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PREFACE

v

The aim of Pediatric Endocrinology: A Practical Clinical Guide is to provide practical
detailed and concise guidelines for the clinical management of pediatric endocrine dis-
eases and disorders.  The audience is thus all those pediatric endocrinologists, pediatri-
cians, and primary care physicians who provide medical care for children and adolescents.
The scope of the text includes the most common and the most challenging diseases and
disorders seen by both primary care physicians and pediatric endocrinologists.  We have
encouraged the involvement of a junior coauthor for many articles to give recognition to
our young investigators in the field.  We believe we have assembled a state-of-the-art
book on the “how to’s” of pediatric endocrinology.

Although the main focus is on diagnosis and treatment, each author has included a brief
discussion on pathophysiology and molecular mechanisms.  The chapters are prepared
in such a way that there is a consistency of organization.  After the introductory discussion
of the problem with background information, there is a brief overview of recent progress
on the mechanism involved.  The clinical features that characterize each condition are
discussed.  Criteria used to establish a diagnosis are delineated.  The therapy section is
the most comprehensive and reviews the options available and the risks and benefits of
each approach.  Outcome data are included as well as information on the long-term safety
and efficacy of the treatment modality. Where relevant, psychosocial and quality-of-life
issues are discussed.

Sally Radovick, MD

Margaret H. MacGillivray, MD
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From: Contemporary Endocrinology: Pediatric Endocrinology: A Practical Clinical Guide
Edited by: S. Radovick and M. H. MacGillivray © Humana Press Inc., Totowa, NJ

1 Hypopituitarism

Diego Botero, MD, Olcay Evliyaoglu, MD,
and Laurie E. Cohen, MD
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INTRODUCTION

The pituitary gland is formed of anterior (adenohypophysis) and posterior (neurohy-
pophysis) parts, which are embryologically derived from two different sources (1). The
primordium of the anterior pituitary, Rathke’s pouch, forms by the upward invagination
of the stomodeal ectoderm in the region of contact with the neuroectoderm of the primor-
dium of the ventral hypothalamus (2). Rathke’s pouch can be identified by the third week
of pregnancy (3). The posterior pituitary arises from the neural ectoderm of the forebrain.

The anterior pituitary is formed of three parts; the pars distalis (pars anterior or
anterior lobe), the pars intermedia (intermediate lobe), and the pars tuberalis (pars
infundibularis or pars proximalis), and forms 80% of the pituitary gland. In humans, the
pars distalis is the largest part of the anterior pituitary and is where most of the anterior
pituitary hormones are produced (3). The intermediate lobe is poorly developed in
humans and although it is only a rudimentary vestige in adults, it is relatively obvious
in pregnant women and in the fetus (4). The upward extension of the pars distalis onto
the pituitary stalk forms the pars tuberalis, which may contain a small number of gona-
dotropin-producing cells (3).

Peptides produced in neurons of the hypothalamus are transported via a capillary
plexus in the pituitary stalk to the anterior pituitary, where they regulate the release of
several hormones that are synthesized there (5). These hormones are somatotropin (growth
hormone, GH), prolactin (PRL), thyrotropin (thyroid-stimulating hormone, TSH), fol-
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licle-stimulating hormone (FSH), luteinizing hormone (LH), and adrenocorticotropin
(ACTH). Posterior pituitary hormones are synthesized in cell bodies of neurons in the
hypothalamus and transported along their axons through the neurohypophyseal tract of
the pituitary stalk. These hormones, arginine vasopressin (antidiuretic hormone,
DDAVP) and oxytocin, are stored in and secreted from the posterior pituitary (6).

Hypopituitarism is the deficiency in varying degrees of any or multiple pituitary
hormones. In this chapter, GH deficiency will be discussed, while other hormonal defi-
ciencies are presented elsewhere in this book. To understand GH deficiency, an under-
standing of the growth hormone axis is important.

GH PHYSIOLOGY
GH Gene

GH is the most abundant hormone in the pituitary. It is a single-chain α-helical non-
glycosylated polypeptide with 191 amino acids and two intramolecular disulfide bonds,
with a molecular weight of 22 kDa. This mature hormone accounts for 75% of the GH
produced in the pituitary gland (3). The 20 kDa variant arises from alternative splicing of
one of the intervening sequences during the processing of hGH pre-mRNA and differs from
the 22 kDa form by deletion of amino acids 32–46. The 20 kDa form constitutes 10–25%
of the total pituitary human(h) GH (7,8). The remainder of the GH produced by the pituitary
is in the N-acetylated and desaminated forms and oligomers (3). Secreted GH circulates
both unbound and attached to binding proteins of several sizes, which are portions of the
extracellular domain of the GH receptor (GH-R) (9).

GH is encoded by the GH-1 gene. It is part of a 50-kb cluster of five genes located on
human chromosome 17q22-24 that evolved from a series of three sequential gene
duplications followed by sequence divergence: 5' to 3', they are GH-1, chorionic somato-
mammotropin-like (CS-L), CS-A, GH-2, and CS-B (10). The CS-L gene is translated and
undergoes alternative splicing, but the resultant protein products appear nonfunctional
(11). The CS-A and CS-B genes are placentally expressed and encode human chorionic
somatomammotropin (hCS), also known as human placental lactogen. hCS is produced
in massive amounts by syncytiotrophoblastic cells. hCS has 85% homology to GH-N and
also contains two disulfide bonds that occur at the same positions as in GH-N, but it only
has 0.5% the affinity for the GH-R. hCS production is shared by both genes, and deletion
of both genes is necessary to have hCS deficiency. hCS is present in very high concen-
trations in maternal serum. Complete deficiency of hCS during pregnancy is associated
with the presence of a normal growth pattern during fetal life and infancy, suggesting that
hCS is not required for fetal or extrauterine growth. It also does not appear essential for
maintenance of pregnancy or lactation (12). The GH-2 gene product is known as GH
variant (GH-V) and differs from GH-N by 13 amino acids that are distributed along its
peptide chain. It is expressed as at least four alternatively-spliced mRNAs in the placenta
and is continuously secreted during the second half of pregnancy, suppressing maternal
pituitary GH-1 gene function (13,14).

GH Secretion (Fig. 1)
GH secretion is under the control of two hypothalamic hormones: growth hormone

releasing hormone (GHRH) and somatotropin release-inhibiting factor (SRIF), also
known as somatostatin (sst).
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GHRH is a 44 amino acid protein with high homology to members of the vasoactive
intestinal polypeptide/glucagon family of peptides (15). GHRH binds to the GHRH
receptor (GHRH-R), a G-protein-coupled receptor with seven transmembrane spanning
domains with three extracellular and three cytoplasmic loops (16). On binding GHRH,
the GHRH-R activates a Gs-coupled protein with a resultant increase in cAMP and
intracellular calcium, leading to activation of protein kinase A (PKA) (17,18). PKA
phosphorylates and activates cyclic AMP-response element binding protein (CREB),
which binds to cAMP response elements in the GH promoter to enhance GH-1 gene
transcription (19,20). There is also a PKA-dependent, CREB-independent mechanism
of hGH gene activation by Pit-1 and CREB binding protein (CBP) (21).

SRIF is a 14 amino acid neuropeptide that regulates GH-mediated negative feedback.
Via the SRIF receptor (sstr) subtype 2 (22), SRIF activates a Gi-coupled protein (23, 24),
which decreases cyclic (cAMP) (25) and reduces calcium influx (25) resulting in inhi-
bition of GH secretion. SRIF controls the pulse frequency of GH (26,27).

Infants have nonpulsatile GH secretion. GH pulse frequency and amplitude decrease
and tonic secretion diminishes (28) until a pulsatile pattern of GH secretion is seen in
prepubertal children (29). There is a gradual increase in 24-h integrated GH secretion
during childhood, and the amplitudes of GH pulses are increased during puberty, prob-
ably secondary to the effect of gonadal steroids on GHRH (30–32). hGH production
continues throughout life, but declines with age (33,34).

GH-releasing peptides (GHRP) or GH-secretagogues (GHS) are man-made ligands
that stimulate GH release but do not act through the GHRH or SRIF receptors. GHS
receptor (GHS-R) ligands regulate GHRH release by initiating and amplifying pulsatile

Fig. 1. Simplified model of  GH gene activation. GH synthesis and release from somatotrophs
is regulated by GHRH stimulation and SRIF inhibition. GHRH activation of its Gs-protein
coupled receptor leads to an increase in  cAMP and intracellular calcium resulting in activation
of PKA. PKA phosphorylates and activates CREB, which binds to cAMP response elements in
the GH promoter to enhance GH-1 gene transcription. There is also a PKA-dependent, CREB-
independent mechanism of human GH gene activation by Pit-1 and CBP. SRIF activation of its
Gi-coupled protein leads to a decrease in cAMP and a reduction in calcium influx.
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GH release (35). Their receptor, GHS-R, was identified after their invention. The GHS-
R is a seven transmembrane G-protein-coupled receptor that acts via protein kinase C
activation and is expressed in the hypothalamus, including the arcuate nucleus, and in
pituitary somatotrophs (36).

Recently, an endogenous ligand for GHS-R was purified and identified from the rat
stomach. It was named ghrelin, which is the Proto-Indo-European root of “grow” (37).
Ghrelin stimulates GH secretion from rat pituitary cells through an increase in intracel-
lular calcium. Ghrelin-producing neurons have been identified in the hypothalamic
arcuate nucleus, and ghrelin appears to be a physiological mediator of feeding (38).

GH Action (Fig. 2)
At least 50% of circulating GH is bound to GH-binding protein (GHBP). GHBP is the

extracellular domain of the GH receptor (GH-R) found circulating in the serum as a
soluble form (9). The source or mechanism of generation of GHBP is not entirely known.
It may be shed from membrane-bound receptors by proteolytic cleavage or synthesized
de novo from an alternatively spliced receptor mRNA.

The GH-R belongs to the cytokine family of receptors (39). It is a 620 amino acid
protein localized on the plasma membrane of GH-responsive cells. It has a large extra-
cellular domain, a single transmembrane helix, and an intracellular domain (40). A single
GH molecule binds asymmetrically to the extracellular domain of two receptor molecules,
causing the receptor to dimerize. Dimerization triggers interaction of the GH-R with
Janus kinase (Jak 2) and tyrosine phosphorylation of both Jak2 and the GH-R (41–44),
followed by phosphorylation of cytoplasmic transcription factors known as signal trans-

Fig. 2. Schematic model of GH-R binding and signaling. A single GH molecule binds asymmetrically
to the extracellular domain of two receptor molecules, causing the receptor to dimerize. Dimerization
triggers interaction of the GH-R with Jak 2 and tyrosine phosphorylation of both Jak2 and the GH-R,
followed by phosphorylation of cytoplasmic transcription factors known as STATS. After phosphory-
lation, STATs dimerize and move to the nucleus, where they activate gene transcription.
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ducers and activators of transcription (STATS). After phosphorylation, STATs dimer-
ize, move to the nucleus, and activate gene transcription (45,46).

