350–355, 

354t
normal, 292, 294f, 295f, 296f, 297f, 298f, 

299f, 300f, 301f
parental target height, 304

promotion of, 360f
response, 367–368
retardation of, 324–363

chromosomal abnormalities for,  
326–327

classification of, 325b
intrauterine, 327–329

etiology of, 327b
maternal factors in, 327b

skeletal maturation, 302–303
Growth hormone (GH), 310–315

actions of, 314–315
binding of, model, 314f
bio-inactive, 346
chemistry of, 310–311, 310f
disorders of, secretion and action, 291–1
dose-response curve for, 365f
dosing of, 365–366, 365f
excess

diagnosis of, 383
secretion of, 382
treatment of, 383–384

genes, 310–311
genetic abnormalities of, 340–344
-IGF axis, genetic defects from

clinical and biochemical features of, 348t
diagram of, 334f
IGF deficiency from, 333t

IGF peptides for, 312
insensitivity, 346–348, 346f, 347b, 349f

clinical features of, 355–356, 355b, 356f, 
357f

limited accuracy assays of, 358
neurosecretory dysfunction, 345–346
pituitary, deficiency, growth disorders 

from, 340
provocative testing, 357, 358–362
secretion of, 311–312

dual contributions of, 346f
testing of, 360f

side effects of, 374–375
structure of, 310f
thyroid hormone interactions with, 324
treatment with

monitoring of, 367, 367b
of short stature, 372–373

in Turner syndrome, 369–370
Growth-hormone-binding protein (GHBP), 

54
abnormalities of, 29

Growth hormone deficiency (GHD)
acquired idiopathic isolated, 346
diagnosis of, 362–363

adult, 368–369, 369f
genetic abnormalities of, 340–344
and hypopituitarism, 936
IGHD 1A, 27
leukemia from, 374
neonatal testing of, 362
novel modalities for, 366–369, 366b
physical examination findings for, 362b
pituitary, 340
risk of, 360f
slipped capital femoral epiphysis, 375
treatment of, 364–366

adult, 368–369, 369f
Growth hormone (GH), 2–3, 210–211t, 217, 

832t, 990t
deficiency, 983
in hormone assays, 103–104t
-IGF-1 axis, in anorexia, 999
treatment with

for CAH, 506
in childhood obesity, 992

in Turner syndrome, 685–687

Growth hormone receptor (GHR), 29,  
54–55, 54t, 312–314, 314f

class A, for transducing action, 41–49
class B, for transducing action, 49–51
class C, for transducing action, 51–52
deficiency, 349f

diagnosis of, 356–362, 357f, 358t, 360f
facial appearance in, 357f
signaling defects, 348–350

Growth Hormone Research Society (GRS), 
361

Growth hormone resistance and IGF-1  
deficiency, in hypoglycemia, 936–937

Growth velocity (GV), dose-response curve 
for, 365f

GRTH. see Generalized resistance to thyroid 
hormones (GRTH)

GTPase-activating proteins (GAPs), 36–37
Guanine monophosphate (GMP), 210–211t
Guanine nucleotide binding protein, alpha 

stimulating, 211–214t
Guanosine diphosphate (GDP), 832t
Guanosine triphosphate (GTP), 210–211t, 

832t
Gynecomastia, 719

physiologic, 719
pubertal, 719

H
H2O2 generation, defects in, 197
HAIR-AN. see Hyperandrogenism, insulin 

resistance, and acanthosis nigricans 
(HAIR-AN)

Hairless, 211–214t
Hamartoma, hypothalamic, magnetic  

resonance imaging of, 609f
Hand-foot-genital syndrome, 134
“Harpenden” stadiometer, 293
Hashimoto thyroiditis, 449–450, 681, 905t

antibodies in, 449
Hashitoxicosis, 450
hCG. see Human chorionic gonadotropin 

(hCG)
HCG receptors, during pregnancy, 46
HDL. see High-density lipoproteins (HDL), 

low, cholesterol
HDL2, 1018
HDL3, 1018
Head circumference-for-age percentiles, 

weight-for-length and, 295f, 297f
Hearing loss, in Turner syndrome, 668
Heart disease, congenital, in Turner  

syndrome, 670
Heat shock protein (HSP), 700, 832t
Hedonic pathway, of food reward, 963
Height

adult, prediction of, 303–304, 305t
of adults, by bone age, 305t
final, in Turner syndrome, 674–675
in GHR deficiency children, 356f
target, of parents, 304
velocity chart

for females, 303f
for males, 302f

Hematologic disorders, for growth disorders, 
331

Hematopoietic cells, 239
Hepatic insulin resistance, 968
Hepatic ketogenesis, 163f
Hepatitis, 908
Hepatocyte nuclear factor 1 (HNF1A)  

hyperinsulinism, 928–929
Hepatocyte nuclear factor 1 beta (HNF1b), 

282–283, 285
mutations in, 285

Growth (Continued)
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Hepatocyte nuclear factor-4 (HNF-4), 63t, 65
Hepatocyte nuclear factor 4a (HNF4A) 

hyperinsulinism, 928
Hereditary fructose intolerance, 938–939
Hereditary hypocalciuric hypercalcemia 

(HHC), 832t
Hereditary hypophosphatemic rickets with 

hypercalciuria, 793
Hermaphroditism, true, 606
HESX1, 28, 334–335
Heterogeneous nuclear ribonucleoprotein D 

(HNRPD), 210–211t, 211–214t
Heterotopic bone formation, 822–824

genetic causes of, 823t
Hexokinase D, 284
Hexokinase IV, 284
hGH-N. see Human growth hormone-N 

(hGH-N)
hGH-V. see Human growth hormone-V 

(hGH-V)
High bone mass, 815–822, 815t

mutations of, 816–817t
High-density lipoproteins (HDL), low,  

cholesterol, 1020
High-mobility group (HMG) domain, 114
High performance liquid chromatography 

(HPLC), 97t
common problems and solutions for, 99t

High-resolution peripheral quantitative 
computed tomography (HRpQCT), 
210–211t, 258–259, 266t

High-voltage-dependent L type calcium 
channels, 214–216

“Hirata disease,” 931
Hirsutism, 637f
Histone cell cycle regulation (HIRA) gene, 

743–744
HLA DQ phenotypes, in diabetes mellitus, 

851–852, 853t, 854f
HLA DR phenotypes, in diabetes mellitus, 

853t
HLA linkage, 501–502, 501f
HMG-CoA reductase inhibitors, 1027–1028, 

1028t
HNF1alpha and HNF4alpha-hyperinsulinism, 

175
HNRNPC genes, 787
Holoprosencephaly, 135t, 186–187
Homeostasis

alkaline phosphatase, 224
Ca, 215f
magnesium, 223–224
mineral, during life cycle, 265–269
phosphate, 215f
PTH in, 224–227
vasopressin in, 405

Honeymoon period, 876–877, 878–879
Hormonal assay methods, 91–99

accuracy of, 102
carryover in, 102
free and bioavailable, 95–97
impact of, 3–5
pre-analytic variables for, 99–100, 103–104t
precision of, 101
reportable ranges in, 100–101
sample types of, 102
specificity in, 101–102
stability of, 102
standardization of, 106
validation for, 100

Hormone replacement therapy, in congenital 
adrenal hyperplasia, 143

Hormones, 91f. see also Peptide hormones; 
Steroid hormones

blood production rates of, in  
mid-follicular phase women, 592t

for BMC, 256
deficiency, 936–938
fasting adaptation and, 161–163, 162f, 

162t, 163f
in fasting metabolic systems, regulation of, 

162t
fat-derived, 1000
future directions, 642
in hypoglycemia, 936–938
receptors

class A, 41–49
transduction pathway, 34–89
types of, 35t

regulation of, fasting metabolic systems, 
921t

secretion and action of, acquisition of  
patterns of, 5–6

secretion of, in children/infants, 573–574, 
573f, 574f

sensitivity of, 101
for skeleton, 256
for testing ambiguous genitalia, 140

HOXA genes, 134
HOXA10 gene, 146–147t
HOXA11 gene, 146–147t
HOXA13 gene, 146–147t
17b-HSD type 5, 592
HSD3B2 gene, 146–147t
HSD17B3 gene, 146–147t
Human chorionic gonadotropin (hCG)

during pregnancy, 46
in thyroid metabolism, 187f

Human growth hormone-N (hGH-N), 27
Human growth hormone-V (hGH-V), 27
Human LH choriogonadotropin receptor 

(LHCGR), 706–707
Human metaphase chromosomes, 26f
Human regular insulin, 873
Hunger, 957f, 958
“Hungry bone syndrome,” 784
Hutchinson-Gilford syndrome, 328
Hydatidiform mole-associated and imprinted 

transcript (HYMAI), 279–280
Hydrogen ion (H+), 210–211t, 832t
Hydroxyapatite, 209–214
b-Hydroxybutyrate, 864
11b-Hydroxylase deficiency, 130, 506–507
21-Hydroxylase deficiency (CAH), clinical 

forms of, 499–500
17a-Hydroxylase/17,20-lyase, deficiency of, 

130–131
21-Hydroxylase deficiency (CAH)

adrenalectomy for, 506
characteristics of, 128–130, 129f
clinical forms of, 499–500
diagnosis of, 503–504
gene conversions causing, 502–503, 503f
genetics of, 501–502, 501f
hypertensive form of, 506–507
incidence of, 500–501
microconversions causing, 502–503, 503t
mutations causing, 503
p450c21 causing, 491, 491f, 491t, 502–503, 

503f, 503t
pathophysiology of, 498–499, 499f
postnatal, treatment of, experimental, 506
prenatal

diagnosis of, 503
treatment of, experimental, 505–506

treatment of, 504–505
21-Hydroxylase locus, genes in, 502
Hydroxysteroid dehydrogenase, 475

characteristics of, 475
3a-Hydroxysteroid dehydrogenase, isozymes 

of, deficiencies of, 131

3b-Hydroxysteroid dehydrogenase, 477
characteristics of, 477
deficiency of, 130

11b-Hydroxysteroid dehydrogenase
-1-apparent cortisone reductase deficiency, 

lesions in, 508
-2-apparent mineralocorticoid excess,  

lesions in, 508
isozymes of, lesions in, 508

17b-Hydroxysteroid deficiency, 131–132, 
716

17b-Hydroxysteroid dehydrogenase 
(17b-HSD), 479, 592

25-Hydroxyvitamin D3 (calcidiol) 
(25OHD3), 210–211t, 832t

Hyperandrogenism
in adolescence, 631–642, 631b, 633f, 

637f
adrenal, 633
androgen overproduction in, 636, 638f, 

640f
androgenic drugs, 636
antiandrogens for, 642
clinical manifestations, 632–633
combination oral contraceptive pills for, 

641
diagnostic approach, 636–641
differential diagnosis of, 636
functional ovarian, 635, 637f
initial workup for, 639f
insulin-lowering treatments for, 642
laboratory manifestations, 633–634
management of, 641–642
maternal, 132
Metformin for, 642
other hormonal manipulations, 642
polycystic ovarian syndrome causing,  

632–636, 632b, 633f
progestin monotherapy for, 641–642
tumors of, 636

Hyperandrogenism, insulin resistance, and 
acanthosis nigricans (HAIR-AN), 58

Hypercalcemia, 229–230
in adolescence

etiology of, 756t, 762–768
evaluation of, 768–770, 769t
management of, 770–772

causes of, 755–760, 756t
in children

etiology of, 756t, 762–768
evaluation of, 768–770, 769t
management of, 770–772

drugs causing, 767–768
etiology of, 755–760, 756t, 757t
evaluation of, 760–762, 761f
in infants, 755–762, 756t, 761f
management of, 760–762
in neonates, 755–762, 756t, 761f
oncogenic, 767–768

Hypercalciuric hypocalcemia, 742–743
Hypercholesterolemia, 451

autosomal dominant, 1018t, 1019
autosomal-recessive, 1018t, 1019
familial, 1018–1019, 1018t

Hyperglycemia, biology of, 27
Hyperglycemic clamps, 887
Hypergonadotropic hypogonadism,  

713–716
causes of, 711t

Hyperinsulinemia
algorithm for, 964f
energy balance in, 964f
negative feedback pathway in, 964f

Hyperinsulinemic hypoglycemia, 279
associated with insulin resistance, 930
prodromal to diabetes mellitus, 932

Hormones (Continued)
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Hyperinsulinism
after gastrointestinal surgery, 932
associated with insulin resistance, 930
in Beckwith-Wiedemann syndrome, 169
carbohydrate-deficient glycoprotein, 929
congenital, 169, 170f, 171f, 925–926
diagnosis of, 168b, 926

criteria for, 926t
dominant KATPHI, 171–173
endocrine disorders with, in infants/ 

neonates, 168–175, 168b, 169f, 170f, 
171f, 172f, 173f, 174f

exercise-induced, hypoglycemia, 929
factitious, 930–931
focal adenomatosis, 2f, 172–173, 173f
with GDH, 173–174, 174f, 927

diagnosis of, 927
GK, 174–175
glucokinase, 928
hepatocyte nuclear factors and, 175
HNF1A, 928–929
HNF4A, 928
in infants, child, and young adult, 925–933
islet adenoma, 173
KATP channel, 170f, 171–173, 926–927
perinatal stress-induced, 168–169
prodromal to diabetes mellitus, 932
recessive KATPHI, 171–173
SCHAD, 174, 928
transient, from maternal factors, 168
in tyrosinemia, 929–930
UCP2, 175
uncoupling protein 2, 929