Many of the actions of GH are mediated by insulin-like growth factors (IGFs) or
somatomedins, which were first identified by their ability to incorporate sulfate into rat
cartilage (47). Because of their resemblance to proinsulin, these peptides were named
insulin-like growth factors (48). The actions of GH on extrauterine growth are primarily
through stimulation of production of IGF-1, a basic 70 amino acid peptide (49).

Human fetal serum IGF-1 level is relatively low and is positively correlated with
gestational age (50,51). In newborns, serum IGF-1 levels are 30%–50% of adult levels.
During childhood, serum IGF-1 levels gradually increase, reaching adult values at the
onset of puberty. Gonadal steroids increase IGF-1 production, contributing to the pubertal
growth spurt. During puberty, serum IGF-1 levels peak achieving two to three times
adult values (52,53). After adolescence, serum IGF-1 concentrations decline gradually
with age (54,55). Both systemic IGF-1 (56), predominantly produced by the liver, and
local IGF-1 (57–60) stimulate longitudinal bone growth by increased osteoblast activity
and increased collagen synthesis in bone (61).

In serum, IGFs are complexed to high-affinity binding proteins (IGFBPs). IGFBPs
serve to extend an IGFs serum half-life, to transport IGFs to target cells (62), and to
modulate the IGFs interaction with their receptors by competing with IGF receptors for
IGF peptides (63). Six distinct human and rat IGFBPs have been cloned and sequenced
(64,65). The concentrations of the different types of IGFBPs are variable in different
biological fluids. IGFBP-3 is the major IGFBP in human serum and transports over 90%
of the circulating IGF-1 (3). IGFBP-3 is GH-dependent (3).

The IGF-1 receptor is structurally related to the insulin receptor with two alpha sub-
units and two beta subunits (66, 67). The alpha subunits are linked by disulfide bonds and
contain binding sites for IGF-1. The beta subunits are composed of a transmembrane
domain, an ATP binding site, and a tyrosine kinase domain. The tyrosine kinase domain
is responsible for transduction of the presumed signal (3,68).

GROWTH HORMONE DEFICIENCY

Hypopituitarism can be caused by anything that damages the hypothalamus, pituitary
stalk, or pituitary gland. The incidence of congenital GH deficiency has been reported
as between 1:4000 and 1:10,000 live births (69,70). Growth failure is the most common
sign of GH deficiency presenting in infancy and childhood. Children with mild GH
deficiency usually present after 6 mo of age, when the influences of maternal hormones
wane (71). They generally have normal birth weights, with slightly below average lengths
(72). The growth rate of a child with GH deficiency will progressively decline, and
typically the bone age will be delayed. They develop increased peri-abdominal fat (73)
and decreased muscle mass, and may also have delayed dentition, thin hair, poor nail
growth, and a high-pitched voice (71). Severe GH deficiency in the newborn period may
be characterized by hypoglycemia and conjugated hyperbilirubinemia, as well as a small
phallus in boys, consistent with multiple anterior pituitary hormone deficiencies (71).

Acquired Forms of Hypopituitarism (Table 1)
Head trauma can damage the pituitary stalk and infundibulum and can lead to the

development of transient and permanent diabetes insipidus, as well as other hormonal
deficiencies (74,75). There are a number of reports suggesting an association between
hypopituitarism and complicated perinatal course, especially breech delivery (69,76,
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77). It is not clear if a complicated perinatal course causes hypopituitarism, or if a brain
anomaly leads to both complicated delivery and hypopituitarism. The finding that some
of these patients have a microphallus at birth suggests pituitary dysfunction may precede
the birth trauma (6).

Infiltrative conditions can also disrupt the pituitary stalk. Diabetes insipidus can be
the first manifestation of Langerhans cell histiocytosis (78–80) or sarcoidosis (81).
Lymphocytic hypophysitis, usually in adult women in late pregnancy or the postpartum
period, can result in hypopituitarism (82).

Metabolic disorders can cause hypopituitarism through destruction of the hypothala-
mus, pituitary stalk, or pituitary. Hemochromatosis is characterized by iron deposition
in various tissues, including the pituitary. It may be idiopathic or secondary to multiple
transfusions (e.g., for thalassemia major). Gonadotropin deficiency is the most common
hormonal deficiency, but GH deficiency has also been described (83,84).

Hypothalamic or pituitary tissue can also be destroyed by the mass of suprasellar
tumors or by their surgical resection. These tumors include craniopharyngiomas, low-
grade gliomas/hypothalamic astrocytomas, germ-cell tumors, and pituitary adenomas
(85). Treatment of brain tumors or acute lymphoblastic leukemia (ALL) with cranial
irradiation may also result in GH deficiency. Lower doses preserve pharmacologic

Table 1
Etiologies of GH Deficiency

Trauma
head injury
perinatal events

Infiltrative and autoimmune diseases
Langerhans histiocytosis
sarcoidosis
lymphocytic hypophysitis

Infections
meningitis
granulomatous diseases

Metabolic
hemachromatosis
cerebral edema

Neoplasms
craniopharyngioma
germinoma
hypothalamic astrocytoma/optic
glioma

Cranial Irradiation

Idiopathic

Cranial and central nervous system
abnormalities

septo-optic dysplasia
cleft lip +/– palate
empty sella syndrome
holoprosencephaly, anencephaly
pituitary aplasia or hypoplasia
thin or absent pituitary stalk
hydrocephalus

Genetic (mutations, deletions)
GRHR receptor
pituitary transcription factors

Rpx/Hesx1
Ptx2/Rieg
Lhx3/Lim-3/P-LIM
Prop-1
Pit-1/GHF-1

GH-1 gene
types Ia, Ib, II, and III
multiple GH family gene deletions
bioinactive GH
GH receptor
IGF-1
IGF-1 receptor
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response of GH to stimulation, but spontaneous GH secretion may be lost (86). The
higher the radiation dose, the more likely and the earlier GH deficiency will occur after
treatment (87,88). Clayton et al. reported that 84% of children who received greater than
3000 cGy to the hypothalamopituitary area had evidence of GH deficiency more than
five years after irradiation (87). The higher the dose, the more likely the development of
other anterior pituitary hormone deficiencies as well (88). Cranial radiation can also be
associated with precocious puberty leading to premature epiphyseal fusion (86), and
spinal irradiation can lead to skeletal impaired spinal growth (89), both of which will
further compromise adult height.

Congenital Forms of Hypopituitarism (Table 1)
Cranial malformations, such as holoprosencephaly, septo-optic dysplasia (SOD), and

midline craniocerebral or midfacial abnormalities can be associated with anomalies of the
pituitary gland. Embryonic defects such as pituitary hypoplasia, pituitary aplasia, and
congenital absence of the pituitary gland can also occur (6). Although the etiology of these
conditions is often unknown, it has recently been recognized that some have a genetic basis.

Multiple molecular abnormalities have been found in many of the factors involved in
the GH axis. To date, no mutations in GHRH, SRIF, or the sstr have been identified.

GHRH RECEPTOR MUTATIONS

 There is a mouse strain, the little dwarf mouse, that has an autosomal recessive
missense mutation at codon 60 (aspartic acid to glycine) preventing hypothalamic GHRH
binding (90,91). These mice exhibit postnatal growth failure and delayed pubertal matu-
ration. There is biochemical evidence of GH deficiency with high levels of GHRH (91).

A consanguineous Indian Moslem kindred has a nonsense mutation at codon 72
(glutamic acid to a stop codon) yielding a truncated GHRH-R that lacks the membrane
spanning regions and a G-protein site (92). A similar mutation is found in codon 50 in
“Dwarfism of Sindh” (93).

PITUITARY TRANSCRIPTION FACTOR MUTATIONS

 Several pituitary-specific transcription factors play a role in the determination of the
pituitary cell lineages (Fig. 3), and patients with hypopituitarism have been found to have
mutations in them.

Rpx, also known as Hesx1, is a member of the paired-like class of homeobox genes
originally described in Drosophila melanogaster (94). It is the earliest known specific
marker for the pituitary primordium, suggesting that it has a role in early determination
or differentiation of the pituitary (95), although no target genes for Rpx have yet been
identified (96). Mice lacking Rpx have abnormalities in the corpus callosum, anterior
and hippocampal commisures, and septum pellucidum similar to the defects seen in SOD
in man (94). Two siblings with agenesis of the corpus callosum, optic nerve hypoplasia,
and panhypopituitarism were found to have a homozygous mutation at codon 53 (argi-
nine to cysteine) in the homeodomain (DNA binding domain) of Hesx1 resulting in a
drastic reduction in DNA binding (94).

Thomas et al. scanned 228 patients with a wide spectrum of congenital hypopituitar-
ism phenotypes: 85 with isolated pituitary hypoplasia (including isolated GH deficiency
and combined pituitary hormone deficiency [CPHD]), 105 with SOD, and 38 with
holoprosencephaly or related phenotypes. They identified three missense mutations: 1)
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a serine to leucine at codon 170, located immediately C-terminal to the homeodomain,
was identified in two affected brothers, both with GH deficiency and one with optic
nerve hypoplasia; 2) a threonine to alanine at codon 181 (T181A) was identified in one
patient with isolated GH deficiency; and 3) a glutamine to histidine at codon 6 causing
a non-conservative substitution in exon 1 was identified in an individual with multiple
pituitary hormone deficiencies. All affected individuals had inherited the mutation from
one of their parents, who were not affected, and the T181A mutation was identified in
a non-affected sibling (97). These sequence changes may represent polymorphisms that
do not compromise Hesx1 function. However, 100 control sequences were identical to
previously published wild type data. Incomplete penetrance would not be surprising,
given that heterozygous Rpx+/– mice display low penetrance of a mild phenotype (97).

Ptx2 (Pitx2, P-OTX2) is a paired-like homeodomain transcription factor closely
related to the mammalian Otx genes that are expressed in the rostral brain during devel-
opment and are homologous to the Drosophila orthodenticle (otd) gene essential for the
development of the head in Drosophila melanogaster (98). Ptx2 is present in the fetal
pituitary and is expressed in the adult pituitary gland in the thyrotrophs, gonadotrophs,
somatotrophs, and lactotrophs, but not in the corticotrophs (99), as well as in the adult
kidney, lung, testis, and tongue (100).

RIEG is the human homolog of Ptx2. In individuals with Rieger syndrome, an auto-
somal dominant condition with variable manifestations including anomalies of the
anterior chamber of the eye, dental hypoplasia, a protuberant umbilicus, mental retarda-
tion, and pituitary alterations, six mutations in one allele of RIEG have been found (101).
Five mutations were found to affect the homeobox region: three were missense muta-
tions causing nonconsensus amino acid changes in the homeodomain, and two were

Fig. 3. Anterior pituitary development. Several pituitary-specific transcription factors play a role
in the determination of the pituitary cell lineages. Rpx (also known as Hesx1) is the earliest
known specific marker for the pituitary primordium, suggesting that it has a role in early deter-
mination or differentiation of the pituitary. Ptx (also known as Pitx and P-OTX) has two subtypes,
Ptx1 and Ptx2, both present in the fetal and adult pituitary. Ptx2 is expressed in the thyrotrophs,
gonadotrophs, somatotrophs, and lactotrophs. Lhx3 (also known as LIM-3 and P-Lim) appears
to have a maintenance function in the gonadotrophs, thyrotrophs, somatotrophs, and lactotrophs.
Prop-1 is required for somatotroph, lactotroph, and thyrotroph determination and appears to have
a role in gonadotroph differentiation. Pit-1 (also known as GHF-1, POU1F1) has been shown to
be essential for the development of somatotrophs, lactotrophs, and thyrotrophs, as well as for
their cell specific gene expression and regulation.
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splicing mutations in the intron dividing the homeobox sequence (102). Two of the
missense mutations have been studied: the first, a leucine to histidine at codon 54 in helix
1 of the homeodomain, leads to an unstable protein; the other, a threonine to proline at
codon 68 in helix 2 of the homeodomain only mildly diminishes DNA binding but
impairs transactivation of the PRL promoter. GH promoter activity was not evaluated,
but since there is GH insufficiency in a subset of affected individuals with Rieger syn-
drome, Ptx2 may also have a role in activation of the GH gene (101).

Lhx3, also known as LIM-3 and P-Lim, is a LIM-type homeodomain protein (103–105).
The LIM proteins contain two tandomly repeated unique cysteine/histidine LIM domains
located between the N-terminus and the homeodomain that may be involved in transcrip-
tional regulation (103). During development, there is Lhx3 expression in the anterior and
intermediate lobes of the pituitary gland, the ventral hindbrain, and the spinal cord. Lhx3
expression persists in the adult pituitary, suggesting a maintenance function in one or
more of the anterior pituitary cell types (103). Lhx3 is expressed in GH1 cells, which
secrete GH, GH3 cells which secrete GH and PRL, and α-TSH cells which express the
α-glycoprotein subunit (α-GSU) (103), suggesting a common cell precursor for
gonadotrophs, thyrotrophs, somatotrophs, and lactotrophs (106).

Patients with complete deficits of GH, PRL, TSH, and gonadotropins and a rigid
cervical spine leading to limited head rotation have been found to have mutations in the
Lhx3 gene. A tyrosine to cysteine at codon 116 (Y116C) in the LIM2 domain is associ-
ated with a hypoplastic anterior pituitary. An intragenic 23 amino acid deletion predict-
ing a severely truncated protein lacking the entire homeodomain is associated with an
enlarged pituitary (107). Whereas the intragenic gene deletion mutant protein does not
bind DNA, the Y116C mutant does. Both mutant Lhx3 proteins have a reduced gene
activation capacity (108).

Prop-1 is a paired-like homeodomain transcription factor (109). Prop-1 expression is
restricted to the anterior pituitary during development (2). Several human mutations of
Prop-1 resulting in CPHD of GH, PRL, and TSH have also been described. Some sub-
jects do not produce LH and FSH at a sufficient level to enter puberty spontaneously
(110), while others have a loss of gonadotropin secretion with age but enter puberty
spontaneously (albeit delayed), suggesting that Prop-1 is not needed for gonadotroph
determination, but may have a role in gonadotroph differentiation (109).

Multiple nonconsanguineous patients from at least eight different countries have a
documented recurring homozygous autosomal recessive mutation of Prop-1,
delA301,G302 (also known as 296delGA) in exon 2, which changes a serine to a stop
codon at codon 109 resulting in a truncated gene product with only the N-terminus and
first helix of the homeodomain (111–113). This mutant lacks promoter binding and
transcriptional activation (110). Interestingly, one family was noted to have progressive
ACTH deficiency with age (114). Likewise, several patients in a large consanguineous
Indian pedigree, bearing a 112–124del mutation resulting in a premature stop codon at
position 480, had an impaired pituitary-adrenal axis (115). These clinical findings sug-
gest that signals from the other pituitary cell lineages may be important in maintaining
corticotroph function (114). Several other mutations in Prop-1 have been described (109,
110,112,116,117).

Pit-1 or GHF-1 (official nomenclature now POU1F1) is a member of a family of
transcription factors, POU, responsible for mammalian development. Pit-1 expression
is restricted to the anterior pituitary lobe (118). Pit-1 has been shown to be essential for
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the development of somatotrophs, lactotrophs, and thyrotrophs, as well as for their cell
specific gene expression and regulation (119).

A number of humans with CPHD of GH, PRL, and TSH have been found to have Pit-1 gene
mutations (Fig. 4). The inheritance pattern and phenotypic presentation are  quite different
among these patients, reflecting the location of the mutation in Pit-1. The arginine to
tryptophan mutation at codon 271 (R271W) in one allele of the Pit-1 gene is the most
common mutation and has been described in several unrelated patients of different ethnic
backgrounds (120–128). The mutant Pit-1 binds normally to DNA, but the mutant protein
acts as a dominant inhibitor of transcription (120) and may act by impairing dimerization
(129). Thus, the mutation need only be present in one allele to cause CPHD.

A patient with GH deficiency, but dysregulation of PRL and TSH, bears a lysine to
glutamic acid mutation at codon 216 (K216E) in one allele. The mutant Pit-1 binds to
DNA and does not inhibit basal activation of the GH and PRL genes. However, the
mutant Pit-1 is unable to support retinoic acid induction of the Pit-1 gene distal enhancer
either alone or in combination with wild type Pit-1. Thus, the ability to selectively impair
interaction with the superfamily of nuclear hormone receptors is another mechanism
responsible for CPHD (130).

Several other point mutations in the Pit-1 gene resulting in CPHD have been described.
Some alter residues important for DNA-binding and/or alter the predicted α-helical
nature of the Pit-1 protein (phenylalanine to cysteine at codon 135 [F135C]) (131),
arginine to glutamine at codon 143 [R143Q]) (122), lysine to a stop codon at codon 145
[K145X] (unpublished data), alanine to proline at codon 158 [A158P] (132), arginine to
a stop codon at codon 172 [R172X] (133–135), glutamic acid to glycine at codon 174
[E174G] (133), glutamic acid to a stop codon at codon 250 [E250X] (136), and tryp-
tophan to cysteine at codon 261 [W261C] [137]). The A158P mutant Pit-1, however, has
a minimal decrease in DNA binding. Others have been shown to or postulated to impair
transactivation of target genes (proline to leucine at codon 24 [P24L] (122), A158P
(132), and proline to serine at codon 239 [P239S] [138]).

GH GENE MUTATIONS

 Type IA GH deficiency is associated with growth retardation in infancy with subse-
quent severe dwarfism. There is autosomal recessive inheritance with absent endog-

Fig. 4. Pit-1 Gene Mutations. Point mutations of the Pit-1 gene in patients with CPHD. OH
indicates the transactivation domain, which is rich in serine and threonine amino acid residues.
The four α-helices of the POU-specific and the three α-helices of the POU-homeodomain (the
DNA binding domains) are shown as boxes.
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enous GH due to complete GH-1 gene deletion. Heterogeneous deletions of both alleles
ranging 6.7-45 kb have been described (139–142). The GH-1 gene is predisposed to such
mutations, because it is flanked by long stretches of highly homologous DNA (143).
These patients frequently develop antibodies to exogenous GH owing to lack of immune
tolerance because of prenatal GH deficiency (144,145). These antibodies may block
the response to GH, but some patients do not develop a decline in growth velocity. In
some cases, no antibodies develop.

Type IB is a partial GH deficiency. Patients are less severely affected than those with
deletions. There is autosomal recessive inheritance with decreased endogenous GH on
provocative stimulation due to point mutations in the GH-1 gene (146,147) (Fig. 5A).
Several families have been studied. One has a homozygous splice site G to C transversion
in intron 4 of the GH-1 gene causing a splice deletion of half of exon 4, as well as a
frameshift within exon 5. These changes affect the stability and biological activity of the
mutant GH protein and may also derange targeting of the GH peptide into secretory
granules (148). There has also been a G to T transversion described at the same site (146),
as well as a deletion/frameshift mutation in exon 3 (149). Other homozygous nonsense,
splicing, and frameshift mutations have been described (150,151).

Type II is a partial GH deficiency similar to type IB, but with autosomal dominant
inheritance. Several patients have been found to have intronic transitions in intron 3
(147,148,152–154) inactivating the donor splice site of intron 3 and deleting exon 3
(Fig. 5B). Autosomal dominant mutations act in a dominant-negative manner, but the
mechanism is not known.

Type III is a partial GH deficiency with X-linked inheritance due to interstitial Xq13.3-
Xq21.1 deletions or microduplications of certain X regions. Patients may also have
hypogammaglobulinemia, suggesting a contiguous Xq21.2-Xq22 deletion (155,156).

Multiple GH family gene deletions have been described. One family has a homozy-
gous 40 kb deletion that eliminates the GH-1, GH-2, CS-A, and CS-B genes (157).
Another family has a 45 kb deletion that eliminates the GH-1, CS-L, CS-A, and GH-2
genes (158). These patients have normal birth weights, subsequent severe growth retar-
dation, and hypoglycemia. The mothers have normal postpartum lactation. It appears
that placental expression of CS-L or CS-B alone may be sufficient to sustain a normal
pregnancy and prenatal growth, supporting the concept of significant duplication in the
function of these genes.

Bioinactive GH has also been reported. A child was described with severe growth
retardation and high serum GH levels, elevated GHBP, low IGF-1 levels, and increased
GH levels after provocative testing. He had an autosomal arginine to cysteine mutation
at codon 77 inherited from his unaffected father, who only produced wild type GH. The
child expressed both mutant and wild type GH. The mutant GH has a higher affinity for
GHBP, less phosphorylating activity, and an inhibitory or dominant-negative effect on
wild type GH activity. The cysteine may change the molecular configuration by forming
a new disulfide bond, resulting in lower bioactivity (159). An aspartic acid to lysine
mutation at codon 112 has also been identified, which is believed to prevent GH-R
dimerization (160).

GH-R  MUTATIONS

 Laron dwarfism is an autosomal recessive disorder characterized by clinical features
of severe GH deficiency but with normal to high levels of hGH after provocative testing
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(161). Plasma IGF-1 levels are low and do not respond to exogenous hGH. Several dele-
tions and point mutations of several GH-R exons have been described (162–171). There
is a lack of GH binding activity. Many of these mutations affect the extracellular domain
and therefore present with absent or decreased levels of GHBP (172). Other mutations that
do not affect the extracellular domain region manifest with normal or elevated GHBP
levels. Recombinant IGF-1 can be used for treatment (173,174). It has also been hypoth-
esized that some patients with idiopathic short stature, normal GH secretion, and low serum
concentrations of GHBP may have partial insensitivity to GH due to mutations in the GH-
R gene. Four of 14 children, but none of 24 normal subjects, had mutations in the region
of the GH-R gene that codes for the extracellular domain of the receptor (166).

IGF-1 MUTATIONS

A boy with severe prenatal and postnatal growth failure was found to have a homozy-
gous partial IGF-1 gene deletion with undetectable levels of IGF-1. He also had bilateral
sensorineural deafness, mental retardation, moderately delayed motor development, and
behavioral difficulties with hyperactivity and a short attention span. He did not have a
significant delay in his bone age, and his IGFBP-3 level was normal (175).