Hypermagnesemia, 774–775
Hypernatremia, 417–419, 418f
Hyperosmolality, 409, 409f, 864
Hyperostosis, 815–818
Hyperostosis hyperphosphatemia syndrome, 

824
Hyperparathyroidism, 546

characteristics of, 546
jaw tumor syndrome, 546
neonatal

primary, 763
secondary, 758

Hyperphosphatemia, 785t
Hyperphosphatemic familial tumoral  

calcinosis, 794–795, 824
Hyperplasia, 547t

ACTH-independent bilateral  
macronodular adrenal, 24f

ACTH-independent multinodular adrenal, 
518

congenital lipoid adrenal, 128
Hyperprolactinemia, 620–621
Hypertension, in Turner syndrome, 677–678
Hyperthyroidism, 453–455

autosomal dominant, 195t, 452–453
congenital, 201–202
juvenile, Graves disease, 453
nonautoimmune, 202
transient, 449, 450

Hyperthyrotropinemia, 200
asymptomatic, 200

Hyperthyroxinemia, dysalbuminemic,  
familial, 202–203

Hypertriglyceridemia
disorders of, 1019–1020
familial, 1018t, 1019

Hypervitaminosis D, 755–756
Hypoalphalipoproteinemia, 1018t
Hypobetalipoproteinemia, 1020
Hypocalcemia, 229–230

in adolescence
etiology of, 749–753
management of, 754–755

causes of, 739t
in children, 749–755

etiology of, 749–753
evaluation of, 747f, 753–754
management of, 746–749, 754–755

in neonates
causes of, 739t
early, 734–738
late, 738–742
management of, 746–749

Hypochondroplasia, 326
Hypoglycemia

acquired postprandial hyperinsulinemic, 
after fundoplication, 175–176

adrenocorticotropin deficiency in, 937
AKT2, 930
alcohol-induced, 942
alimentary, 932
approach to patients with episodic,  

symptoms, 943
artifactual, 943–944
associated with insulin resistance, 930
autoimmune, 931
autonomic nervous system in, 166t
behavioral problems as effects of, 943
blood tests for, 166, 167f
classification of causes of, in neonates/ 

infants, 167–180, 167b
clinical examination of, 944
cortisol deficiency in, 937
critical sample of, 944
Debrancher deficiency, GSD type 3 in, 934
defects of organic or amino acid  

metabolism in, 939–940
definition of, 925
in diabetes mellitus, 879–880
diagnosis of, 166–167, 167f

fasting system approach to, 944
diarrheal illness in, 940
due to activating mutations in AKT2, 166t
emergency treatment of, 944
epinephrine in, 166t, 937–938
evaluation of, 925
exercise-induced, hyperinsulinism, 929
Fanconi-Bickel syndrome in, 935
fasting, 162f, 168b
fatty acid oxidation defects in, 939
fructose 1,6-diphosphatase deficiency in, 

938
glucagon deficiency in, 928, 937–938
gluconeogenesis disorders in, 938–940
glucose homeostasis in, 163–165, 165b, 

165f
glycogen branching enzyme deficiency 

(type 4 GSD), 935
in glycogen storage diseases, 177, 933–935
glycogen synthase deficiency in, 934–935
growth hormone deficiency and hypopitu-

itarism in, 936
growth hormone resistance and IGF-1  

deficiency in, 936–937
GSD types 1a and 1b in, 933–934
in hereditary fructose intolerance, 938–939
history in, 944
hyperinsulinemic, 168–175, 279
induced by exogenous agents, 941–942
infections in, 940
in intensive care unit, 941
ketotic, 935–936
malaria in, 940
management of, 925
in newborn/infant, 157–2, 163–165, 165b, 

165f
differential diagnosis of, 164t

nonislet tumor, 932–933

in organ system disease, 941
overview of, 920
phosphoenolpyruvate carboxykinase  

deficiency in, 938
postprandial, 930
prodromal to diabetes mellitus, 932
with prolonged exercise, 940
pyruvate carboxylase deficiency in, 938
reactive, 930, 942–943
from salicylate intoxication, 942
sepsis in, 940
signs/symptoms of, 166, 166t
during starvation and malnutrition, 940
symptoms, signs and effects of, 922b,  

923–925
in toddler and child, 920–1

major causes of, 925–944
treatment of, 180–181

Hypoglycemia-associated autonomic failure 
(HAAF), 924

Hypogonadal male athlete, testosterone in, 
725–726

Hypogonadism
causes, 615–621, 616b
differential diagnosis of, 616b, 619f, 620f, 

621–625
functional hypogonadotropic, 712
hypergonadotropic, 713–716
hypogonadotropic, 711–712
hypothalamic, 712
management of, 625–627
menstrual cycle in, 615–627
pituitary-dependent, 712

Hypogonadotropic hypogonadism, 136,  
711–712

causes of, 711t
mutations in, 618t

Hypokalemia, 760
Hypolipidemias, 1020
Hypomagnesemia, 772–774

mutations associated with, 773t
Hypomagnesemia type 1 with secondary  

hypocalcemia, 223–224
Hypomethylation of imprinted loci (HIL), 

281
Hyponatremia, 417

ANP with, 424
cancer and, 423t
central nervous system and, 423t
organic osmolyte changes in, 422f
plasma volume in, decreased effective, 

421–422
sodium chloride, primary loss of, in, 421
systemic dehydration in, 421
treatment of, 421, 422

emergency, precautions in, 422–423, 422f
true/factitious, causes of, 425
vasopressin in

abnormal regulation of, 423–425, 423t
with decreased secretion, 419–421
with increased secretion, 421–423
with normal regulation, 419–423, 420t

Hypoparathyroidism, 902t, 905t, 908
autoantibodies in, 915
causing hypocalcemia, 739t
in children, 740–741t, 742–746
deafness, renal disease syndrome (Barakat 

disease) (HDR), 832t
in infants, 740–741t, 742–746
pseudo-, growth disorders from, 332
retardation, dysmorphism syndrome 

(HRD), 832t
Hypophosphatasia, 775t
Hypophosphatemia, 53, 870
Hypophosphatemic osteomalacia, 222

Hypocalcemia (Continued) Hypoglycemia (Continued)
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Hypophosphatemic rickets, 332
in children, 785t
PHEX in, 789–790, 789–790f

Hypophysitis, 338
Hypopituitarism

congenital, undescended testes in, 176f
growth hormone deficiency and, 936

Hypoplasia
congenita of

in adrenal gland, 510–511
X-linked, 510–511

Leydig cell, 127
Hypospadias, 134, 717–718
Hypothalamic anovulation, 627–629

causes, 628
differential diagnosis of, 628–629
management of, 629

Hypothalamic astrocytoma, in brain, 619f
Hypothalamic dysfunction

causing adrenal insufficiency, 514
growth disorders from, 333–336

Hypothalamic hamartoma, magnetic  
resonance imaging of, 609f

Hypothalamic hypogonadism, 712
monogenic disorders associated with, 136t

Hypothalamic hypophysiotropic peptides, 
188

Hypothalamic paraventricular nuclei,  
magnocellular components of, 406–407, 
408f

Hypothalamic peptides, 308
Hypothalamic-pituitary-adrenal axis, 482–484

anorexia, 999
Hypothalamic-pituitary-gonadal (HPG) axis, 

697–698
anorexia, 999–1000

Hypothalamic-pituitary hypothyroidism, 452
diagnosis of, 200, 452
in infants, 452

Hypothalamic-pituitary portal system, 309f
Hypothalamic-pituitary-thyroid axis, 6

in anorexia, 998–999
Hypothalamo-pituitary hypothyroidism

in infants, 199
Hypothalamus, 482–483, 962–963

in AVP, 482–483
in CRF, 482–483
development of, 304–306
inflammation in, 338–339
irritation of, 340
trauma to, 337–338
tumors of, 339
vasopressin cells in, 408f

Hypothyroidism, 449–452, 983
cancer survivors in, 452
congenital, 193–201

newborn screening, 193–194, 449
positive screening report for, 200
presumptive positive screening tests for, 

201f
consumptive, 199
growth disorders from, 331–332
hypothalamic-pituitary, 452

diagnosis of, 200, 452
in infants, 199, 452

iodine-induced, 451–452
newborn screening for, 7
primary, 193, 193f
sexual precocity caused by, 610f
subclinical, 450
transient, 200

treatment of, 200
Hypothyroxinemia, 200

of prematurity, 193
transient isolated, 200

I
Idiopathic hyperandrogenism, 636
Idiopathic hypogonadotropic hypogonadism 

(IHH), 46–47
Idiopathic infantile hypercalcemia, 759–760
Idiopathic juvenile osteoporosis, 806–807
Idiopathic postprandial syndrome, 942–943
IFAP syndrome, 135t
IFNs. see Interferons (IFNs)
IGF. see Insulin-like growth factor (IGF)
IGF-1 receptor, 211–214t

mutations in, 350–355
Igf2 gene, 321–322
IGFBP-1, 321
IGFBP-2, 321
IGFBP-3, 321, 322f, 361
IGFBP-5, 321
IGHD 1A. see Isolated growth hormone 

deficiency type 1A (IGHD 1A)
IKBKG genes, 815–818
ILs. see Interleukins (ILs)
IMAGe syndrome, 111, 123–124
Imaging studies

magnetic resonance, of hypothalamic 
hamartoma, 609f

in pheochromocytoma, 535t, 542
Immune intervention strategies, in diabetes 

mellitus type 1, 856t, 857–858
Immunoassay techniques, 91–97

analyzers for, 91t
limitations of, 95, 95f
for mass spectrometry, 97–99
potential confounders in, 93–95

Immunoglobulins, placental transfer of,  
187–188

Immunometric immunoassay, 92–93, 92f
mechanism of, 94f

Immunoreceptor tyrosine-based motif 
(ITAM), 210–211t

Inborn abnormalities, from thyroid hormone 
metabolism, 198, 447f, 447t

Indian hedgehog (IHH), 210–211t, 211–214t, 
227–228

Infantile hypophosphatasia, 795
Infants, 444

BMC in, 260t
BMD in, 260t
bone mineralization disorders in, 775–778
Ca intake in, 217, 218t
childhood and, evaluating endocrine  

disorders in, 7
with congenital hypothyroidism, treatment 

of, 200, 450
female reproductive system in, 573–575, 

573f, 574f
with focal lesions, 2f, 172–173, 173f
glucose metabolism in, physiologic  

development of, 920–923, 921f
GnRH secretion in, 573, 573f, 574f
growth of, measurement of, 293
hypercalcemia in, 755–762, 756t, 761f
hyperinsulinism in, 925–933

endocrine disorders with, 168–175, 168b, 
169f, 170f, 171f, 172f, 173f, 174f

hypoglycemia in, 157–2, 163–165, 165f, 
925–944

classification of, 167b
differential diagnosis of, 164t
symptoms of, 166t

hypoparathyroidism in, 740–741t, 742–746
hypothalamic-pituitary hypothyroidism in, 

199, 452
increased bone mass in, 778
KATP channel hyperinsulinism in, 170f, 

171–173, 926–927

low birth weight, 776
mineral homeostasis in, 734–1

disorders of, 734
normal thyroid gland in, 197
osteopetrosis in, 778
Pendred syndrome in, 196–197
premature, thyroid dysfunction syndromes, 

193–201, 194t, 444, 445b
rickets in, 775–778
sex-steroids in, 488t
thyroid function in, 189–190
vitamin deficiency in, 781f, 784

Infection
causing central diabetes insipidus, 426–427
causing diabetes mellitus, 890–891
chronic, growth disorders from, 331
in hypoglycemia, 940
in obesity, 981

Infiltrative disease, causing central diabetes 
insipidus, 426–427

Inflammation
of brain/hypothalamus, 338–339
cytokines in, 972

Inflammatory bowel disease, 682
Inhibins, 591–592
INLS3 gene, 146–147t
Inner ring monodeiodination, 191f
Inositol-1,4,5-triphosphate (IP3), 210–211t
Inositol triphosphate receptor, 211–214t
INS gene, 282
INSL3, loss-of-function mutations in, 117t
Insulin

action of
acquired defects in, 891–892
genetic defects in, 891

active, 885
basal

rates, 884–885
suspend, 885

beta cells and
resistance of, 847f
secretion of, 170f, 278f

biosynthesis of, 858–859, 859f
closed-loop delivery, 882–886
as a determinant of fetal growth, 279
in diabetes mellitus

action of, 861–863
receptors for, 861, 862f
secretion of, 859–861, 860f

disorders of excess or actions of, 167
gene mutations in, 27
in hormone assays, 103–104t
human regular, 873
hypersecretion of, 985–986

suppression of, 991–992
initiating, therapy, 874
intermediate-acting, 873
long-acting, analogues, 873–874
in metabolic afferents, 959–960
muscle, 969
nonalcoholic fatty liver disease (NAFLD) 

and, 973
pharmacodynamic properties of common, 

formations, 870, 870t
premixed, 874
primary, 986
pump therapy, 875, 876b

acute complications of, 886
features of, 876
indications for, in pediatrics, 875–876
initiation of, 884t
in kindergarten and school, 886
options and features of, 883t
specific considerations in, 886