African pygmies have normal levels of hGH, peripheral unresponsiveness to exog-
enous hGH, and decreased IGF-1 levels. An isolated deficiency of IGF-1 has been
hypothesized, but Bowcock et al. found no differences in restriction fragment length
polymorphisms in the IGF-1 gene in Pygmies vs non-Pygmie black Africans (176).
Pygmie T-cell lines show IGF-1 resistance at the receptor level with secondary GH
resistance (177,178). However, more recent data suggest that in growing and adult

Fig. 5. GH-1 gene point mutations. (A)  GH deficiency type IB. Partial GH deficiency with
autosomal recessive inheritance. A deletion/frameshift mutation in exon 3; and homozygous
splice site G to C and G to T transversions in intron 4 causing a splice deletion of half of exon
4, as well as a frameshift (f.s.) within exon 5. Other homozygous nonsense, splicing, and frame-
shift mutations have been described. (B) GH deficiency type II. Partial GH deficiency with
autosomal dominant inheritance. Several patients have been found to have intronic transitions in
intron 3 inactivating the donor splice site of intron 3 and deleting exon 3.
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African pygmies showing no clinical or biochemical signs of nutritional deficiency,
serum IGF-1 and IGFBP-3 are essential normal (179).

Other patients are suspected to have IGF-1 resistance, as they have elevated GH levels
and elevated IGF-1 levels (180–182). In one patient, cultured fibroblasts had a 50%
reduction in IGF-1 binding capacity (181). Another patient had marked diminished
ability of IGF-1 to stimulate fibroblast α-aminoisobutyric acid uptake compared to
control subjects (182). Their birth lengths less than 5th percentile suggest the importance
of IGF-1 in fetal growth.

Post-signal transduction defects and mutations in IGF-binding proteins may occur but
have not yet been demonstrated.

DIAGNOSIS OF GROWTH HORMONE DEFICIENCY

The diagnosis of growth hormone GH deficiency in childhood must be based on
auxological criteria. Evaluation of the GH-IGF axis is indicated in children with a height
below 2 standard deviation scores (SDS) and a growth velocity (over at least 6 mo) below
the 10–25th percentile, in whom other causes of growth retardation have been ruled out.
Several pharmacological tests have been implemented to assess the GH status (183).
Conventionally, the criteria for diagnosis of GH deficiency is peak serum GH <10 ng/mL
after two different GH stimulation tests. The sensitivity and specificity of these tests is
limited owing to their dependence on physiological parameters such as age, gender, and
body weight, the implementation of different pharmacological stimuli, arbitrary cut-off
values, poorly reproducible results, and the use of different laboratory techniques for the
measurement of GH. Assessment of serum levels of IGF-I and its binding protein IGFBP-
3 is a major advance in the diagnosis of GH deficiency.

Growth Hormone Stimulation Tests

GH is secreted episodically, mostly during rapid eye movement sleep. Between the
pulses of pituitary GH secretion, serum concentrations are typically below the sensitivity
of most conventional assays (<1–2 ng/mL), which limits the usefulness of random
samples. Radioimmunoassays (RIAs) and immunometric assays are the most commonly
used laboratory-techniques for determination of GH levels. Estimations performed by
RIA use polyclonal antibodies, which render low specificity and higher GH levels when
compared with the more specific immunoradiometric assays using two highly specific
monoclonal antibodies. Discrepancies up to two- to four-fold have been reported among
different assays.

A variety of pharmacological tests have been implemented to assess the GH secretory
capacity of the pituitary gland (183). They are expensive, not free of side effects, and
require fasting conditions as high glucose levels inhibit GH secretion. GH provocative
tests have been divided into two groups: screening tests (including exercise, levodopa,
and clonidine), and definitive tests (including arginine, insulin, and glucagon). Due to
their low specificity and sensitivity, and to exclude normal children who might fail a
single stimulation test, the performance of two different provocative tests, sequentially
or in combination, has been implemented (184,185). An inappropriate low secretory
response in the second test is supposedly confirmatory of GH deficiency. As these tests
are not physiologic, they may not always identify children with growth failure who will
respond to GH treatment.
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CLONIDINE

 Clonidine is an α2 adrenergic agonist that increases GHRH secretion and inhibits SRIF.
Blood pressure monitoring is necessary as hypotension may occur. Dosage and sampling:
5 µg/kg (max 250 µg). Samples for GH are drawn at 0, 30, 60, and 90 min (186).

LEVODOPA

 Due to its α-adrenergic stimulatory effect, levodopa increases the secretion of GHRH.
The addition of a β-adrenergic receptor antagonist, such as propranolol, increases its
stimulatory effect. Dosage and sampling: It is administered orally, giving 125 mg for
children less than 13.5 kg body weight, 250 mg for those between 13.5 and 31.5 kg, and
500 mg for children over 31.5 kg. Serum samples should be obtained at 0, 30, 60, and
90 min (187).

INSULIN TOLERANCE TEST (ITT)
It was the first established pharmacological stimulus for assessment of GH status and

is considered the gold standard of GH provocative tests. Induced hypoglycemia is a
strong stimulus to elicit maximal GH response. In addition, the reserve of the adrenal
cortex can be evaluated, as hypoglycemia induces the release of cortisol as well. Insulin-
induced hypoglycemia may result in seizures and neurological sequelae. It is usually not
recommended in children under 5 yr of age. Children with severe GH deficiency may be
particularly prone to hypoglycemia and for this reason, half of the usual insulin dose is
recommended when severe hypopituitarism is suspected. Serum glucose levels must be
evaluated at the bedside at each time point during the protocol. For the test to be valid,
serum glucose levels must decrease to 50% of the initial value, or less than 40 mg/dL.
The patient must be monitored until serum glucose levels return to normal. Symptomatic
hypoglycemia should be treated with a bolus of 2 cc/kg of 10% dextrose. If hypopituitar-
ism is suspected, a bolus of 100 mg of hydrocortisone may be administered as well.
Fatalities have been described during the performance of this test. Dosage and sampling:
0.1 units/kg body weight of regular insulin iv bolus. Serum samples should be obtained
at 0, 15, 30, 45, and 60 min (188).

ARGININE

 Arginine inhibits the secretion of SRIF and induces the secretion of glucagon. Dos-
age and sampling: 0.5 g/kg (max 30 g) of arginine hydrochloride 10% iv over 30 min.
Sampling: 0, 30, 45, 60, 90, and 120 min (189).

GLUCAGON

By inducing hyperglycemia with subsequent release of insulin, GH is secreted in
response to a moderate fall in blood glucose. In addition, glucagon inhibits the secretion
of SRIF. Normal reserves of glycogen are necessary to produce hyperglycemia and
subsequently to induce the release of insulin. The test is considered safe in small children
and infants (190). False positive results have been reported in up to 20% (191). Dosage
and sampling: 0.03 mg/kg to a maximum of 1 mg im. Samples are obtained at 0, 60, 120,
and 180 min (190).

GHRH

Although the use of GHRH allows direct assessment of the secretory capacity of the
somatotrophs, there is great variability in the GH response, very likely owing to fluctua-
tions in endogenous SRIF tone (192). Up to 15% of normal children will show a peak
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response lower than 10 ng/mL (193), and normal stimulated levels of GH cannot rule out
GH deficiency of hypothalamic origin, the most common cause of GH deficiency.

Inhibitors of endogenous SRIF such as pyridostigmine and arginine have been used
in combination with GHRH (194) to enhance the GH response and to reduce the inter-
individual and the intra-individual variability. Priming with arginine appears to enhance
the GH response to an acute bolus of GHRH in normal children, which might discrimi-
nate between children with GH deficiency and normal short children (194). Dosage and
sampling: 1 µg/kg/iv of GHRH over 1 min. Samples are obtained at 0, 15, 30, 45, and
60 min. The GH peak secretion occurs in the first hour after administration.

SEX STEROID PRIMING

In normal children, serum levels of GH are age and sex dependent and show a sharp
pubertal increase. Immediately before puberty, GH secretion may normally be very low,
making the discrimination between GH deficiency and constitutional delay of growth
and puberty difficult (195). Sex steroid priming with estrogen (196) or androgen (197),
administered for Tanner Stage I or II children, has been recommended to distinguish
between GH deficiency and constitutional delay in growth and puberty (198). In girls,
50–100-mg ethinyl estradiol po once a day or Premarin 5-mg p.o. twice a day for two or
three days has been used. As an alternative in boys, 100 mg testosterone enanthate im
may be given one week prior to the test. While children with GH deficiency might have
an attenuated response, those with constitutional growth delay will have a normal secre-
tory pattern. In a study by Marin et al. (198), 61% of normal stature prepubertal children
who were not primed with sex steroids failed to raise their peak serum GH concentra-
tion above 7 ng/L following a provocative test.

SUMMARY

In summary, the threshold to define GH deficiency to various provocative stimuli is
arbitrary and based on no physiological data. Pharmacological tests involve the use of
potent GH secretagogues, which may not reflect GH secretion under physiological cir-
cumstances, masking the child with partial GH deficiency. GH stimulation tests are
reliable only in the diagnosis of severe or complete GH deficiency. In addition to their
low reproducibility (199), a “normal” secretory response does not exclude the possibility
of various forms of GH insensitivity or partial GH deficiency. Caution must be taken in
obese children who undergo provocative testing for GH secretion, owing to a negative
impact of adipose tissue on GH secretion (200). Table 2 shows the protocols most
commonly used in the assessment of GH secretion.

Physiologic Assessment of Growth Hormone Secretion
EXERCISE TEST

It has been implemented as a screening test. Three to four hours of fasting should
precede the test. Twenty minutes of mild-to-moderate exercise should be performed with
the final heart rate exceeding 120 beats/min for the test to be valid. Although it is simple,
safe, and inexpensive, up to one-third of normal children have an absent GH response.
Samples are obtained at 20 and 40 min (201).

OVERNIGHT TEST FOR SPONTANEOUS GROWTH HORMONE SECRETION

Sleep-induced GH release appears to be the result of an increment in the secretion of
GHRH. Most consistent surges occur during slow-wave electroencephalographic
rhythms in phases 3 and 4 of sleep. The term “GH neurosecretory dysfunction” refers to



18 Part I / Botero et al.

patients with an abnormally slow growth rate and low integrated GH concentration
(mean serum 24-h GH concentration) but appropriate GH response to provocative tests
(202,203). The pathophysiology and the incidence of this condition remain unknown.
Although the integrated GH concentration has better reproducibility compared to the
standard provocative tests, there is still significant intra-individual variation and over-
lapping with the values found in normal short children (204). Lanes et al. reported
decreased overnight GH concentrations in 25% of normally growing children (205).
Sampling is required every 20 min for a minimum of 12–24 h. For the 12 h test, samples
are obtained every 20 min from 8 PM to 8 AM. Most reports suggest that the mean level
of GH has a normal lower limit of 3 ng/L. In addition, the number and height of surges
of GH secretion must be assessed. Six to ten surges, with at least four of them with a GH
concentration over 10 ng/L, must be present in a normal subject. The test is difficult to
perform, expensive, and unspecific. No normative data for comparison purposes are
available. This method uncovers GH deficiency in children who have had a normal GH
response to provocative tests after cranial irradiation.