Infants (Continued)
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rapid-acting analogues, 873
receptors, 28–29, 57f, 57t, 58

structure of, 862f
regimens for, 874–882

three-dose, 873f
resistance to, 968–969

nonalcoholic fatty liver disease and, 973
polycystic ovarian syndrome (PCOS) 

and, 973–974
primary, 986
type B, 891

secretion of
action and, 847
pancreatic beta cells in, 170f, 278f

syringes versus pens, 874
therapy, 871–872
types of, 870t, 872–874, 872f, 873f
utero deficiency of, 279

Insulin gene mutations, 283–284
Insulin-like factor 3 (INSL3), 699
Insulin-like growth factor (IGF), 210–211t, 

315–322, 832t
assay methodologies for, 316–317
axis, 315f
binding proteins, 315f, 320–321, 320f
disorders of, secretion and action, 291–1
GH-, axis

clinical and biochemical features of, 
348t

diagram of, 334f
genetic defects from, IGF deficiency 

from, 333t
for GH actions, 314
in growth disorders, 318
historical background of, 315–316
molecular biology of, 316, 316f
receptors, 318–320
serum levels of, 317–318, 317f
structure of, 316, 316f, 320f
targeted disruption of, 321–322

Insulin-like growth factor-1 (IGF-1), 57t, 
58–59, 211–214t, 256

affinity of, 318
cancer risk with, 375t
defects, characteristics of cases with, 353t
deficiency, clinical features of, 355–356, 

355b, 356f
with GHR deficiency, 349f
in hormone assays, 103–104t
rh-, 377f
role of, 319
serum levels of, 317–318, 317f, 367
splicing of, 316
treatment with, for IGFD, 376–378, 377f

Insulin-like growth factor deficiency (IGFD), 
332–333, 333t, 334f, 335f

diagnosis of, 356–362, 357f, 358t, 360f
risk of, 360f
treatment of, using IGF-1, 377f

Insulin promoter factor-1 (IPF-1), 284–285
Insulin resistance, 968–969

adipose tissue, 968–969
assessment of, 969
comorbidities related to, 973–974
hepatic, 968

Insulin secretion
factors involved in islet regulation of, 284

glucokinase, 284
HNF1b, 285
PDX-1, 284–285

KATP channel and, 281–282, 282f
Insulin sensitivity factor (ISF), 886
Insulin-to-carbohydrate (ICR) ratio, 875
Insulinoma, 547t, 931–932

Intact parathyroid hormone (IPTH), in  
hormone assays, 103–104t

Integrin av, 211–214t
Integrin b3, 211–214t
Interferences, 101–102

and hormonal measurement, 99–100, 99t
in HPLC mass spectrometric assays, 99t

Interferon-induced transmembrane protein-5 
or bone-restricted ITIFM5-like protein 
(IFITM5), 812, 832t

Interferons (IFNs), 323
Interleukins (ILs), 210–211t, 323, 832t
Intermediate-acting insulin, 873
International Osteoporosis Foundation 

(IOF), 799–802, 832t
International Society for Clinical Densitom-

etry (ISCD), 799–802, 832t
International Society for Pediatric and  

Adolescent Diabetes (ISPAD)  
Guidelines, 872

Intersex, 606
in ambiguous genitalia, 110–111

Intolerance, carbohydrate, in Turner  
syndrome, 682

Intracellular carboxyl terminal, 219–220
Intrauterine growth retardation, 279,  

327–329
etiology of, 327b
GH treatment of, 371, 371f
maternal factors in, 327b

Iodide/sodium symporter defects, 196, 445f
Iodine, 195, 451

deficiency of, 452
placental, thyroid metabolism and, 187–188, 

187f
transport defect, 196, 445b

Iodothyronine, 190, 195–196, 452
deficiency of

in thyroid metabolism, 189
enzymes in, 445f, 447f
monodeiodinase, 447f
sulfated, 191, 191f

Iodothyronine dehalogenase (DEHAL1, IYD), 
197–198

Iodotyrosine deiodinase
genes for, 198, 444
prevalence of, 195–196
types of, 198

Ionizing radiation, abdominal, 890
IPEX, 750, 910
IPEX-FOXP3, 285
Irradiation, of brain/hypothalamus, 340
IRX3 gene, 146–147t
Islet cells

adenoma hyperinsulinism, 173
antibody, 857t

Islet transplantation, pancreas and, 893
Isodicentric X chromosome, 667
Isolated growth hormone deficiency type 1A 

(IGHD 1A), 27
ITPR1, 216
IUGR, 327

J
Jackson-Weiss syndrome, 242
Jansen metaphyseal chondrodysplasia,  

229–230
Janus Kinase 2 (JAK2), 313
Johanson-Blizzard syndrome, 135t
“Juvenile diabetes,” 849
Juvenile hypothyroidism, acquired, 450–451

Hashimoto thyroiditis in, 451
Juvenile Paget disease, 798–799
Juxtamembrane domains, 229

K
KAL1 gene, 146–147t
Kallmann syndrome, 136, 702–703. see also 

Anosmia
Karyotypes

for ambiguous genitalia, 714
testing, 669–670, 669f
in Turner syndrome, 667

KAT6B, 124, 146–147t
Katacalcin, 230
KATP channel, 277

and insulin secretion, 281–282, 282f
normal state of, 281–282
role of, 278f

KATP gene mutations, 283–284
KATP hyperinsulinism, 171–173

channel in infants, 926–927
diffuse form of, 926–927
focal form of, 926–927

focal, 2f, 172–173, 173f
Kennedy disease, 66, 134, 717
Kenny-Caffey syndrome (KCS), 832t
Ketoacidosis, 864–865
Ketoconazole, 614–615

for hypercalcemia, 772
Ketogenesis, 871

hepatic, 162t
Ketone body synthesis, 179f
Ketonemia, 871–872
Ketones, 864
Ketonuria, 871–872
“Ketosis-prone diabetes,” 849
17-ketosteroids (17-KS), 569
Ketotic hypoglycemia, 935–936
Kidney, vasopressin action in, 412–413, 412f
KISS1, as class A receptor, 48
Klinefelter syndrome, 713–714, 892
Klotho, 211–214t, 218
a-klotho, 221–222
Koch’s postulates, 890–891
Kussmaul respiration, 865–866

L
Labioscrotal swellings, 115

abnormal, 129f
asymmetric, 138f
symmetric, 138f

Laboratory evaluation, of adrenal gland 
function, 487–492

Laboratory methods
in pediatric endocrinology, 90–1

analytic validation of, 100–102
clinical validation for, 102–106
hormonal assays, 91–99
interpretation of test results, 99–102
overview of, 90–91

QA in, 100–102
Laboratory studies, for ambiguous genitalia, 

139–140
Langerhans cell histiocytosis (LCH), 338
Laparoscopic adjustable gastric banding 

(LAGB), for pediatric obesity, 993
Laparoscopic sleeve gastrectomy (LSG), 994
Laron dwarfism, 936–937
Laron syndrome, 29
Lathosterolosis, 831
LBD. see Ligand-binding domain (LBD)
LC-MS/MS, 97–98, 98t
LCH. see Langerhans cell histiocytosis 

(LCH)
LDL. see Low-density lipoprotein (LDL)
Leiomyomas, 547t
Length-for-age percentiles, weight-for-age 

and, 294f, 295f, 296f

Insulin (Continued)
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Lenz-Majewski hyperostosis syndrome, 135t
LEPRE genes, 810–811
Leprecan. see Prolyl 3-hydroxylase 1
Leprechaunism, 28–29, 355, 891, 930
Leptin, 192, 211–214t, 245–246, 703, 971, 

990t
deficiency of, 983
in metabolic afferents, 958
receptor, 54t, 55–56, 55f, 703

deficiency of, 983
in puberty, 585, 703
for skeletal growth, 258

resistance, 963–964, 964f
therapy, 992

Leri-Weill dyschondrosteosis, 667–668
Leukemia, from GHD, 374
Levothyroxine, 188
Leydig cell, 112f

hypoplasia, 127
LGR4 gene, 146–147t
LGR8 gene, 146–147t

loss-of-function mutations in, 117t
LH. see Luteinizing hormone (LH)
LH choriogonadotropin receptor (LHCGR), 

inactivating, 715
LHCGR. see Luteinizing hormone choriogo-

nadotropin receptor
LHR gene, 146–147t
LHX1 gene, 146–147t
LHX3, 340–341
LHX3-knockout mice, 28
LHX9 gene, 146–147t
Li-Fraumeni syndrome in, 556
Lifestyle modification, in childhood obesity, 

987–989
Ligand-binding domain (LBD), of nuclear 

receptor, 62f
Ligand defective apoB-100, familial, 1018t, 

1019
LIM1 gene, 146–147t
LIN28A gene, 146–147t
Linearity, in analytic validation, 100–101, 100f
Lipids

disorders of
in children and adolescents, 1015–1
genetic testing for, 1024
hypolipidemia, 1020
routine screening for, 1023–1024

partitioning of, 969–970, 969f
Lipoatrophy, 881

diabetes, 891
genetic syndromes of, 892t

Lipolysis, 923
Lipomas, 547t
Lipoprotein lipase (LPL), 1016
Lipoproteins

disorders of, pediatric, 1018t
HDL, 1020
LDL apheresis in, 1029
metabolism of, 1015–1020, 1016f, 1016t, 

1017f
normal levels of, in children/adolescents, 

1023t
subclasses of, 1016t
VLDL, 1019

Liver
fasting metabolic systems, 863t
fatty, insulin resistance in, 973
phosphorylase and phosphorylase kinase 

deficiency (GSD types 6 and 9), 934
Liver disease, in Turner syndrome, 672t, 681
Local renin-angiotensin system, 414–415

anatomy and biochemistry of, 414
regulation of secretion of, 415

Long-acting insulin analogues, 873–874

Long bones, 239
Low birth weight (LBW), 832t
Low bone mass, 799–807, 799t, 800–801t

evaluation, 807–809
management, 807–809

Low-density lipoprotein (LDL), 1016t, 1017
apheresis, in children, 1029

Low-density lipoprotein receptor-related 
protein (LRP), 210–211t

Low-density lipoprotein receptor-related 
protein 2 (Megalin), 211–214t

Low-density lipoprotein receptor-related 
protein 5, 211–214t, 807

Low-density lipoprotein receptor-related 
protein 6, 211–214t

Lowe syndrome, 135t
LPL. see Lipoprotein lipase (LPL)
LRP5 mutations, 244
LSG. see Laparoscopic sleeve gastrectomy 

(LSG)
Lugol solution, 202
Luminal membrane, 413f
Luteal phase ovary, 582
Luteinized follicular cyst, precocious puberty 

caused by, 611f
Luteinizing hormone choriogonadotropin 

receptor (LHCGR), 127, 146–147t
loss-of-function mutations in, 117t

Luteinizing hormone (LH)
in hormone assays, 103–104t
peak from, 573f
in puberty, 570f, 573f, 574f, 575f, 578f
receptors, 36t, 43–44
regulation of, 588, 588f

LXXLL motifs, 700
Lymphatic obstruction, of Turner syndrome, 

672–673, 672t, 673f
Lymphocytic hypophysitis, 338
Lysinuric protein intolerance, 778

M
M-CSF receptor (c-Fms), 211–214t
M33, 118, 146–147t
Macroorchidism, 707
Macrophage-colony stimulating factor  

(M-CSF), 210–211t, 211–214t, 832t
Madelung deformity, 667–668, 673, 674f
Magnesium (Mg), 210–211t, 223–224, 832t

homeostasis, 772t
metabolism disorders, 772–775

hypermagnesemia, 774–775
hypomagnesemia, 772–774

preparations of, 748t
renal excretion of, 218

Magnetic resonance imaging (MRI), 210–211t
of hypothalamic hamartoma, 609f

Major histocompatibility complex (MHC), 
901–902

Malabsorption, 330, 902t, 908
Malaria, in hypoglycemia, 940
Male, puberty in, disorders of, 697–1
Male reproductive endocrine axis, disorders 

of, 716–719
androgen receptor mutations, 716–717
anorchia, 717–718
cryptorchidism, 717–718
gynecomastia, 719
hypospadias, 717–718
persistent mullerian duct syndrome, 717
testicular regression syndrome, 717–718
testis tumors, 718–719

Malignancy, second, occurrence of, 374
Malnutrition, with growth disorders,  

329–330

MAMLD1 gene, 136–137, 146–147t
Mammary gland, maturation of, 598
MAP3K1 gene, 123, 146–147t

loss-of-function mutations in, 117t
“Marble bone disease.” see Osteopetrosis
Mass spectrometry, 97–99, 97b, 97f

chromatographic assays for, 97t
problems and solutions for, 99t

Maternal factors
in hyperandrogenism, 132
for intrauterine growth retardation, 327b
in transient hyperinsulinism, 168