URINARY GROWTH HORMONE

GH is excreted in urine in small amounts, which correspond to approx 0.05% of the
total daily circulating GH. Although the measurement of GH in urine is more reliable
because of the use of ultrasensitive enzyme-linked immunosorbent assays and
immunoradiometric assays (206), the interpretation of the results is difficult due to large
inter- and intra-individual variation and the effect of renal function. The test might be
useful in the diagnosis of severe GH deficiency. Adequate age- and sex-related stan-
dards have to be developed.

Table 2
 Growth Hormone Stimulation Tests

Test Administration Time of peak GH Side effects

Insulin-induced 0.05–0.1 IU/kg, iv bolus 30–60 min severe
hypoglycemia hypoglycemia
(ITT)

Clonidine 0.125 mg/m2, oral 60–120 min drowsiness,
hypotension

L-dopa / propanolol
L-dopa 125 mg body weight <13.5 kg 60–120 min headache,

250 mg >13.5, <31.5 kg nausea, emesis
500 mg >31.5 kg, oral

Propranolol 0.75 g/kg/oral induced asthma
Glucagon 0.03 mg/kg (max 1 mg), 120–180 min late hypoglycemia

sc or im

Arginine hydrochloride 0.5g/kg, iv over 20 min 40–70 min late hypoglycemia
GHRH 1 or 2 µg/kg, i.v. bolus 30–60 min flushing

Exercise 20 min of 20–40 min exhaustion,
moderate exercise post-exercise

induced asthma
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IGFS

The IGFs are related GH-dependent peptide factors that mediate many of the anabolic
and mitogenic actions of GH. GH induces the expression of IGF-I in liver and cartilage.
IGF-II is highly expressed in multiple fetal tissues and is less regulated by GH. Because
of little diurnal variation, their quantification in random samples is useful. The use of
age- and puberty-corrected IGF-I has become a major tool in the diagnosis of GH defi-
ciency (207). However, sensitivity is still limited due to a significant overlap with normal
values. Low levels of IGF-I may be found in normal children, especially in those less than
five years of age. Low levels are also reported in children with malnutrition, hypothy-
roidism, renal failure, hepatic disease, and diabetes mellitus. Serum levels of IGF-I do
not correlate perfectly with GH status as determined by provocative GH testing (208,
209). Simultaneous measurement of IGF-I and IGF-II, although recommended by some
(210), is not commonly used in the clinical practice.

IGFBPS

IGFBP-3 is the major carrier of IGF-1 (211). It is GH-dependent but has less age
variation and is less affected by the nutritional status compared to IGF-I, and it seems
to correlate more accurately with GH status (212). Although low levels of IGFBP-3 are
suggestive of GH deficiency, up to 43% of normal short children have been reported to
have low concentrations (213). Similarly, normal values have been reported in children
with partial GH deficiency (208,214). Although determinations of IGFBP-2 have been
recommended, normal levels may be found in patients with GH deficiency (215).

In summary, determinations of IGF-I and IGFBP-3 are reliable tests in the diagnosis
of severe GH deficiency and have better reproducibility when compared with GH pro-
vocative tests. However, their sensitivity and specificity are still sub-optimal.

Bone Age Evaluation
The evaluation of skeletal maturation is crucial in the assessment of growth disorders,

as osseous growth and maturation is influenced by nutritional, genetic, environmental and
endocrine factors. Skeletal maturation is significantly delayed in patients with GH defi-
ciency, hypothyroidism, hypercortisolism, and chronic diseases. Children with constitu-
tional growth delay will show a delayed bone age, which corresponds with the height age.

In children over one year of age, the radiograph of the left hand is commonly used to
evaluate the skeletal maturation. The bone age is determined by comparing the epiphy-
seal ossification centers with chronological standards from normal children. Comparison
of the distal phalanges renders better accuracy. Several methods to determine the skeletal
age are available, with the Greulich and Pyle (216) and Tanner-Whitehouse 2 (TW2)
(217) methods the most widely used. For the Greulich and Pyle method, a radiograph of
the left hand and wrist is compared with the standards of the Brush Foundation Study of
skeletal maturation in normal boys and girls (216), and is based on current height and
chronological age. The standards correspond to a cohort of white children, so applica-
bility to other racial groups may be less accurate. The TW2 method assigns a score to
each one of the epiphyses. This more accurate method is also based on current height and
chronological age, but is also more time consuming. Neither of the methods is accurate,
as bone age estimation has technical difficulties owing to inter- and intra-observer varia-
tions, as well as ethnic and gender differences among children.
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Prediction of Adult Height
Ultimate adult height can be predicted from the bone age, as there is a direct corre-

lation in a normal individual between the degree of skeletal maturation and the time of
epiphyseal closure, the event that ends skeletal growth. Predictions of ultimate height are
based on the fact that the more delayed the bone age is for the chronological age, the
longer the time before epiphyseal fusion ends further growth.

The growth potential of an individual must be evaluated according to the parents’ and
siblings’ heights, as genetic influences play a crucial role in determining the final height.
An approximation of the ultimate adult height is obtained by calculating the mid-paren-
tal height. For girls, mid-parental height is (mother’s height + father’s height – 13 cm)
/ 2; for boys, (mother’s height + father’s height + 13 cm) / 2. The child’s target height
is the mid-parental height +/– 2 SD (10 cm or 4 in) (218). When the growth pattern
deviates from the parental target height, an underlying pathology must be ruled out.
Three methods to estimate the final adult height are available: 1) Bayley-Pinneau (B-P)
which is based on current stature, chronological age (CA), and bone age (BA) obtained
by the Greulich and Pyle method (219). This method probably under predicts growth
potential (220); 2) The TW2 method considers current height, chronologic age, TW2
assessment of bone age, mid-parental stature, and pubertal status (217); and 3) The
Roche-Wainer-Thissen (R-W-T) method requires recumbent length, weight, chrono-
logical age, mid-parental stature, and Greulich and Pyle bone age assessment. Predic-
tions of the ultimate adult height are not totally accurate and are of limited value in
children with growth disorders.

Magnetic Resonance Imaging
Brain anomalies are common in patients with GH deficiency. Magnetic resonance

imaging (MRI) of the brain is a sensitive and specific indicator of hypopituitarism. A
triad of radiological findings has been described in GH deficient subjects: small or absent
anterior pituitary gland, truncated/absent pituitary stalk, and ectopic posterior pituitary
gland. Mass lesions such as suprasellar tumors, or thickening of the pituitary stalk due
to infiltrative disorders such as histiocytosis may be found. Structural abnormalities are
more common in patients with CPHD or panhypopituitarism (93%) and in those with
severe GH deficiency (221) compared to those with isolated GH deficiency (80%).
Patients with SOD present with hypoplasia of the optic chiasm, optic nerves, and
infundibular region of the hypothalamus. The absence of the septum pellucidum is not
a constant finding.

Conclusions on Evaluation
Clinical assessment of height and growth velocity is the single most useful parameter

in the evaluation of a growth-retarded child. When hormonal evaluation is warranted,
determinations of skeletal age, thyroid function, and IGF axis provide an effective way
to assess the GH status. A single measurement of IGF-I and IGFBP-3 allows the evalu-
ation of the GH-IGF axis, contributing not only to the evaluation of GH deficiency but
to GH sensitivity as well. The response of IGF-I and IGFBP-3 to GH stimulation will
probably be an important diagnostic tool once normal reference values are determined.
The reliability of GH measurements after provocative tests has been questioned because
of poor sensitivity, specificity and reproducibility. Confirmation of a severe defect of
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GH secretion should lead to appropriate imaging studies of the hypothalamus and the
pituitary gland.

GH THERAPY

The use of GH from human cadaver pituitary glands dates from the late 1950s. In
1985, the distribution of this type of GH was banned in the US due to a possible causal
relationship with Creutzfeld-Jakob disease. More than 20 young adults who had received
human cadaveric pituitary GH developed this entity. Future cases can still emerge due
to the potential long incubation period of prion diseases (222). In the same year as the
ban, DNA-derived human recombinant GH became available and replaced the pituitary-
derived GH.

The use of recombinant human GH targets the normalization of height and the attain-
ment of a normal adult stature. In the United States, human recombinant GH has been
approved for administration in several clinical entities: GH deficiency, Turner syndrome,
chronic renal failure prior to transplantation, Prader-Willi syndrome, small for gestation
age, AIDS wasting, and adult GH deficiency. However, the spectrum of conditions where
GH might be of benefit is expanding, considering its metabolic effects.

The use of GH in short non-GH deficient children has been proposed as a therapeutic
intervention to reduce the physiological and psychological risks associated with short
stature. A recent study, involving 109 children with GH deficiency and 86 children with
idiopathic short stature, found that GH therapy can ameliorate some previous behavioral
problems, especially in the group of children with GH deficiency (223). However, at
present, there are not conclusive data to prove that GH therapy in children with normal
short stature improves social, physiological or educational functions.

Several studies on the use of GH in normal short children or children with idiopathic
short stature have rendered controversial results. The administration of GH may produce
a short-term increase in height velocity, but the ultimate adult height is not necessarily
augmented. Similarly, there is some concern that treatment of normal short children with
GH may induce an earlier fusion of the epiphyses and acceleration of the tempo of
pubertal development (224). Long-term data are still unavailable. Clinical trials of non-
GH deficient children carried out until adulthood are mandatory.

A study involving 187 short children with appropriate GH response to provocative
testing and normal growth rate showed a moderate increase in the growth rate during the
first year (7.7–9.2 cm/yr), but this effect declined rapidly after, returning to the pretreatment
growth velocity (225,226). Other studies have shown a more sustained effect, but the final
height did not increase for the genetic height potential. Another study involving Japanese
children without GH deficiency who received GH until reaching final height did not show
a significant improvement in the height SDS for bone age during the prepubertal period.
From this study, it was concluded that GH administration during puberty might be detri-
mental, as it shortened the height SDS for bone age, resulting in a shorter final height that
might have been obtained (227). A recent study by Hintz et al. (228), which included 80
children with idiopathic short stature and slow growth but normal GH response to provoca-
tive stimuli, documented an average height gain of 5 cm for boys and 5.4 cm for girls. They
received GH therapy until complete bone maturation was reached. Regardless of height
gain, all remained shorter than mid-parental target height. This was a heterogeneous group
of patients, and some of them had growth retardation which might be indicative of GH
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deficiency regardless of a normal response to provocative tests. Thus, GH may be of benefit
to some patients with idiopathic short stature.

Alternative modes of therapy including GHRH and GH secretagogues have been
developed, but their clinical utility is still being assessed (229).

Growth Hormone Dosage
The dose of GH is calculated per kg body weight or body surface area and is expressed

in terms of international units (IU) or milligrams (3 IU = 1 mg). It ranges from 0.18– 0.30
mg/kg/wk and is administered subcutaneously six to seven times per week (manufactur-
ers’ instructions). The lower dose mimics the physiologic production rate in prepubertal
children and should not induce an early onset of puberty nor abnormally accelerate the
skeletal maturation (230). Recently, a depot preparation has been placed on the market.

No correlation has been found between the indices of spontaneous GH secretion and
the results of provocative testing with the therapeutic response (231). A successful
response is obtained when the pretreatment growth rate increases more than 2.5 cm/yr
after six months of GH administration. The greatest response is observed during the first
year of treatment, when growth velocity can double or triple. The response later attenu-
ates, but still remains higher than the pretreatment growth rate.

Two factors have the greatest influence on final height during GH therapy in subjects
with idiopathic GH deficiency: the genetic potential (expressed as the mid-parental
height) (232) and the age at onset of therapy. The longer the replacement therapy, the
better the ultimate height. To optimize prepubertal growth, there is a strong argument for
early diagnosis and treatment in children with GH deficiency. As shown by the National
Collaborative Growth Study (NCGS), there is a significant negative correlation between
age at the onset of Tanner stage 2 of pubertal development on the total height gained
during puberty and the percentage of adult final height gained (233). Thus, subjects who
are diagnosed with GH deficiency during puberty have less growth potential. For this
group of patients, two strategies have been recommended. In the first approach, the GH
dose is increased to the upper therapeutic range to support pubertal growth and to match
the normal physiological increase in GH that occurs at this age. However, significant
improvement in final height has not been documented (234). In the second approach, a
combination of GH and gonadotropin releasing hormone (GnRH) is administered to
arrest pubertal development and prolong peripubertal growth. Preliminary results seem
more encouraging with this kind of therapy. Only selected patients, especially those with
an unfavorable height SDS for bone age in terms of final height prognosis, would be
candidates for this regimen (234).

Follow-up
To evaluate the GH response, the most important parameter is determination of height

velocity (expressed as change in height Z score). Suboptimal response may be indicative
of an incorrect diagnosis of GH deficiency, lack of compliance, improper preparation
and/or administration of GH, associated hypothyroidism, concurrent chronic disease,
complete osseous maturation, and rarely, anti-GH antibodies. Development of antibod-
ies to exogenous GH has been reported in 10–30% of recipients of human recombinant
GH. This finding is more common in children lacking the GH gene. However, the
presence of GH antibodies does not usually attenuate the hormonal effect, as growth
failure has been reported in less than 0.1% (235).
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Monitoring of the IGF-I and IGFBP-3 levels has gained wide acceptance for assess-
ment of safety and compliance; however, serum levels do not always correlate with the
obtained increment in growth velocity. Although recommended by some (236), regular
monitoring of the bone age in children under GH therapy is questionable. Interobserver
differences in bone age interpretation and erratic changes over time in skeletal matura-
tion make the estimation of final adult height inaccurate. Similarly, predictions of final
height may be artificially overestimated, as GH may accelerate the bone maturation in
advance to any radiographic evidence (237).

Side Effects
DIABETES AND INSULIN RESISTANCE

The development of diabetes mellitus in patients under GH therapy has been a
concern, considering the anti-insulinic effect of GH. However, no higher incidence of
type I insulin dependent diabetes mellitus (IDDM) in children and adults on GH
therapy has been reported. A retrospective study of more than 23,000 GH recipients
found 11 cases of type I IDDM, an incidence not different from expected values.
However, 18 patients developed type II DM for an incidence of 3.4/100,000, six-fold
higher than in children not receiving GH. The higher incidence for type II DM indi-
cates that the use of GH in predisposed individuals might accelerate the onset of
diabetes (238).

LEUKEMIA

Concern was raised about the development of de novo leukemia after a cluster of
leukemia in patients under GH therapy was reported in Japan in 1988 (239). However,
recent data from Japan obtained from more than 32,000 GH-recipients reported the
development of leukemia in 14 cases for an incidence of 3/100,000 patient years, not
higher than in the general population (240). In the United States, three cases of leukemia
occurred in 59,736 patient-yr of follow-up, not significantly higher than the 1.66 cases
expected in the US age-, race- and gender-matched general population (p = 0.23). Three
additional cases, found in an extended follow-up that provided 83,917 person-years of
risk, yielded a minimum rate of leukemia that was statistically increased (2.26 cases
expected, p = 0.028). However, five of the six subjects had antecedent cranial tumors as
the cause of GH deficiency, and four had received radiotherapy. There was no increase
in leukemia in patients with idiopathic growth hormone deficiency (241). From these
data and other data registry information, it has been concluded that the incidence of
leukemia in GH-recipient individuals without risk factors is not higher than in the gen-
eral population.

RECURRENCE OF CENTRAL NERVOUS SYSTEM TUMORS

Considering the mitogenic effect of GH, the possibility of an induced carcinogenic
effect has been investigated. Several possible mechanisms that could account for the
association of GH/IGF-I and the development of cancer have been proposed (242).
However, data from the Kabi International Growth Study (KIGS) (243) and the National
Cooperative Growth Study (NCGS) (244) do not support an increase in the risk of brain
tumor recurrence. A similar study in 170 children with GH deficiency secondary to
treatment for medulloblastoma did not reveal an increase in tumor relapse (245).
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SKIN CANCER

 The statistics of the NCGS have not shown a higher incidence of melanocyte nevi or
skin cancer in individuals treated with GH (246).

BENIGN INTRA-CRANIAL HYPERTENSION

 This neurological complication has been described in patients receiving GH, but the
incidence is very low. A prospective study collecting data on 3332 children in Australia
and New Zealand found a low incidence of 1.2 cases per 1000 patients. However, oph-
thalmologic evaluation is mandatory in GH recipients in the event of persistent head-
aches, nausea, visual symptoms, and dizziness (247).

SLIPPED CAPITAL FEMORAL EPIPHYSIS (SCFE)
NCGS reported that children with GH deficiency were significantly more likely to

develop SCFE while on GH (91.0/100,000 patient yr) than the general population. Typi-
cally, these children were older, heavier, and grew more slowly during the first year of
GH treatment than those who did not. Children with idiopathic short stature on GH
treatment did not show an increased incidence (9.5/100,000 patient-yr). It is possible that
the increased incidence seen in patients with GH deficiency could be due to osteopenia
associated with delayed exposure to gonadal steroids contributing to instability of the
growth plate. Untreated hypothyroidism may also have been a contributing factor in one
patient (248).

SUMMARY

In summary, significant side effects of GH therapy are unusual. Although still in
investigation, it appears that in the absence of additional risk factors, there is no evidence
that long-term GH therapy increases the risk of developing diabetes, brain tumor recur-
rence, and leukemia. The possibility of a casual relationship of GH therapy with slipped
femoral epiphysis, as well as Perthes disease, scoliosis, kyphosis, and sleep apnea, has
not been established.

GH REPLACEMENT IN ADULTS

GH deficiency in adults is recognized as a clinical syndrome characterized by several
metabolic disturbances, which ameliorate with GH supplementation. Adults with GH
deficiency present with an abnormal body composition including increased subcuta-
neous and visceral fat mass, reduced extracellular fluid volume, and subnormal muscle
mass. In addition, low bone density, reduced cardiac performance, lipid abnormalities,
reduced physical performance, impaired cognitive function, and reduced quality of life
have been described (249,250). Changes in body composition have been reported in
adolescents with childhood-onset GH deficiency after discontinuing GH for one year
(251). These changes are characterized by an increment in the total body fat and by a
reduction of the resting metabolic rate.

There is clear evidence that GH improves body composition, exercise capacity and bone
mineral density in adults with GH deficiency (252,253). GH therapy in adults has shown
significant reduction of body fat (252), normalization of the lipid profile (253), increase
in muscle mass (254), and improvements in bone density (255,256), cardiac structure and
function (257), physical performance and exercise capacity, and cognitive function. The
effects appear to be sustained after long-term treatment (255). Considering these findings,
it seems advisable not to stop GH therapy in recipients who have reached their final height.
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Diagnosis of Adult GH Deficiency
Diagnosis of GH deficiency in childhood does not always indicate a similar diagnosis

in adulthood. Although children with panhypopituitarism, severe isolated GH deficiency,
or growth hormone deficiency associated with brain anomalies very likely will require
lifelong therapy, a high number of children with GH deficiency have no persistency of
this hormonal defect in adult life and do not require treatment. Thus, reassessment of the
GH status after discontinuing GH administration is recommended. Normalization of the
GH response to provocative testing has been reported in more than 20% of children with
diagnosis of severe GH deficiency (258) and up to 71% of those with partial GH defi-
ciency (259). Likewise, many adults with history of childhood-onset GH deficiency will
have a normal GH response to provocative stimuli. Longobardi et al. showed that 40%
of adult patients with prior diagnosis of isolated GH deficiency in childhood had a
normal GH response to a standard ITT (260).

Both the pediatric and the adult endocrinologist play an important role during the
transition of children with GH deficiency into adulthood (261). Currently, the diagnosis
of GH deficiency in adults is based on the GH peak-response to a provocative stimulus,
with the ITT being the stimulus of choice (262). A GH response less than 3 ng/L supports
the diagnosis. Serum IGF-I and IGFBP-3 have limited diagnostic accuracy. Normal
levels of IGF-I are frequently found in adults with GH deficiency, even in those with a
GH peak-response less than 3 ng/L (263). The sensitivity of this test seems to be better
in adults with childhood-onset GH deficiency. In this group of patients, concentrations
of IGF-I below 2 SD are frequently found (263,264).

CONCLUSIONS

Congenital anomalies or anything that damages the hypothalamus, pituitary stalk, or
pituitary gland can result in GH deficiency. It is now recognized that there are molecular
defects at multiple levels of the GH axis that can also result in growth hormone defi-
ciency. Diagnosis of GH deficiency, however, remains problematic. Once it is diag-
nosed, recombinant human growth hormone is a safe and effective treatment.
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DEFINITION AND CLASSIFICATION

Growth hormone insensitivity (GHI) is defined as the absence of an appropriate
growth and metabolic response to endogenous GH or to GH administered at physiologic
replacement dosage (1). Table 1 lists the known conditions associated with GH resis-
tance and their clinical and biochemical features. Only GH receptor (GH-R) deficiency
(GHRD) and GH-GHR signal transduction defects are appropriately described as pri-
mary GH resistance or insensitivity. Inability to generate insulin-like growth factor-I
(IGF-I) resulting from mutation of the IGF-I gene (2) and resistance to IGF-I due to
mutation of the IGF-I receptor (3) are properly considered primary IGF-I deficiency and
IGF-I resistance.