Matrix effects, in HPLC mass spectrometric 
assays, 99t

Matrix extracellular phosphoglycoprotein 
(MEPE), 210–211t, 211–214t, 222, 832t

Matrix GLA-protein, 211–214t
Matrix metalloproteinase (MMP), 210–211t
McCune-Albright syndrome, 53, 610,  

706–707
McKusick-Kaufman syndrome, 135t
Meacham syndrome, 120
Meadow syndrome, 930
Meckel-Gruber, 135t
Mediator complex subunit 4 (Vitamin D  

interacting protein), 211–214t
Medications, in obesity, 982
Medium-chain acyl-coenzyme A dehydroge-

nase deficiency (MCAD), 178–179
Medroxyprogesterone acetate (MPA), 614, 832t
Medullary thyroid carcinoma (MTC), 542f, 

543f, 832t. see also Familial medullary 
thyroid carcinoma

causes of, 461, 542–543
classification of, 461t
diagnosis of, 542–543
risk groups, management of, 461t, 542f

Megalin, 225
Melanin-concentrating hormone (MCH)

as class A receptor, 49
in energy balance, 960

Melanocortin receptors, 40, 41–42
central neural integration and, 961

Melanocortin 2 receptor-associated protein 
(MRAP), 36t, 38, 41

Melanocortin-3 receptor (MC3R), 41–42
mutation in, 984

Melanocortin-4 receptor (MC4R), 36t, 42
mutation in, 984

Melanocortin-5 receptor (MC5Rs), 42
Membrane-associated rapid response steroid 

binding protein (MARRS), 210–211t
MEN. see Multiple endocrine neoplasia (MEN)
MEN2A, 553

MTC in, 553
pheochromocytoma in, 553
primary hyperparathyroidism in, 553

MEN2B, 553–554
ganglioneuromas in, 553, 554f
marfanoid body habitus in, 554f
MTC in, 553–554
pheochromocytoma in, 554
thyroidectomy in, 554–555

Menarche
pubertal milestone attainment in, 602t
in rhesus monkey, 576f
weight at, 620f

Mendelian Inheritance in Man (MIM), 832t
Menin, 764–765
Meningiomas, 547t
Menstrual cycle

abnormalities in, 605f
estradiol in, 581
failure of, 607
follicular phase of, 580–582, 580f, 581f
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GnRH in, 580f
in hypogonadism, 615–627
interval between, 604f
luteal phase of, 582
normal, 580–582
sex steroids in, 585f
steroidogenesis in, 580f

Mental retardation disorders, pleiotropic 
obesity and, 984–985

MEPE, 791
Mesenchymal sites

of PTH-rP, 228t
stem cell, 246–247f

Messenger RNA (mRNA)
analysis of, 13–14
detection of, reverse transcriptase for, 14
VDR, 235

Metabolic afferents, 958–960
insulin in, 959–960
leptin in, 958

Metabolic changes, in cachexia, 997b
Metabolic markers, fatty acid oxidation  

disorders with, 180t
Metabolic syndrome, in obesity, 969f, 973
Metabolism, inborn errors of, growth  

disorders from, 331
Metanephrine testing, 538
Metaphase spindle, 25
Metformin, 990t, 991

for hyperandrogenism, 642
Methimazole, 202
Method comparison, in laboratory methods, 

102, 102f
Methyl prednisolone, therapeutic, potency 

of, 504t
Mg. see Magnesium (Mg)
MGP, 255
MHC. see Major histocompatibility complex 

(MHC)
Micro-magnetic resonance imaging (mMRI), 

259
Microarrays, 24–25, 24f
Microcephalic osteodysplastic primordial 

dwarfism, 328–329
Microconversions, for CAH, 502–503, 503t
Microfinite element (mFE), 210–211t
Micropenis, 176f
Microphthalmia-associated transcription  

factor (MITF), 210–211t
MicroRNA, 16
Microsomal triglyceride transfer protein 

(MTP), 1016
“Midline defects,” 186–187
Mild monogenic diabetes (MODY2), 928
Miller-Dieker syndrome, 135t
Mineral homeostasis

in children and adolescence, 734–1
genes involved in, bone metabolism and, 

211–214t
genetic causes of, 735–738t
hypercalcemia, 755–772
hypocalcemia, 734–755
in low birth weight infant, 776
magnesium metabolism, disorder of,  

772–775
osteochondrodysplasias, 824–831
PTH effects on, 225–226
skeletal mineralization, disorders of,  

775–824
Mineralocorticoid receptor, 63t, 67
Mineralocorticoids

excess of, 11b-hydroxysteroid dehydrogenase-
2-apparent, lesions in, 508

mean concentration of, 488t

replacement, in glucocorticoid therapy, 
525–526

secretion of, 484–485
Minipuberty of newborn, 573–574
MIT. see Monoiodotyrosine (MIT)
Mitchell-Riley syndrome, 285–286
Mitochondrial cholesterol uptake, 476–477
Mitochondrial diabetes, 888–889
Mitochondrial disorders, 513
Mitochondrial RNA-processing endoribonu-

clease, 211–214t
Mitogen-activated protein kinase (MAPK), 

210–211t, 832t
Mixed renal osteodystrophy, 797
MKKS gene, 146–147t
MODY syndromes, 848, 887–888, 888t
Molecular biology, impact of, 3–5
Molecular cytogenetics, 25–26
Molecular defects

of GHRH gene, 336–337
of GHRH receptor, 336–337

Molecular mimicry, 906
Molecular tools, basic, 9–16
“Mondini’s cochlea,” 196
Monocarboxylate transporter 8 (MCT8), 

191–192
Monogenetic disorders, of negative feedback 

pathway, 983–984
Monogenic diabetes, 888–891

mitochondrial diabetes, 888–889
Monogenic diabetes of youth (MODY), 277
Monogenic hyperinsulinism. see 

Hyperinsulinism
Monoiodotyrosine (MIT), 195–196
9p monosomy, 123
Morbidity

of cardiovascular disease, 1015
of diabetes mellitus, 847

Mortality, of diabetes mellitus, 847
Mosaicism, in Turner syndrome, 667
Mother, bone resorption/formation in, 253t
Mouse models’ dwarf, 27–28
MPI-CDG (CDG-Ib), 929
MSA. see Multiplication-stimulating activity 

(MSA)
a-MSH, 960
MTC. see Medullary thyroid carcinoma
MTP. see Microsomal triglyceride transfer 

protein (MTP)
Mucocutaneous candidiasis, 902t, 905t, 907
Mucolipidosis type II, 758
Mullerian ducts, 112f

persistent syndrome, 134, 717
Mullerian inhibitory hormone (MIH), 115, 

117t, 119
disorders of, 717

Multiple daily injection (MDI) regimens, 
874–875

advantages of, 875
levels of treatment of, 875b

Multiple endocrine neoplasia (MEN), 533–1, 
832t, 932

characteristics of, 542–543
classification of, 538t
future developments of, 557
genetics of, 533–534
MEN1, mutations in, 766f
pediatrics and, 533
syndromes of, 533–1
types of, 765t

Multiple endocrine neoplasia 1 (MEN1), 
546–552

age-related onset of, 547
characteristics of, 547t

clinical presentation of, 547–548, 548f
genetic testing of, 546
mutations in, 546
pathogenesis of, 546–547, 548f
pituitary tumors with, 546
screening for, 546

Multiple endocrine neoplasia 2 (MEN2), 
552–555

characteristics of, 552
clinical presentation of, 552t
genetic testing of, 552
mutated codons of, 542f, 553
pheochromocytomas in, 552
RET photo-oncogene mutations causing, 

552
Multiple pterygium syndrome, Escobar  

variant, 135t
Multiplication-stimulating activity (MSA), 

315
Munchausen by proxy syndrome, 930
MURCs syndrome, 111, 134, 137
Murk-Jansen metaphyseal chondrodysplasia, 

758–759
Muscle, fasting metabolic systems, 863t
Muscle insulin resistance, 969
Muscular dystrophy, spinal and bulbar, 134
Musculoskeletal system

Ca in, 214–216
defects, from GH insensitivity, 355b

Mutations
activating, of GNAS gene, 53
ALS, growth disorders from, 350
androgen, 133
aquaporin-2, 430–431
Arg137His V2 vasopressin receptor,  

39–40
for CAH, 503
cholesterol biosynthesis in, 829–831, 829t, 

830f
detection of, 16–21

ASOH for, 20, 20f, 21f
DNA sequencing in, 16, 17f
electrophoresis in, 17f
methods of, 16
SSCP for, 18, 19f, 20f

for diabetes mellitus type 2, 888t
in DSD, 117t
in GLIS 3, 285
GNAS-1, 52–53
in hepatocyte nuclear factor 1 beta, 285
in high bone mass, 816–817t
in insulin gene, 27, 283–284
in KATP gene, 283–284
LRP5, 244
in osteogenesis imperfecta, 800–801t, 

809–814
point, 27–28
POMC splicing, 983–984
RMRP, 240
TrkB, 985

Myasthenia gravis, 905t, 909
autoantibodies in, 913

Mycotoxin, 705
Myoblasts, 239, 240f
Myokines, 971–972
Myotonic dystrophy, 135t

N
N-terminal extracellular domain, for GPCR, 

37f
NANOG gene, 146–147t
National Center for Health Statistics 

(NCHS), 293

Menstrual cycle (Continued) Mineralocorticoids (Continued) Multiple endocrine neoplasia 1 (Continued)
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National Cholesterol Education Program 
(NCEP), 1021, 1023

Natriuretic hormone type C (CNP),  
210–211t

Natriuretic peptide precursor C, 211–214t
Natriuretic peptide receptor B, 211–214t
Natriuretic peptide system, 415–416, 415f
Nausea, vasopressin secretion and, 408–409
NCEP. see National Cholesterol Education 

Program (NCEP)
NCHS. see National Center for Health 

Statistics (NCHS)
NDI. see Nephrogenic diabetes insipidus 

(NDI)
Necrotizing enterocolitis, 776
Negative feedback pathway, monogenetic 

disorders of, 983–984
Neonatal diabetes, 892
Neonatal diabetes mellitus (NDM), 277

classification of, 279–283, 280f
clinical presentation of, 279, 280f
definition of, 277, 279–283
diagnosis and treatment of, 286–287
future directions in, 287–288
incidence of, 277–278
molecular diagnosis of, 286
permanent, 283–286
syndromic, 285–286
transient, 280–283
transition to oral therapy, 287, 287t

Neonatal hypothyroidism, transient, 200
Neonatal severe hyperparathyroidism 

(NSHPT), 51, 758, 832t
Neonates

blood glucose concentration in, 163–165, 
165f

bone resorption/formation in, 253t
diabetes in, 892–893
endocrine disorders in, with hyperinsulin-

ism, 168–175, 168b, 169f, 170f, 171f, 
172f, 173f, 174f

epigenetics of, 975
fatty acid oxidation disorders in, 178–179
fetal life transition in, 159–161
Graves disease in, 201–202
hypercalcemia in, 755–762, 756t, 761f
hyperinsulinism in, endocrine disorders 

with, 168–175, 168b, 169f, 170f, 171f, 
172f, 173f, 174f

hyperparathyroidism, 758
hypocalcemia, 734–755, 739t
hypoglycemia in, 157–2, 163–165, 164t, 165f
mineral homeostasis in, 734–1

disorders of, 734
neuroendocrine unit, 573–574

Neoplasms, with central diabetes insipidus, 
426

Nephrogenic diabetes insipidus (NDI), 42, 
430–432

acquired causes of, 431
genetic causes of, 430–431, 431f
treatment of, 431–432

Nephrogenic syndrome of inappropriate  
antidiuresis (NSAID), 42, 424

Nervous system, 452
autonomic, in hypoglycemia, 166t
central

maturation of, 599–600
tumors of, 374
vasopressin and, 423t

sympathetic, energy expenditure and,  
961–962

thyroid hormone actions in, 192
NESP55 transcript (neuroendocrine  

secretory protein-55), of GNAS, 745

Neuroactive steroids, 597
Neuroendocrine-ovarian axis

maturation of, 570–582, 571f, 574f
in normal puberty, 569, 570f
regulation of, 582–589, 584f, 585f

Neuroendocrine unit
in fetus, 570–571
in neonates, 573–574
regulation in, of energy balance, 957–962, 

957f
Neurofibromatosis type 1 (NF1), 535t, 556
Neurogenin 3 (Neurog-3), 286

homozygous mutations in, 286
Neurohypophysis, 304, 405
Neurokinin B, mutations of, 702
Neuron-specific insulin receptor knockout 

(NIRKO), 863
Neurophysin, 406
Neurosecretory dysfunction, GH, 345–346
Neurosteroids, 597
Neurosurgical intervention, for central  

diabetes insipidus, 426
Newborn ovary homeobox (NOBOX) gene, 

125, 146–147t
Newborns, 448

glucose plasma levels of, 169f
screening of

for congenital hypothyroidism, 193–194, 
449

for hypothyroidism, 7
with trisomy 21, 195

NFGI-B gene, 146–147t
NFKB, 246–247f
Niacin, 1028, 1028t
Nicotinamide adenine dinucleotide  

phosphate (NADPH), 210–211t
Niemann-Pick C1-like 1 (NPC1L1),  

1015–1016
Nissen fundoplication, 942
NK3R gene, 146–147t
NKB gene, 146–147t
NOBOX. see Newborn ovary homeobox
Noise, in HPLC mass spectrometric assays, 