The conditions that have been associated with secondary or acquired GHI do not
consistently demonstrate elevated serum GH concentrations, low levels of IGF-I, or
even growth failure. Acquired GH resistance occurs in some patients with GH gene
deletion for whom injections of recombinant human GH stimulate the production of GH
inhibiting antibodies; such patients have extremely low or unmeasurable serum concen-
trations of GH (4). Growth failure associated with chronic renal disease is thought to be
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Table 1
Conditions Characterized by Unresponsiveness

to Endogenous or Exogenous Growth Hormone: Clinical and Biochemical Features

Clinical Biochemical

GH deficiency
Condition Growth Failure phenotype GH GHBP IGF-I IGFBP-3

IGF-I gene deletion severe (with IUGR) no increased normal absent normal
IGF-I receptor deficiency severe (with IUGR) no increased normal increased increased
Primary GH insensitivity

GHR deficiency/autosomal severe yes increased (child) absent/low/ markedly decreased
recessive forms normal/elevated normal decrease

(adult) increased
GHR deficiency/dominant moderate no or mild elevated 2 × normal marked low normal
negative forms decrease
GH–GHR signal transduction severe (Arab) yes (Arab) elevated normal marked normal (Arab)
defect moderate (Pakistani) no (Pakistani) decrease low (Pakistani)

Acquired GH insensitivity
GH inhibiting antibodies severe yes absent normal marked decreased

decrease
Malnutrition none to mild no increased decreased variable normal or

decreased
Diabetes mellitus none to mild no increased decreased decreased increased
Renal disease mild to severe no normal decreased normal increased
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related to increased concentrations of IGF binding proteins (IGFBP) with normal or
elevated GH and usually normal total IGF-I levels (5). Malnutrition and other catabolic
states that have been associated with GHI may be teleologically similar to the
nonthyroidal illness (sick euthyroid) syndrome (6).

THE GH-IGF-I AXIS

GH synthesis and secretion by the anterior pituitary somatotrophs is under the control
of stimulatory GH releasing hormone (GHRH) and inhibitory somatostatin (SST) from
the hypothalamus (Fig. 1). The stimulation and suppression of GHRH and SST result
from a variety of neurologic, metabolic, and hormonal influences. Of particular impor-
tance to discussions of GHI is the feedback stimulation of SST by IGF-I, with resultant
inhibition of GH release (1,7).

GH bound to the soluble GH binding protein (GHBP) in the circulation is in equilib-
rium with approximately equal amounts of free GH. Because the binding sites for the
radioimmunoassay of GH are not affected by the GHBP, both bound and unbound GH
are measured (8). GHBP is the proteolytic cleavage product of the full-length membrane
bound receptor molecule in humans (9). This characteristic permits the assay of circu-

Fig. 1. Simplified diagram of the GH-IGF-I axis involving hypophysiotropic hormones controlling
pituitary GH release, circulating GH binding protein and its GH receptor source, IGF-I and its largely
GH-dependent binding proteins, and cellular responsiveness to GH and IGF-I interacting with their
specific receptors. Reprinted from Trends Endocrinol Metab, vol 5, Rosenbloom AL, Guevara-Aguirre
J, Rosenfeld RG, Pollock BH. Growth in growth hormone insensitivity, pp 296–303, 1994, with kind
permission from Elsevier Science Ltd, The Boulevard, Langford Lane, Kidlington OX5 1GB, UK.
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lating GHBP as a measure of cellular bound GHR, which usually correlates with GHR
function (2,10).

The GH molecule binds to a molecule of cell surface GHR at a unique binding site,
which then dimerizes with another GHR molecule at a second binding site in the extracel-
lular domain, so that a single GH molecule is enveloped by two GHR molecules (11). The
intact receptor lacks tyrosine kinase activity, but is closely associated with JAK2, a mem-
ber of the Janus kinase family. JAK2 is activated by binding of GH with the GHR dimer,
which results in self phosphorylation of the JAK2 and a cascade of phosphorylation of
cellular proteins. Included in this cascade are signal transducers and activators of tran-
scription (STATs), which couple ligand binding to the activation of gene expression, and
mitogen activated protein kinases (MAPK). Other effector proteins have also been exam-
ined in various systems. This is a mechanism typical of the growth hormone/prolactin/
cytokine receptor family that includes receptors for erythropoietin, interleukins, and other
growth factors (8)

The effect of GH on growth is indirect, via stimulation of IGF-I production, primarily
in the liver (12). Hepatic IGF-I circulates almost exclusively bound to IGFBPs, less than
1% being unbound. The IGFBPs are a family of six structurally related proteins with a
high affinity for binding IGF. At least four other related proteins with lower affinity for
IGF peptides have been identified and are referred to as IGFBP-related proteins (13).
IGFBP-3 is the most abundant IGFBP, binding 75–90% of circulating IGF-I in a large
(150–200 kDa) complex which consists of IGFBP-3, an acid labile subunit (ALS), and
the IGF molecule. Both ALS and IGFBP-3 are produced in the liver as a direct effect of
GH. The remainder of bound IGF is in a 50-kD complex largely with IGFBP-1 and IGFBP-
2. IGFBP-1 production is highly variable, with the highest concentrations in the fasting,
hypoinsulinemic state. The circulating concentration of IGFBP-2 is less fluctuant and is
partly under the control of IGF-I; levels are increased in GHR deficient states, but
increase further with IGF-I therapy of such patients (7,14).

The IGFBPs modulate IGF action by controlling storage and release of IGF-I in the
circulation, by influencing the binding of IGF-I to its receptor, by facilitating storage of
IGFs in extracellular matrices, and by independent actions. IGFBPs 1, 2, 4, and 6 inhibit
IGF action by preventing binding of IGF-I with its specific receptor. The binding of
IGFBP-3 to cell surfaces is thought to decrease its affinity for IGF-I, effectively deliv-
ering the IGF-I to the type 1 IGF receptor. IGFBP-5 potentiates the effects of IGF-I in
a variety of cells; its binding to extracellular matrix proteins allows fixation of IGFs and
enhances IGF binding to hydroxyapatite. IGFs stored in such a manner in soft tissue may
enhance wound healing. IGF independent mechanisms for IGFBP-1 and IGFBP-3 pro-
liferative effects have been demonstrated in vitro and nuclear localization of IGFBP-3
has been reported. Cell surface association and phosphorylation of IGFBP determine the
influence of IGFBPs. Specific protease activity, particularly affecting IGFBP-3, is also
important in the modulation of IGF action in target tissues. IGFBP-3 specific proteolytic
activity may alter the affinity of the binding protein for IGF-I, resulting in release of free
IGF-I for binding to the IGF-I receptor (7,12).

Autocrine and paracrine production of IGF-I occurs in tissues other than the liver. In
growing bone, GH stimulates differentiation of pre-chondrocytes into chondrocytes able
to secrete IGF-I, stimulating clonal expansion and maturation of the chondrocytes, with
growth. It is estimated that approximately 20% of GH stimulated growth results from this
autocrine-paracrine IGF-I mechanism (15).
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DISCOVERY OF LARON SYNDROME AND PRE-MOLECULAR STUDY

Following the initial report (16) of three Yemenite Jewish siblings, “with hypoglyce-
mia and other clinical and laboratory signs of growth hormone deficiency, but with
abnormally high concentrations of immunoreactive serum growth hormone,” 22 patients
were reported from Israel, all Oriental Jews, with an apparent autosomal recessive mode
of transmission in consanguineous families (17). These reports preceded the recognition
of the critical role of cell surface receptors in hormone action and it was postulated that
the defect was in the GH molecule that these patients produced. This impression was
substantiated by the observation of free-fatty acid mobilization, nitrogen retention, and
growth in patients being administered exogenous GH (16,17). These effects may have
been due to other pituitary hormones in the crude extracts administered or to nutritional
changes in the investigative setting.

In the first patient reported outside of Israel, in 1968, there was no response to exog-
enous GH, leading to the hypothesis that the defect was in the GH receptor (18). This
hypothesis was substantiated by the failure to demonstrate sulfation factor activation
(subsequently identified as IGF-I) with exogenous GH administration, reported in 1969
(19) and reports in 1973 and 1976 that the patients’ GH was normal on fractionation,
normal in its binding to antibodies, and normal in its binding to hepatic cell membranes
from normal individuals (20–23). In vitro demonstration of cellular unresponsiveness to
GH was demonstrated by the failure of erythroid progenitor cells from the peripheral
blood of two patients to respond to exogenous GH (24). The failure of radioiodine
labelled GH to bind to liver cell microsomes obtained from biopsy of two patients with
Laron syndrome confirmed that the defect was in the GHR (25).

Just before the report that human circulating GHBP was the extracellular domain of
the cell surface GHR (9), two reports appeared indicating that GHBP was absent from
serum of patients with Laron syndrome (26,27).

 THE MOLECULAR BASIS OF GHI

The GHR Gene
The GHR gene is on the proximal short arm of chromosome 5, spanning 86 kilobase

pairs. The 5' untranslated region (UTR) is followed by 9 coding exons. Exon 2 encodes
the last 11 base pairs of the 5'-UTR sequence, an 18 amino acid signal sequence, and the
initial 5 amino acids of the extracellular hormone binding domain. Exons 3–7 encode the
extracellular hormone binding domain, except for the terminal 3 amino acids of his
domain, which are encoded by exon 8. Exon 8 further encodes the 24 amino acid
hydrophobic transmembrane domain and the initial 4 amino acids of the intracellular
domain. Exons 9 and 10 encode the large intracellular domain. Exon 10 also encodes the
2 kb 3'-UTR (10).

GHR Gene Mutations

The initial report of the characterization of the GHR gene described non-contiguous
deletion of exons 3, 5, and 6 in two Israeli patients with Laron syndrome (28). The
deletion of exon 3 has subsequently been shown to be an alternatively spliced polymor-
phism, rather than a functional component of the defect (29). Only four Israeli patients
have been described as homozygous for this mutation and a fifth was heterozygous (with,
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apparently, a different mutation of the other allele), among over 30 Oriental Jewish
patients in Israel, indicating heterogeneity for the genetic defect in the GHR within an
ethnically homogeneous population (30). No other exon deletions have been described
in patients with GHI, but 38 additional defects of the GHR gene have been described in
association with GHI, including 8 nonsense mutations, 14 missense mutations, 5 frame
shift mutations, 10 splice mutations, and a unique intronic mutation resulting in insertion
of a pseudo-exon (10,31). The functional insignificance of exon 3 is emphasized by the
fact that no mutations affecting this exon have been associated with GHI. Neither have
functional mutations been described in exon 2. A number of other mutations have been
described which are either polymorphisms or have not occurred in the homozygous or
compound heterozygous state (30).

Only 3 of the homozygous or compound heterozygous defects that have been described
thus far do not result in the expected absent or extremely low levels of GHBP. The
D152H missense mutation occurs at the GHR dimerization site, with normal production
and GH binding of the extracellular domain, but failure to dimerize at the cell surface.
Thus, despite failure of GHR function, circulating concentrations of GHBP are normal.
High concentrations of GHBP in serum occur with the splice mutations that are close to
(G223G) or within (R274T) the transmembrane domain. These defects interfere with the
normal splicing of exon 8, which encodes the transmembrane domain; the mature GHR
transcript is translated into a truncated protein that retains GH binding activity but cannot
be anchored to the cell surface (30).