99t
Nonalcoholic fatty liver disease, insulin  

resistance and, 973
Nongerm cell tumors, 718–719
Nonhypoestrogenic menstrual disturbances

dysfunctional uterine bleeding, 629–631, 
630b

hypothalamic anovulation, 627–629
perimenstrual syndromes, 631

Nonislet tumor hypoglycemia, 932–933
Nonosmotic regulation

of thirst, 409–410, 410f
of vasopressin, 409–410, 410f

Nonspecific derivative, in HPLC mass  
spectrometric assays, 99t

Nonsuppressible insulin-like activity 
(NSILA), 315

Noonan syndrome, 135t, 328, 713f, 714
GH treatment of, 370
Turner syndrome v., 670

Norepinephrine (NE), in energy balance, 
960

Norepinephrine-plasma, in hormone assays, 
103–104t

Norepinephrine-urine, in hormone assays, 
103–104t

Normosmic hypogonadotropic hypogonadism, 
702

Northern blotting, 13–14
NPC1L1. see Niemann-Pick C1-like 1 

(NPC1L1)
NPH-based treatment regimens, 876–877

NPY, 960
NR0B1 gene, 146–147t
NR3C4 gene, 699–700
NR4A1 gene, 146–147t
NR5A1 gene, 146–147t
NSILA. see Nonsuppressible insulin-like 

activity (NSILA)
Nuclear factor-kB, inhibitor (IKB), 211–214t
Nuclear factor-kB (NFk), 210–211t, 832t

subunit 1, 211–214t
Nuclear factor of activated T cells,  

cytoplasmic, calcineurin-dependent 1 
(NFATC1), 210–211t, 211–214t

Nuclear glucocorticoid receptor, 258
Nuclear receptor coactivators, 596
Nuclear receptors, 35t, 60–63, 63t

general structures, 60–63
subfamily 0, 67
subfamily 1, 64–65
subfamily 2, 65
subfamily 3, 65–67

Nucleus accumbens, 963
Nutrition

hormonal measurement and, 99t
mal-, with growth disorders, 329–330
therapy, diabetes mellitus, 877–878

O
Obesity, 956–1

body mass-index-for-age percentiles for, 
965f

cortisol and, 976
definition of, 965–966, 965f
dietary fat in, carbohydrate vs., 977
disorders of, 982–986
endocrine disorders with, 983
energy excess in, 964–968
environmental factors in, 976–977
epidemic of, factors associated with,  

975–982
epidemiology of, 966–967
fetal programming and, 975
fiber and, 977–978
fructose and, 978–980, 979f
genetics, 975
glycemic index and, 977–978
hypothalamic, 985–986
infectious causes in, 981
insulin dynamic disorders in, 985–986
medications in, 982
metabolic syndrome in, 969f, 973
neonatal programming and, 975, 976f
pleiotropic, 984–985
in Prader-Willi syndrome, 984
predictive factors for, 967–968
prevalence of, 966–967

global, 967
racial/ethnic considerations in, 967
sleep deprivation and, 976
stress and, 976
television viewing and, 976–977
trace minerals in, 981
vascular changes in, 970–971

Obestatin, 312
Octreotide, 990t, 991–992
Odontohypophosphatasia, 796
Olfactory-genital dysplasia. see Anosmia
Oligomenorrhea, 605
Oligonucleotide primers, 13f
OMIM. see Online Mendelian Inheritance in 

Man (OMIM)
Omni pod, 876
Oncogenic hypercalcemia, 767–768
ONH. see Optic nerve hypoplasia (ONH)
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Online Mendelian Inheritance in Man 
(OMIM), 31, 210–211t

OPG, 249
Optic gliomas, 339
Optic nerve hypoplasia (ONH), 333–334
Optimal fat mass, 628
Orai calcium release-activated calcium  

modulator 1, 211–214t
ORAI1, 216
Oral glucose tolerance tests (OGTTs), 932
Oral sulfonylurea, inpatient transition to, 

287t
Orchidism

crypto-, 134–136, 135t, 717–718
macro-, 707

Orexigenesis, 960
Orexin receptor, as class A receptor, 48
Orexins, in energy balance, 960–961
Organ system disease, hypoglycemia in, 941
Organic or amino acid metabolism, defects 

of, in hypoglycemia, 939–940
Organic osmolyte, in hyponatremia, 422f
Organification complex, 445f
Organification defects, 197
Orlistat, 989, 990t
Ortho vitros, immunoassay analyzer, 91t
Osmotic diuresis, 864
Osmotic regulation

physiology of, 405–416
of thirst, 408–410, 409f
of vasopressin secretion, 408–410, 409f, 

410f
Osmotic sensor, effector pathways and,  

405–410, 406f, 407f, 408f
Osseous heteroplasia, progressive, 745–746
Ossification, 822–823
Osteoblastogenesis, 242–246

adipocytes in, 240f
Osteoblasts

formation of, calcitriol in, 239, 240f,  
245–246

maturation of, 242
Osteocalcin, 242–244, 252–253

in hormone assays, 103–104t
Osteochondrodysplasias, 324–326

Blomstrand, 828–829
characterization of, anatomic, 825f
cholesterol in, 829–831
classification of, 325b
COL1A1 in, 824–825
features of, 324–325
FGF3 in, 824–825, 828f
FGF23 in, 824–825
genetic variants with, 826–827t
GH treatment of, 372
PTH in, 828–829

Osteoclast, 239
biochemical defects in, 820f
differentiation of, 246–247f
maturation of, 246–247f, 246–248

Osteoclast-associated receptor (OSCAR), 
210–211t, 211–214t

Osteoclastogenesis, 246–247f, 246–250
Osteocytes, 239
Osteogenesis imperfecta

classification of, 809–810, 813t
mutations in, 800–801t, 809–814
type I, 810–811
type II, 810–811
type III, 810–811
type IV, 810–811
type V, 812
type VI, 812
type X, 812–813
type XI, 812–813

type XII, 812–813
type XIII, 812–813
type XIV, 812–813

Osteogenesis imperfecta congenita (OIC), 
777–778, 832t

Osteolyses, idiopathic, 325b
Osteomalacia/rickets, tumor-induced,  

793–794, 794f
Osteonectin, 252–253
Osteopenia, 799–802
Osteopetrosis

genes mutations in, 816–817t
in infants, 778, 818

Osteopetrosis-associated transmembrane 
protein-1 (OSTM1), 210–211t,  
211–214t, 832t

Osteopontin, 235, 252–253
Osteoporosis, low bone mass, 808–809
Osteoporosis-pseudoglioma syndrome, 244, 

807
Osteoprogenitor pluripotent stromal  

mesenchymal stem cells, 239
Osteoprotegerin (OPG), 210–211t, 242–244, 

246–247f
Osteosclerosis, 778, 815t
Osterix, 812–813
OSTM1 genes, 778
Otitis, in Turner syndrome, 683–684
Otologic disorders, and Turner syndrome, 

680, 681f
Otx2, 335–336
Ovarian failure, 909

autoantibodies in, 910–911
premature, 125

Ovarian follicles, 571f
Ovarian hyperstimulation syndrome 

(OHSS), 45
Ovaries. see also Neuroendocrine-ovarian axis

diagram of, 572f
differentiation of, 112f, 114–115
fetal development of, 570–572, 571f
follicular phase of, 580–582, 580f, 581f
luteal phase of, 582
secretion of, 588–589, 588f
SF1/NR5A1 gene in, 120
steroidogenesis in, in menstrual cycle, 580f
steroidogenic pathways in, 126f
testosterone secretion in, 592–593

Overgrowth
differential diagnosis of, 378b
in fetus, 378b, 379–380

Ovotesticular disorder, of sex development, 
124

Oxytocin
biochemistry of, 405–407, 406f, 407f
peptide products of, 407f
receptor group, 40
receptor of, 411f
structure of, 406f

P
P450aro, 480

characteristics of, 480
P450c11, isozymes of, lesions in, 506–508
P450c17

characteristics of, 477–478
electron transport to, 475f, 477–478, 478f

P450c21
causing 21-hydroxylase deficiency, 502–503, 

503f, 503t
causing CAH deficiency, 472t, 475f, 478
characteristics of, 478
mapping of, 502

P450 oxidoreductase (POR), 477–478, 716
deficiency of, characteristics of, 497–498

P450scc, 476
characteristics of, 476
electron transport to, 476, 476f

Paired box gene 8 (PAX8), 187
Pallister-Hall syndrome, 124
Pancreas

beta cells in, 928
insulin secretion by, 170f, 278f

enteropancreatic islet cell tumors, 549
exocrine, disorders of, 890
islet transplantation and, 893

Pancreas transcription factor-1 (PTF1),  
284–285

Pancreatectomy, 890
Pancreatic arterial stimulation with calcium 

and venous sampling (PASVS), 931
Pancreatic duodenal homeobox-1 (PDX-1), 

284–285
Pancreatic transcription factor 1a (PTF1A), 

285
mutations in, 285

Pancreozymin, 230–231
Papillary-follicular carcinoma, 445b
Paracellin 1. see Claudin 16
Parafibromin, 764
Paraganglioma (PGL), 534, 535f

familial syndromes of, 546
Parathyroid adenoma, 763–764

with Technetium-99m Sestamibi scanning, 
770f

Parathyroid gland (PTG), 832t
Parathyroid hormone (PTH), 210–211t, 

211–214t, 224–227, 832t
in Ca homeostasis, 215f
as class B receptor, 50–51
in mineral homeostasis, 215f
in osteochondrodysplasias, 828–829
receptors related to, 228–230
regulating calcium, 225

Parathyroid-hormone-related protein  
(PTH-rP), 227–228, 228t

in bone formation, 240–241
in immunoassay, 103–104t
receptors related to, 228–230, 228t
types of, 228–229

Paraventricular nucleus, 406–407, 408f
Parents

talking with, about ambiguous genitalia, 
109–110

target height of, 304
Pars distalis, 304
Pars intermedia, 304
Pars tuberalis, 304
Parvocellular neurons, role of, in vasopressin 

synthesis, 406–407
Patched 1, 211–214t, 240–241
Pathobiological Determinants of Atheroscle-

rosis in Youth (PDAY), 1022
PCR. see Polymerase chain reaction (PCR)
PCR-based assays, limitations of commonly 

used, 29
PDAY. see Pathobiological Determinants of 

Atherosclerosis in Youth (PDAY)
PDGFA gene, 146–147t
PDGFRA gene, 146–147t
Peak height velocity (PHV), 257
PEDF, 812
Pediatric endocrine disease

diagnosis and management of, principles 
of interpretation of genetic tests in, 
29–30

therapy for, recombinant DNA technology 
and, 30–31

Osteogenesis imperfecta (Continued)
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Pediatric endocrinology
laboratory methods for, 90–1
overview and principles of, 1

evaluating endocrine disorders in  
infancy and childhood, 7

historical background of, 2–3
impact of hormonal assays and  

molecular biology to, 3–5
unique aspects of, 5–7

QA in, 100–102
Pediatric endocrinopathy, molecular basis of, 

26–29
Pediatric obesity

bariatric surgery for, 992–994
diagnostic approach in, 986–987, 987t
disorders in, classification of, 982b
energy inadequacy in, 994–1000
laparoscopic adjustable gastric banding in, 

993
lifestyle modification in, 987–989
metabolic impact of, 968–975
pharmacotherapy for, 989–992, 990t

future of, 992
Roux-en-Y gastric bypass in, 993–994

Pelvic ultrasound
in ambiguous genitalia, 139
studies, in Turner syndrome, 684–685, 

686f
Pendred syndrome, 196–197

incidence of, 196
Pendrin, 196–197
Penetrance, 30
Penis

micro-, 176f
small, disorders associated with, 134–136, 

135t
Pentagastrin, 230–231
Peptide hormone receptors, defects in, 28–29
Peptide hormones

defects in, 27–28
metabolism of, 590–597
synthesis of, 590–591

Peptide YY 3-36 (PYY3-36), 958
“Perchlorate discharge test,” 197
Perinatal glucose homeostasis, 159–161

physiology of, 159–161
Perinatal hypophosphatasia, 795
Periosteum, 239, 246
Peripheral precocity, 709–710
Peripheral quantitative computed  

tomography, 265t, 266t
non-dominant proximal radius, 265t

Permanent neonatal diabetes mellitus 
(PNDM), 283–286

cause of, 283–284
epidemiology of, 283
etiology of, 283
genetic forms of, 284–285

glucokinase, 284
HNF1b, 285
PDX-1, 284–285

KATP and insulin gene mutations in, 
283–284

Pernicious anemia, 902t, 905t
Peroxisome biogenesis disorders, 512–513
Peroxisome proliferator-activated receptors, 

64–65
Peroxisome proliferator activator receptor 

gamma (PPARg), 210–211t, 211–214t
Persistent mullerian duct syndrome (PMDS), 

717
Peutz-Jeghers syndrome (PJS), 557
Pfeiffer syndrome, 135t, 242
PHA. see Pseudohypoaldosteronism (PHA)
Phenocopy, 30

Phenolic ring, 190
Phenotypic features, in Turner syndrome, 

671–690, 671f
Phenylethanolamine N-methyl transferase 

(PNMT), 937
Phenylketonuria, 195
Pheochromocytoma, 533–1, 534f, 547t

genetic testing and counseling for,  
533–534

imaging studies in, 535t
management of, 540–541
paraganglioma and, 534–536

diagnosis of, 533–534, 538–539, 539f
genetic issue, 535t, 540
tumor localization of, 539–540

PGL in, 534, 535t
function of, 535f, 535t, 536, 537f

surgical treatment of, 540, 541t
PHEX, 210–211t, 211–214t

in hypophosphatemic rickets, 789–790, 
789–790f

Phosphate, 210–211t, 220–222
administration of, 747–749
disorders, in children, 785t
homeostasis, 215f, 786t
preparations of, 748t
renal tubular reabsorption of, 220
in sodium transport, 220

Phosphate-regulating endopeptidase  
homologue, X-linked (PHEX), 832t

Phosphatonins, 215f, 221–222, 790
Phospho 1, 253–255
Phosphoenolpyruvate carboxykinase 

(PEPCK) deficiency, in hypoglycemia, 
938

Phosphoinositide-3-kinase (PI3K), 210–211t
Phospholipase C (PLC), 210–211t
Phosphomannomutase deficiency. see 

Carbohydrate-deficient glycoprotein 
syndrome

Phosphopenic rickets, 786t, 787–795, 788f, 
789–790f

Phosphorus, homeostasis, disorders of cal-
cium and, in newborn and infant, 209–1

PHV. see Peak height velocity (PHV)
Phylogenetic tree, of nuclear receptors, 61f
Physical activity intervention, in childhood 

obesity, 988–989
Physical examination

for DSD diagnosis, 137–139
for GHD, 362b
for increased bone mass, 778

Pigment epithelium derived factor (PEDF), 
832t

Pilosebaceous unit, maturation of, 598–599, 
599f

PIT-1 deficiency, 186–187
Pituitary, posterior, disorders of, 405–1
Pituitary-adrenal axis, 366
Pituitary cell lineage, 308f
Pituitary-dependent hypogonadism, 712
Pituitary gigantism, 382
Pituitary gland, 186–187, 304–310, 482–484

ACTH action in, 483, 483f
circulatory system in, 308, 309f
congenital abnormalities of, 344–363
development of, 306f, 307f, 308f
embryology of, 304
evaluation of, 360f
size of, 307

Pituitary growth hormone, deficiency of
growth disorders from, 340
multiple, management of, 366–367

Pituitary-specific transcription factors, for 
development, 307, 308f, 308t

Pituitary tumors, 344–345
PKR-like endoplasmic reticulum kinase 

(PERK), 285
Placenta

abnormalities of, 327b
aromatase deficiency of, 132
iodine in, thyroid metabolism and,  

187–188, 187f
in sex hormones, 572

Plasma
concentration, of cortisol, 487–489, 488t
volume, decreased effective, in hyponatre-

mia, 421–422
Plasma steroids

catabolism of, 487
circulating types of, 486
nomenclature of, 486
structure of, 486, 486f

Pleiotropic obesity, mental retardation  
disorders and, 984–985

Pleomorphic adenoma gene-like 1 
(PLAGL-1), 279–280

PMM2-CDG (CDG-Ia), 929
Podosomes, 249
Point mutations, 27–28
Polybrominated biphenyls (PBB), 705
Polycystic ovarian syndrome (PCOS)

causing hyperandrogenism, 632–635, 632b, 
633f

clinical manifestations of, 633f
etiology, 635
insulin resistance in, 973–974
pathogenesis of, 634–635, 634f

Polydipsia, 417–419, 418f, 864
Polymerase chain reaction (PCR), 11–13, 13f

cross-contamination in, 11
qRT-, 14, 25
RT-, 14

Polymorphic markers, 21–22
Polyphagia, 864
Polyposis, APC associated, 555–556
Polyuria, 417–419, 418f, 864
POMC

differentiation of, 960
disorders, causing adrenal insufficiency, 515
gene, 483–484
splicing mutation, 983–984

Poor standardization, in HPLC mass  
spectrometric assays, 99t

Popliteal pterygium syndrome, 135t
POR gene, 146–147t

loss-of-function mutations in, 117t
Porous bone. see Osteopenia
Positional cloning

of endocrine genes, 22
steps of, 22f

Positional genetics
in endocrinology, 21–24, 22f, 23f

principles of, 21–22
process of, 21, 22f

Posterior pituitary, disorders of, 405–1
differential diagnosis of disorders of water 

metabolism, 417–419
osmotic sensor and effector pathways, 

405–410
overview of, 405
physiology of osmotic and volume  

regulation, 405–416
sites of vasopressin action, 410–413
volume sensor and effector pathways,  

413–416
Postnatal life

CAH in, 506
statural overgrowth in, stature and, 378b, 

380
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Postnatal testicular development, 699
Postnatal thermogenesis, 192
Postprandial hypoglycemia, 930
Postprandial syndrome, idiopathic, 942–943
Postural change, hormonal measurement 

and, 99t
Postural orthostatic hypotension syndrome 

(POTS), 943
Potassium, 210–211t, 870
Potassium channel, inwardly rectifying,  

subfamily 1, member 1, 211–214t
Potassium channel, inwardly rectifying,  

subfamily J, member 10, 211–214t
Potassium channel, voltage-gated, Shaker- 

related subfamily, member 1, 211–214t
Potential confounders in immunoassay,  

93–95, 93b, 93f, 94b
mechanism of, 94f

POU1F1, 342
PPARg, in subfamily 1 nuclear receptors, 65
PPARg2, in receptor mutations, 63t
Prader-Willi syndrome, 48–49, 135t, 329, 

715, 892
GH treatment of, 371–372
obesity in, 984

PRDM1 gene, 146–147t
Preanalytic variables, 99–100
Precision, in assay results, 101, 101b, 101f
Precocious puberty, 705–710

central, 709
diagnosis of, 708
evaluation of child with, of secondary  

sexual characteristics, 708, 708b
gonadotropin-dependent, 705–706, 706t
gonadotropin-independent, 706–708, 706t
peripheral, 709–710
treatment of child with, 709

Prednisolone, therapeutic, potency of, 504t
Prednisone, therapeutic, potency of, 504t
Pregnancy, thyroid function during, fetal, 

189, 190f
Pregnane X receptor, 211–214t
Pregnenolone, 476

in androgen synthesis, 129f
regulation of, 475f, 589f

Premature gonadal failure, 902t, 905t, 908
Premenstrual syndrome, 631
Premixed insulin, 874
Prenatal testicular development, 698–699
Primary generalized glucocorticoid  

hypersensitivity (PGGH), 65
Primary generalized glucocorticoid  

resistance (PGGR), 65
Primary ovarian failure, 615–617
Primordial follicles, 571–572
Probes

DNA, 10–11
Taqman, 15–16

Procollagen type I amino-terminal propeptide 
(PINP), 210–211t

Procollagen type I carboxyl-terminal  
propeptide (PICP), 210–211t

Procollagen type III amino-terminal  
propeptide (PIIINP), 210–211t

Progeria, 328
Progesterone

levels of, in androgen synthesis, 129f
response, to 60-minute ACTH test, 491t

Progressive diaphyseal dysplasia, 822
Progressive osseous heteroplasia (POH), 

745–746, 824, 832t
Prohormone convertase-1 deficiency, 984
Proinsulin, 859

in hormone assays, 103–104t
PROK2 gene, 146–147t

PROKR2 gene, 146–147t
Prolactin

in hormone assays, 103–104t
secretion of, 591
in steroidogenesis, 589
structure of, 591

Prolactinoma, 547t
Prolyl 3-hydroxylase 1 (P3H1), 210–211t, 

211–214t, 811, 832t
Proopiomelanocortin (POMC), 858
PROP1, 28, 341, 342
Propranolol, 202
Propylthiouracil (PTU), 202
Prostaglandin E2, 242–244
Protein kinase A (PKA), 210–211t
Protein kinase B (PKB), 210–211t
Protein mass spectrometry, 98–99
Protein phosphatase 1, regulatory subunit 1B 

(Phospho1), 211–214t
Protein phosphatase 3, catalytic subunit,  

alpha isoform (calcineurin A), 211–214t
Proteins

for binding, 315f, 320–321, 320f
in bones, 240f, 241f

Pseudo-isodicentric X chromosome, 667
Pseudoautosomal chromosome regions,  

667–668, 668f
Pseudocyesis, in hypothalamic anovulation, 

628
Pseudohermaphrodite, 110–111
Pseudohermaphroditism

female, 606
male, 606

Pseudohypoaldosteronism (PHA), 67
causes of, 521

Pseudohypoparathyroidism (PHP), 195, 
752–753, 832t

growth disorders from, 332
Pseudohypoparathyroidism type 1a (PHP-1a), 

52, 983
Pseudohypophosphatasia, 796
Pseudopseudohypoparathyroidism (PPHP), 

52, 832t
Pseudotumor cerebri, 374, 974–975
Pseudovitamin D-deficiency rickets (PDDR), 

832t
Psychogenic amenorrhea, 628
Psychological aspects

counseling, for DSD individuals, 145
neuro-, in Turner syndrome, 682–683

Psychosocial, dwarfism, 345
Psychosocial problems, with diabetes  

mellitus, 880–881
PTC gene, 146–147t
PTCH1 gene, 146–147t
PTEN hamartoma tumor syndrome 

(PHTS), 557
Pterygium colli, 672–673
PTH. see Parathyroid hormone (PTH)
PTH 1 receptor, 211–214t
PTH/PTHrP-1 receptor (PTH/PTHrP-1R) 

(PTH1R), 210–211t
PTH/PTHrP receptor 1 (PTHR1), 832t
PTH receptor 2, 211–214t
PTH related protein (PTHrP), 210–211t, 

211–214t, 832t
PTH-rP. see Parathyroid-hormone-related 

protein (PTH-rP)
PTH1R, 228–229, 240–241
PTHR2, 230
Pubarche, 603–604
Pubertal development

constitutional delay of, 604
normal, 603–606
premature, 603–604

Pubertal milestone attainment, 602t
Pubertal transdermal estradiol replacement, 

627t
Puberty

abnormal, 606–642
adolescent development of, 573f, 575–578, 

575f
autoamplification process in, 576b
delayed, 381, 604, 710–716

causes of, 711t
constitutional, gonadotropin deficiency, 

625b
etiologies of, 710
testes in, 711t

disorders of
in female, 569–663
in male, 697–1

DSD in, 606–607
endocrinology of, 700–701
estradiol in, 574–575, 574f
FSH in, 570f, 573f, 574f, 575f, 578f
future research for, 642
genetic variation in normal, 703
in GH insensitivity, 355b
GPR54 in, 711t
leptin in, 585, 703
neuroendocrine regulation of pubertal  

onset, 701–702
normal, 570, 570f
physiology of, 700–701
precocious, 381, 705–710

causes of, 607–612, 608t, 609f, 610f, 611f
complete of, 607–609
differential diagnosis of, 612–613, 613b
GnRH agonist therapy for, 614b
gonadotropin-dependent, 608t, 705–706, 

706t
gonadotropin-independent, 706–708, 

706t
incomplete of, 609–612
LH in, 570f, 573f, 574f, 575f, 578f
management of, 613–615
onset of, 582–586, 584f, 585f
precocious, 607–615
in rhesus monkey, 576f

prenatal neurobiology of, 698
regulation of the timing of, 702–705

effects of BMI on, 704–705
environmental factors in, 702
external factors and secular trends in, 704
genetic factors in, 702

stages of, 701–702, 701f
testosterone in, 725–726
and Turner syndrome, 687–689, 687f, 

688f, 688t, 689f
Pubic hair

development of, 602, 602f
pubertal milestone attainment in, 602t

Pulmonary disease, growth disorders from, 
331

Pycnodysostosis, 821
Pyogenic skin infections, 864–865
Pyridinium, of collagen, 251f
Pyridinoline, 210–211t, 832t

urine, 251f
Pyrophosphate, 795–797
Pyrosequencing, 18
Pyruvate carboxylase deficiency, in  

hypoglycemia, 938

Q
QA. see Quality assurance (QA)
qRT-PCR. see Quantitative real-time reverse 

transcription PCR (qRT-PCR)



Index1056

Quality assurance (QA), 100–102, 100b
Quality control, 100–102, 100b
Quantitative computed tomography (QCT), 

210–211t, 832t
Quantitative real-time reverse transcription 

PCR (qRT-PCR), 14, 25
Quantitative ultrasonography (QUS),  

210–211t, 263–264, 832t

R
Rabson-Mendenhall syndrome, 28–29, 58, 

891, 930
Radiation exposure, ionizing, abdominal, 890
Radiation therapy, chemotherapy and cancer 

survival, 716
Radioactive iodine therapy, 454–455

in children, 454
Radiographic Atlas of Skeletal Development, 

303–304
Radioimmunoassay (RIA), 859

development of, 3–5
sandwich system in, two antibodies in, 92f

Raloxifene, 596–597
RAMPs. see Receptor-activity modifying 

proteins (RAMPs)
RANK-ligand (RANKL), 210–211t,  

211–214t, 225, 832t
in osteoclast differentiation, 246–247f, 

246–248
Rapid-acting analogues, 873
Rapid onset obesity, hypoventilation,  

hypothalamic, autonomic and thermal 
dysregulation (ROHHAD), 985

Rathke’s cleft cysts, 304, 339
Rathke’s pouch, 28, 304
Reactive hypoglycemia, 930, 942–943

history of, controversy, 942–943
Reactive oxygen species (ROS), 972–973, 

972f
Receptor activator of nuclear factor kB 

(RANK), 210–211t, 211–214t, 832t
Receptor-activity modifying proteins 

(RAMPs), 37
Receptor-based selectivity, 596
Receptor tyrosine kinase (RTK), 35t, 56–58, 

56f, 57t
Receptors. see also Specific hormone i.e. 

Adrenocorticotropic hormone (ACTH)
calcium sensing, 36t, 51–52, 218–220
of hormones

class A, 41–42
transduction pathway, 34–89
types of, 35t

nuclear, 60–63
selectivity of, in steroid hormones, 595
vitamin D, 64, 235–239

Recombinant DNA technology, pediatric  
endocrine disease therapy and, 30–31

Recommended dietary allowance (RDA), 
210–211t

Recovery, in analytic validation, 101–102
5a-reductase, deficiency of, 132
Regulator of G protein signaling (RGSs), 

36–37
Reifenstein syndrome, 66
Renal anomalies, in Turner syndrome, 672t, 

680
Renal cascade, of vasopressin function,  

412–413, 412f
Renal disease, for growth disorders, 330–331
Renal excretion

of Ca, 218
of Mg, 218
of phosphate, 218

Renal free water clearance
decreased, 419–421
drugs impairing, 420t
thyroid hormone in, 420

Renal gluconeogenesis, 941
Renal glucosuria, 866
Renal osteodystrophy, 797
Renal tubular reabsorption

of calcium, 218
of phosphate, 220

Renin, in hormone assays, 103–104t
Renin-angiotensin-aldosterone system,  

413–415
Renin-angiotensin system, 484–485

local, 413–414
Reportable range, in analytic validation, 

100–101
Reproductive system

development of, 112–116, 112f
female

in adolescent, 575–578, 575f, 576f, 577t, 
578f, 579f

in adults, 578–582, 579f
fetal development of, 570–572, 571f
infant development of, 573–575, 573f, 

574f
Resistin, 973
Restriction endonucleases, 10
Restriction fragment length polymorphism 

(RFLP), 11, 12f
RET genes, 766–767
Retinoid X receptor (RXR), 65, 210–211t, 

315f
Retinoid X receptor a, 211–214t
Reverse T3 (rT3), 190
Reverse transcriptase, for mRNA detection, 

14
RFLP. see Restriction fragment length 

polymorphism (RFLP)
Rfx6, 285–286
Rhesus monkey, prepubertal, 576f
RIA. see Radioimmunoassay (RIA)
Ribonucleic acid (RNA), 210–211t

analysis of, 13–16
Rickets

calcipenic, 781–787
FGF23 in, 793–794, 794f
growth disorders from, 332

vitamin D-resistant, growth disorders 
from, 332

in infants, 775–778, 775t
laboratory data for, 783t
phosphopenic, 786t, 787–795, 788f,  

789–790f
tumor-induced osteomalacia and, 793–794, 

794f
vitamin D-deficient, 781f

Rieger syndrome, 28
Ring X chromosome (rX), 667
Risk

of cancer, 375–376, 375t
of coronary artery disease, in children, 

1022b
of diabetes mellitus, type 1, 852t, 855t
of germ cells, tumors, 718
of GHD, 360f
of IGF deficiency, 360f
of IGFD, 360f
of low bone mass, 799–807
of MTC, 542f

RMRP mutations, 240
RNA. see Ribonucleic acid (RNA)
Robinow syndrome, 135t, 136
Roche elecsys, immunoassay analyzer, 91t
Roger syndrome, 890

ROHHAD. see Rapid onset obesity, hy-
poventilation, hypothalamic, autonomic 
and thermal dysregulation (ROHHAD)

Rokitansky-Kustner-Hauser syndrome, 607
ROR2 gene, 146–147t
ROS. see Reactive oxygen species (ROS)
Rotterdam criteria, for PCOS, 632
Roux-en-Y gastric bypass (RYGB), for  

pediatric obesity, 993–994
RSPO1 gene, 125, 146–147t
RSS. see Russell-Silver syndrome (RSS)
RTK. see Receptor tyrosine kinase (RTK)
Rubinstein-Taybi syndrome, 135t
Runt-related transcription factor 2, 211–214t, 

242
RUNX2, 242
Russell-Silver syndrome (RSS), 328
RXFP2 gene, 146–147t

S
SADDAN, 828f
SAGE. see Serial analysis of gene expression 

(SAGE)
Salicylate intoxication, in hypoglycemia, 942
Sandwich system, RIA in, two antibodies in, 

92f, 98t
Sanger method. see Dideoxy (Sanger) 

method
Satiety, 958
Saturated fat, diet therapy for, 1024–1026, 

1025t, 1026b
SCA. see Steroidal cell autoantibodies (SCA)
Scavenger receptor B1 (SR-B1), 1015–1016
School intervention, in childhood obesity, 

989
Sclerosteosis type 1, 822
Sclerostin, 211–214t, 239, 243f, 245, 798–799
Scoliosis, in Turner syndrome, 683
SECIS-binding protein (SECISBP2), 198
Seckel birdheaded dwarfism, 328
Seckel syndrome, 328

type 1, 135t
Secondary growth disorders, 329–363, 333t, 

334f, 335f, 346f, 347b, 355b, 356f, 357f, 
358t, 360f, 362b, 363b

Secretagogue receptors, 47
Secreted phosphoprotein 1 (osteopontin) 

(SPP1), 210–211t
Secreted protein, acidic, cysteine-rich  

(Osteonectin), 211–214t
Secreted protein 1 (Osteopontin), 211–214t
Selective estrogen receptor modulator 

(SERM), 832t
Selenium incorporation defects, 198
Selenocysteine insertion sequence (SECIS) 

element, 198
Selenocysteine (sec), 198
Selenoprotein-specific elongation factor  

(EFSec), 198
Self-antigens, tolerance and, 903f
Self-monitoring, of glucose, 877
Sella turcica, 307–308
Sepsis, in hypoglycemia, 940
Septo-optic dysplasia, 186–187, 333–334

etiology of, 334–335
Sequence-tagged sites (STSs), 21–22
Ser616Tyr mutation, 43
Serial analysis of gene expression (SAGE), 

24–25
Serial bone age assessment, role of, 367
Serotonin, 258

in energy balance, 960
SERPINF1, 812
SERPINH1, 810–811, 812–813
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Serpins, 812
Sertoli cells, 112f, 113, 699
Serum frizzled related protein-4 (sFRP4), 

832t
Serum osmolality, 864
Serum pH, 209–214
Serum phosphate, 220
SESAME syndrome, 223–224
Sex chromosomes

abnormalities in, with growth retardation, 
326–327

analysis of, 666f
DSD, 110–111

Sex determination, 111–112, 113
Sex development disorders, classification of, 

110–111, 111b
Sex hormones

gonadotropin and, 6–7
in menstrual cycle, 579f
regulation of, 585f
target organs of, maturation of, 597–601, 

598f, 599f
Sex of rearing, 141–142
Sex steroids

adolescent rise in, 324
age dependency and, 358
biosynthesis of, defects in, 130–132
mean concentration of, in infants/children, 

488t
Sexual development, 141
Sexual differentiation, 111

for androgen action, 111
for gonadal dysgenesis, 121, 121f
ovotesticular disorder of, 124
46, XX testicular disorder of, 124–125
XX disorder of, 125

Sexual maturation
adolescence, 601–603, 602f
in children, 577t, 601
normal

in fetus, 601
in neonate, 601

Sexually infantile girls, bone age in, with 
normal FSH levels, 616t

SF1/NR5A1 gene, 120, 146–147t
loss-of-function mutations in, 117t

SHH gene, 146–147t
Short chain 3-hydroxyacyl-CoA  

dehydrogenase (SCHAD), 174
hyperinsulinism, 928

Short integrin-binding ligand-interacting 
glycoprotein (SIBLING), 222, 832t

Short stature
diagnosis of, 325b
familial, 363
genetic causes of, 329
GH treatment of, 369–374, 369t
idiopathic

features of, 363
GH treatment of, 372–373

in Turner syndrome, 673–675, 673f, 674f
SHOX gene, 326, 667–668, 670

deficiency, GH treatment of, 370
Shprintzen velocardiofacial syndrome, 743
Sialyltransferase deficiency, 197
Side chain cleavage cytochrome p450  

enzyme, 128
Side-chain cleavage cytochrome P450scc, 

476
Side effects, of GH treatment, 374–375

miscellaneous, 375
Siemens dimension, immunoassay analyzer, 

91t
Signal transduction and transcription 

(STAT), 210–211t

Signaling, cellular, 3f
Signaling defects, GHR, 348–350
SIM-1 mutation, 984
Simpson-Golabi-Behmel, type 1, 135t
Single-strand conformational polymorphism 

(SSCP), 18, 19f, 20f
Sirtuin 1, 211–214t
Sitosterolemia, 1016, 1018t, 1019
Skeletal growth, disturbances of, in Turner 

syndrome, 672t, 673f
Skeletal maturation

androgens in, 324
estrogens in, 324
potential of, 302
studies in, 302–303

Skeleton
growth factors for, 256
hormones for, 256
metabolism disorders of, 239–264, 240f, 

241f, 243f, 246–247f, 253t, 254t, 260t, 
261t, 262t, 264f, 265t, 266t, 267f

tubular/axial defects in, 325b
SLC5A5, 196
SLC8A1, 218
SLC26A2 genes, 828
SLC26A4, 196–197
Sleep deprivation, obesity and, 976
Slipped capital femoral epiphysis, GHD  

and, 375
Small integrin-binding ligand,  

N-glycosylated (proteins) (SIBLING), 
210–211t

Small penis, disorders associated with,  
134–136, 135t

Smart pump, 876
Smith-Lemli-Opitz syndrome (SLOS),  

127–128, 513, 715
SMO gene, 146–147t
SMOH gene, 146–147t
Smoothened protein, 211–214t
Snell and Jackson strains dwarf mice, 27–28
SOCS. see Suppressors of cytokine signaling 

(SOCS)
Sodium, 210–211t
Sodium chloride, primary loss of,  

in hyponatremia, 421
Sodium-hydrogen exchanger regulatory  

factor (NHERF), 210–211t
Sodium hydrogen exchanger regulatory  

factor 1 (NHERF1), 832t
Sodium/iodide symporter defects, 196, 445f
Sodium phosphate cotransporter Solute  

carrier family 34, member 1 (NPT2a), 
211–214t

Sodium phosphate cotransporter Solute  
carrier family 34, member 2 (NPT2b), 
211–214t

Sodium phosphate cotransporter Solute  
carrier family 34, member 3 (NPT2c), 
211–214t

Sodium/phosphate transporter 2 (NPT2), 
210–211t

Solute carrier family 8 (sodium-calcium  
exchanger), member 1, 211–214t

Solute carrier family 8 (sodium-calcium  
exchanger), member 2, 211–214t

Solute carrier family 9, member 3, regulator 1 
(NHERF1), 211–214t

Solute carrier family 12 (sodium/potassium/
chloride transporter), member 1,  
211–214t

Somatic changes, in puberty, 701–702
Somatic maturation, advancement of, 609
Somatic mutations, germ-line mutation  

versus, 29

Somatomedins, 315
Somatopause, 312
Somatostatin, receptor group, 40
Somatotropinoma, 547t
Sonic hedgehog (SHH) signaling pathway, 

336
Southern blotting, 9–11, 10f, 14f
SOX2, 336
SOX3 gene, 146–147t, 336
SOX9, 240

in gonadal dysgenesis, 121–122
loss-of-function mutations in, 117t

SOX9 gene, 146–147t
SOX10 gene, 146–147t
Speed of sound (SOS), 210–211t, 832t

measurement of, 263–264
Spironolactone, 642
Spleen tyrosine kinase (SYK), 210–211t
Splice variants, IGF-1, 316
“Split-mixed” regimen, 876
Spondyloepimetaphyseal dysplasia/ 

brachyolmia type IV, 828
SRC oncogene (Src), 210–211t
SRD5A2 gene, 146–147t
SRY-box 9, 211–214t
SRY-Box (SOX), 210–211t
SRY gene, 146–147t

in DSD, 117t
in gonadal dysgenesis, 121
in testicular differentiation, 114
in Turner syndrome, 11–13, 14f

SSCP. see Single-strand conformational 
polymorphism (SSCP)

SSTR5. see GPCR somatostatin receptor 
(SSTR5)

Standard deviation score (SDS), 832t
StAR. see Steroidogenic acute regulatory 

protein
Starvation, 192

and malnutrition, hypoglycemia during, 
940

Starvation response, 962–963
cachexia vs., 994

Stat5 RE, 313
Stat5a/b gene, 313
Stat5b gene, 313, 349–350

deficiency, 351t
Statins. see HMG-CoA reductase inhibitors
Stature-for-age percentiles, weight-for-age 

and, 298f, 299f
Stem cells, 309–310
Steroid biosynthesis, disorders of, 126–132, 

126f
Steroid hormone action, defects in, 715–716
Steroid hormones

metabolism of, 594, 595f
origins of, 593
pathways of, 592, 593f
receptor selectivity in, 595
relationship among, 594f

Steroid receptor coactivator (SRC),  
210–211t

Steroidal cell autoantibodies (SCA), 914–915
Steroidogenesis, 472

defects in, 715–716
enzymes of

human genes for, 472t
types of, 474–481

fetal adrenal, 481–482
pathways of

in androgen synthesis disorders, 126f
for fetal androgen biosynthesis, 129f

prolactin in, 589
regulation of, 482, 482f
types of, 474–482
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Steroidogenic acute regulatory protein 
(StAR), 146–147t, 476–477

in congenital lipoid adrenal hyperplasia, 
128

loss-of-function mutations in, 117t
in mitochondrial cholesterol uptake,  

476–477
Steroidogenic factor-1 (NR5A1), 715
Steroids, 471

in adrenal gland, 472
60-minute ACTH test of, 491t
hormone synthesis in, 474–482

catabolism of, 487
hormone synthesis of, 474–482

enzymes for, 474–482
steps for, 474

laboratory evaluation, 487–492
sulfotransferase, 479–480
therapeutic, potency of, 504t

Sterol receptor binding protein (SREBP), 
1017

STIM1, 216
STRA8 gene, 146–147t
Stress

cortisol and, 976
doses, of glucocorticoid therapy, 525
hyperinsulinism in, 168–169
in neonatal diabetes mellitus, 283
obesity and, 976
response, 963

Stromal cells, 239
Stromal interaction molecule 1, 211–214t
STSs. see Sequence-tagged sites (STSs)
Subacute thyroiditis, 445
Sulfatase, 479–480
Sulfated iodothyronines, 191
Sulfation factor-somatomedin hypothesis,  

2–3, 4f
Sulfokinase enzyme, 191
Sulfonylurea receptor, 860–861
Sumoylation, 216–217
Suppressors of cytokine signaling (SOCS), 

313
Supraoptic nuclei, magnocellular  

components of, 406–407, 408f
Suprasellar cysts, 339–340
Surgery, 540–541

diabetes mellitus during, 882
for DSD, 143–144
for MTC, 544
for pheochromocytomas, 540–541, 541t

Swyer syndrome, 714
Symmetric genital ambiguity, 138f
Sympathetic nervous system, energy  

expenditure and, 961–962
Syncytin-1, 249
Syndromic neonatal diabetes mellitus,  

285–286
GATA6, 286
GLIS 3, 285
IPEX-FOXP3, 285
Neurog-3, 286
PTF1A, 285
Rfx6, 285–286
Wolcott-Rallison syndrome, 285

T
T cell factor/ lymphoid enhancement factor, 

211–214t
T cell factor/lymphoid enhancer binding  

factor, 210–211t
T cell immune regulator 1, 211–214t
T cells

activation of, 903f

central, tolerance of, 902–903, 902f
ignorance, 904
receptor, 851–852, 854f
tolerance of, 902–904

peripheral, 902, 902f, 903–904
T3. see Triiodothyronine (T3)
T4. see Thyroxine (T4)
TAC3 gene, 146–147t

mutations of, 702
TACR3 gene, 146–147t

mutations of, 702
Takao velocardiofacial syndrome, 743
Tall stature

constitutional/syndromic, management of, 
381–382

differential diagnosis of, 378b, 380–381
familial, diagnosis of, 381
overgrowth syndromes and, 378–384
postnatal statural overgrowth and, 378b, 

380
Tamoxifen, 596–597
Tanner genital stage, 701–702
Taqman probes, 15–16
Target organs, sex hormone, maturation of, 

597–601, 598f, 599f
Tartrate resistant acid phosphatase (TRAP), 

832t
Tartrate resistant acid phosphatase type 5b 

isoform (TRAP5b), 210–211t
TBG. see also Thyroxine-binding globulin 

(TBG)
deficiency of

complete, 202–203, 445
partial, 202–203, 445

excess, 202–203
transthyretin (TTR), 202–203

TCIRG1 genes, 778
Television viewing, obesity and, 976–977
Telopeptides

of collagen, 251f
N-, 251f

Teriparatide (PTH1-34), 809
Testes

cryptorchidism in, 713f, 714, 717–718
characteristics of, 134–136, 135t

descent of, 699
differentiation and development of,  

698–699
puberty, and delayed, 711t
tumors in, 718–719
undescended, in congenital hypopituita-

rism, 176f
vanishing, 123, 711t

Testicular adrenal rest tumors (TARTs), 719
Testicular descent, 699

androgen-dependent phase in, 699
transabdominal phase in, 699

Testicular differentiation, 112f, 113–114
46,XY for, 111b

46, XX testicular disorder, 124–125
Testicular regression syndrome, 123,  

717–718
Testosterone

estradiol-binding globulin, 595f
in ovaries, 592–593
in puberty, 725–726
replacement therapy, 142
steroidogenic pathways in, 129f

Testosterone immunoassay, 95, 103–104t
Testotoxicosis, 706–707
Tg. see Thyroglobulin (Tg)
TGF-b. see Transforming growth factor-b 

(TGF-b)
Th1 cells, 903–904

Th2 cells, 903–904
Th3 cells, 903–904
Thanatophoric dysplasia

type I, 825–827
type II, 825–827

Theca cells, 588f
Thelarche, premature, 603, 604f
Thermogenesis, 192

BAT, 192
Thermogenin, 192
Thiamine-responsive diabetes mellitus, 890
Thiazide diuretics, 432
Thick ascending loop of Henle (TALH), 

210–211t, 832t
Thin layer chromatography (TLC), 97t, 98
Thioredoxin binding protein-2 (TBP-2), 

210–211t
Thioredoxin-interacting protein, 211–214t
Thirst

nonosmotic regulation of, 409–410, 410f
osmotic regulation of, 408–410, 409f

THR. see Thyroid hormone receptors (THR)
Thymus, 224
Thyrogastric autoimmunity, 909
Thyroglobulin (Tg), 197, 445f, 446, 446t, 

904–905
defects of, 197
in hormone assays, 103–104t
synthesis of, 197, 446

Thyroid adaptation, extrauterine, 190f, 191
Thyroid disorders, in newborn and infant, 

186–1
congenital hyperthyroidism, 201–202
congenital hypothyroidism, 193–201
embryology, physiology and pathophysiol-

ogy of, 186–193
overview of, 186
thyroid hormone transport and, 202–203

Thyroid dysfunction syndromes
in neonates, with Graves disease, 201–202
in premature infants, 193–201, 194t, 444, 

445b
prevalence of, 194t

Thyroid dysgenesis, 194–195, 195t
prevalence of, 194t

Thyroid dyshormonogenesis, 195–198
features of, 195–196
TSH resistance of, 195

Thyroid gland, 187, 190, 444
biochemical evaluation of, 445b, 446t, 

448–449
ectopic, 194, 448
follicular cell in

biosynthesis of, 196f
function of, 446–447

in infants, 197, 448
regulation of, 446–447, 447f, 448f
test parameters for, in human fetus, 190f

Thyroid hormone, 444–446
action of, 444–446, 445f, 446t, 447t
actions of, 191–193
biosynthesis of, 196f
fetal, 191
GH interactions with, 324
in growth, 460
membrane transporter defects, 198–199
metabolism, 447f, 447t

inborn abnormalities of, 198, 447f, 447t
maturation of, synthesis and secretion, 

188–190, 190f
placental iodine and, 187–188, 187f

in renal free water clearance, 420
resistance, 198–199, 452–453

disorders of, 453
syndromes of, 445, 445b

T cells (Continued)
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transport of, 190–191, 191f
disorders of, 202–203

Thyroid hormone protein receptors, 192
Thyroid hormone receptors (THR), 63t, 64, 

210–211t, 452–453
defects of, 198
GRTH, 64
for skeletal growth, 257

Thyroid hormone releasing hormone 
(THRH), 446, 448f

Thyroid (NADPH) oxidases, 197
Thyroid neoplasia, 457b

in children, 445b, 457b
MTC in, 460–462, 461t, 542–544, 542f, 

543f
nodule in, management of, 543–544
papillary and follicular carcinomas in, 545
radiation exposure in, 458, 552, 552t

Thyroid nodule, thyroid cancer and,  
457–460

in children, 457
evaluation of, 457

Thyroid peroxidase (TPO), 197
Thyroid-stimulating hormone (TSH), 446, 

832t
deficiency of, 199
fetal, concentration levels of, 201
in immunoassay, 103–104t
receptors, 36t, 45–46, 45f

during pregnancy, 46
in thyroid dyshormonogenesis, 195
in thyroid follicular cell, 446, 448f
in thyroid regulation, 446–447

Thyroid-stimulating immunoglobulins 
(TSIs), 201–202

Thyroid system
embryogenesis in, 187
maturation of, 190f

Thyroid transcription factors-1 and -2, 187
Thyroiditis, 456

Hashimoto, 449
in acquired juvenile hypothyroidism, 

449
antibodies in, 449

infectious, 445, 445b, 456
subacute, 456
suppurative, 445b

Thyroperoxidase, 196
defects, 197

Thyrotoxicosis, 198
neonatal, 455–456

Thyrotropic axis, development of, 186–187
Thyrotropin-releasing hormone (TRH), 

186, 452
defects of, 199
fetal, 189–190, 190f
receptors, 40

Thyrotropin-releasing hormone (TRH)  
receptors, 36t, 47

Thyroxine-binding globulin (TBG), 95–96, 
187–188

Thyroxine (T4), 187, 444, 452
deiodination of, 191f
placental transfer of, 187–188
replacement therapy, 201, 446t, 452
in thyroid adaptation, 191
in thyroid maturation, 190–191, 191f

TIP39, 230
Tissue-nonspecific alkaline phosphatase 

(TNSALP), 210–211t, 224, 832t
TNF receptor associated factor (TRAF), 

210–211t
TNF-related activation induced cytokine 

(TRANCE), 210–211t

Toddler, hypoglycemia in, 920–1
major causes of, 925–944

Tolbutamide, in children, with hyperinsulin-
ism, 172f

Tolerance
autoimmune polyglandular syndromes 

and, 901
of B cells, 904
defects in, causing autoimmune diseases, 

904–907
impaired glucose, 893
self-antigens and, 903f
of T cells, 902–904

Townes-Brocks syndrome, 135t
Tr1 cells, 903–904
TRa, 198
Trace minerals, in obesity, 981
Trans-unsaturated fatty acids, 977
Transabdominal phase, 699
Transcaltachia, 238–239
Transcription

for androgen action, 133–134
factors, pituitary-specific, 307, 308f

homeodomain, 308t
qRT-PCR, 14, 25
RT-PCR, 14

Transcription factor 3/VDR interacting  
repressor, 211–214t

Transcription factor Sp7 (Osterix), 211–214t
Transdermal estradiol, 626
Transduce hormone action, class A  

receptors, 41–49
Transfer RNA (tRNA), 198
Transforming growth factor-b (TGF-b), 

239, 324, 832t
Transforming growth factor (TGF), 210–211t
Transgenic models, 116–119, 117t
Transient athyreosis, 194
Transient isolated hypothyroxinemia, 200
Transient neonatal diabetes mellitus type 1 

(TNDM1), 280–281
causes of, 280–281
hypomethylation of imprinted loci in, 281
manifestations of, 281
mechanisms for differential methylation 

patterns in, 279, 279f
transgenic mouse model in, 280–281
treatment of, 281

Transient neonatal diabetes mellitus type 2 
(TNDM2), 281–283

causes of, 281
comparison to TNDM1, 282, 283t
manifestations of, 282
relation between KATP channel activity and 

insulin secretion, 282f
Transient receptor potential cation channel, 

subfamily M, member 6, 211–214t
Transient receptor potential cation channel, 

subfamily V, member 4, 211–214t
Transient receptor potential cation channel, 

subfamily V, member 5, 211–214t
Transient receptor potential cation channel, 
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(TRPV6), 217
Transitional hypophosphatasia. see Benign 

hypophosphatasia
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TSH. see Thyroid-stimulating hormone 

(TSH)
TSH receptor, 195

during pregnancy, 46
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Tumor necrosis factor-associated factor 6, 
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794f
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Turner, Henry, 664
Turner syndrome, 326–327, 664–1, 665f, 892
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cardiovascular screening in, 678–679, 684b
chromosomes in, karyotypes of, 667,  
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management of, 683
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protein-3, 192
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(VEGF)
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