Several heterozygous mutations of the GHR have been proposed as causative of
moderate growth failure with absence of other clinical characteristics of GHI (32–35),
but the heterozygous effects of only two cytoplasmic domain defects have been sup-
ported by biochemical findings and in vitro experimentation. A Caucasian mother and
daughter and Japanese siblings and their mother with moderate short stature were het-
erozygous for an intronic splice mutation preceding exon 9 and a point mutation of the
donor splice site in intron 9 of the GHR gene, respectively, resulting in an extensively
attenuated, virtually absent intracellular domain (36,37). Individuals with these het-
erozygous defects produce both normal and abnormal GHR protein, giving three pos-
sible types of GHR dimerization: a fully functional unit formed from two normal GHR
molecules, a heterodimer of unknown functional capacity comprised of a mutant and
normal molecule, or a nonfunctional homodimer formed by two mutant GHR molecules
lacking a cytoplasmic domain. The normal function of some of these dimers was dem-
onstrated in the affected Japanese mother and her two children by a substantial increase
in the subnormal IGF-I levels following 3 d of GH injection (37).

When these heterozygote GHR mutants were transfected into permanent cell lines,
they demonstrated increased affinity for GH compared to the wild-type full-length GHR
and markedly increased the production of GHBP. A dominant negative effect occurred
when the mutant was co-transfected with full-length GHR, the result of overexpression
of the mutant GHR and inhibition of GH-induced tyrosine phosphorylation and tran-
scription activation (36,38). Naturally occurring truncated isoforms have also shown
this dominant negative effect in vitro (39–41).

There is no convincing clinical or experimental evidence for any mutation involving
the extracellular or transmembrane domains of the GHR having a deleterious effect in
the heterozygous state, either as an isolated occurrence, or in the carrier relatives of
individuals with GHI (7,32,33,42–44).
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In the largest cohort of GHI due to GHRD, that from Ecuador comprising 71 patients,
all but one subject have the E180 splice mutation, which is shared with at least one Israeli
patient of Moroccan heritage (45). Only four of the other reported defects are not family-
or ethnicity-specific. The R43X mutation, two other nonsense mutations (C38X, R217X),
and the intron 4 splice mutation have been described in disparate populations, on differ-
ent genetic backgrounds, indicating that these are mutational hotspots (30).

A novel intronic point mutation was recently described in a highly consanguineous
family with two pairs of affected cousins with GHBP-positive GHI. This mutation
resulted in a 108 bp insertion of a pseudoexon between exons 6 and 7, predicting an
in-frame, 36 residue amino acid sequence. This is a region critically involved in receptor
dimerization (31).

Mutation of the GHR has been identified in fewer than half of the patients with GHRD
outside of Ecuador; thus, it is likely that the list of mutations will continue to grow and
provide further insight into the function of the GHR.

GH-GHR Signal Transduction Abnormality

The full clinical picture of Laron syndrome, with elevated circulating concentrations
of GH, was seen in Arab siblings with apparently normal binding of GH to the GHR,
inferred from normal serum concentrations of GHBP and IGFBP-3 (46). A failure of
GH-GHR signal transduction was also been proposed to explain short stature in four
GHBP positive children from two unrelated Pakistani families (47). The Pakistani
patients differed from the Arab children in having low serum concentrations of IGFBP-3.
In one family, there were severe and typical phenotypic features of GH deficiency, and
the defect was thought to be close to the GHR, preventing activation of both the STAT
and MAPK pathways demonstrated in cultured fibroblasts. In the other family, there was
a less marked phenotype and a defect in activation of MAPK, but not the STAT pathway
in cultured fibroblasts from the patients (48).

EPIDEMIOLOGY

Geographic and Ethnic Distribution
Ethnic origin is known for over 90% of the ~260 reported cases of GHRD; it is likely

that an equal number are not reported (30). Nearly 50% are Oriental Jews as described
in the original reports (15,16), or known descendants of Iberian Jews who converted to
Catholicism during the Spanish Inquisition. The latter comprise the largest (n = 71) and
only genetically homogenous patient group. The finding of a Jewish patient of Moroc-
can origin with the same mutation as the Ecuadorian patients supports the hypothesis
that this mutation was brought to the New World by Spanish conversos (new Christians)
fleeing the Inquisition (45). Thus far, there is no explanation for the middle eastern
predominance of this condition, although the high frequency of consanguinity in Arab
and traditional Jewish populations is certainly a factor. Nearly 90% of patients are either
Oriental Jews, Arabs, or other middle easterners, from elsewhere in the Mediterranean
area, or from the Indian subcontinent. Many of those from other parts of the world may
have middle eastern Semitic origins. The small numbers of non-Semitic, non-Mediter-
ranean, non-Indian patients include a genetic isolate of Anglo-Saxons from a Bahamian
island, five Africans, five Japanese, two siblings from Cambodia, a Vietnamese, and
several from northern Europe (10).
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Morbidity and Mortality
The only available report of the effect of GHRD on mortality comes from the Ecua-

dorian population (49). Because families in the relatively small area from which the
Ecuadorian patients originate had intensive experience with this condition, lay diagno-
sis was considered reliable. Of 79 affected individuals for whom information could be
obtained, 15 (19%) died under 7 yr of age, as opposed to 21 out of 216 of their unaf-
fected siblings (9.7%, p < 0.05). The kinds of illnesses resulting in death, such as
pneumonia, diarrhea, and meningitis, were no different for affected than for unaffected
siblings.

The complete lifespan included in the Ecuadorian cohort provided an opportunity to
look at adult mortality risk factors. This is of interest because GHD in adults is asso-
ciated with premature atherosclerosis and increased cardiovascular mortality, with GH
replacement therapy improving the risk factors of hyperlipidemia and obesity (50).
Twenty-three adults with GHD had elevated cholesterol levels, normal HDL-choles-
terol (HDL-C) levels, elevated LDL-cholesterol (HDL-C) levels, and normal triglyc-
erides compared to relatives and non-related community controls. It was postulated
that the effect of IGF-I deficiency due to GHRD was to decrease hepatic clearance of
LDL-C, since the triglyceride and HDL-C levels were unaffected. This effect was
independent of obesity or IGFBP-1 levels, which were used as a surrogate for insulinemia
(50). The key pathogenic factor was thought to be the absence of GH induction of LDL
receptors in the liver (51).

Of 8 Ecuadorian patients over 50 yr of age followed for greater than 7 yr, 2 died of
heart disease, an uncommon problem in the Andean setting (48). This might suggest
comparable increased cardiovascular risk to that seen with GHD in adults.

CLINICAL FINDINGS (TABLE 2)

Growth
Many, if not most, patients with GHI due to GHRD have normal intrauterine growth

(1). Children with GH gene deletion also have normal intrauterine growth despite total
absence of endogenous GH (4). Nonetheless, IGF-I is required for normal intrauterine
growth as demonstrated by patients with intrauterine growth retardation with a proven
IGF-I gene defect (2) or IGF receptor mutation (3). Thus, this intrauterine IGF-I synthe-
sis does not appear to be GH dependent.

Standard deviation score (SDS) for length declines rapidly after birth (Fig. 2) indicat-
ing the GH dependency of extra-uterine growth. Growth velocity with severe GHD or
GHI is approximately half normal (Fig. 3). Occasional periods of normal growth velocity
may be related to improved nutrition.

Despite normal sexual maturation, the pubertal growth spurt is minimal or absent, as
documented in the most extensive available data, from Israel and Ecuador (1,53). The
adolescent growth spurt is GH dependent, reflected in significantly elevated circulating
levels of GH and IGF-I compared to preadolescence and adulthood (54). Among 24
Israeli patients followed from infancy to adulthood, persistent growth beyond the normal
time of adolescence was seen only in boys. In the Ecuadorian population, girls also
showed this phenomenon (Fig. 3). Adult stature in GHRD varies from –12 to –5.3 SDS
in Ecuadorian patients and –9 to –3.8 SDS in others in the literature, using the US
standards (1). This is a height range of 95–124 cm for women and 106–141 cm for men
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Fig. 2. Length standard deviation scores of nine girls from Ecuador (open circles, solid lines) and
two brothers from southern Russia (solid circles, dashed lines) with known birth lengths, fol-
lowed over the first 2–3 yr of life. Reprinted from Trends Endocrinol Metab, vol 5, Rosenbloom AL,
Guevara-Aguirre J, Rosenfeld RG, Pollock BH. Growth in growth hormone insensitivity, pp 296–303,
1994, with kind permission from Elsevier Science Ltd, The Boulevard, Langford Lane, Kidlington
OX5 1GB, UK.

Fig. 3. Growth velocities of 30 Ecuadorian patients (10 males) with GH receptor deficiency;
repeated measures were at least 6 mo apart. Third and 50th percentiles are from: Tanner JM,
Davies PSW: Clinical longitudinal standards for height and height velocity for North American
children. J Pediatr 1985;107:317–328. Reprinted from Trends Endocrinol Metab, vol 5, Rosenbloom
AL, Guevara-Aguirre J, Rosenfeld RG, Pollock BH. Growth in growth hormone insensitivity, pp 296–
303, 1994, with kind permission from Elsevier Science Ltd, The Boulevard, Langford Lane, Kidlington
OX5 1GB, UK.
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in the Ecuadorian population. This wide variation in the effect of GHRD on stature was
not only seen within the population but also within affected families, and this intrafamilial
variability has also been described with severe GHD due to GH gene deletion (4).

Some patients with GHRD may have an appetite problem in addition to their IGF-I
deficiency. Crosnier  et al. (55) studied a child aged 3 1/2 yr with GHRD who had severe
anorexia. With his usual intake of approx 500 kcal/d, he grew at a rate of 2 cm/yr. With
moderate hyperalimentation to approx 1300 kcal/d, growth rate increased to 9 cm/yr
without significant change in plasma IGF-I level. The hyperalimentation period was

Table 2
Clinical Features of Severe IGF-I Deficiency

Resulting from GH Deficiency or GH Receptor Deficiency

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

Craniofacial Characteristics

• Sparse hair before age 7; frontotemporal hairline recession all ages
• Prominent forehead
• Head size more normal than stature with impression of large head
• “Setting sun sign” (sclera visible above iris at rest) 25% < 10 yr of age
• Hypoplastic nasal bridge, shallow orbits
• Decreased vertical dimension of face
• Blue scleras
• Prolonged retention of primary dentition with decay; normal permanent teeth, may be

crowded; absent 3rd molars
• Sculpted chin
• Unilateral ptosis, facial asymmetry (15%)

Musculoskeletal/Body Composition

• Hypomuscularity with delay in walking
• Avascular necrosis of femoral head (25%)
• High pitched voices in all children, most adults
• Thin, prematurely aged skin
• Limited elbow extensibility after 5 years of age
• Children underweight to normal for height, most adults overweight for height; markedly

decreased ratio of lean mass to fat mass, compared to normal, at all ages
• Osteopenia indicated by DEXA

Metabolic

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

Sexual Development

• Small penis in childhood; normal growth with adolescence
• Delayed puberty
• Normal reproduction



Chapter 2 /GH Insensitivity 47

associated with an increase in the IGFBP-3 bands on Western ligand blots, from total
absence in the anorexic period to levels comparable to those seen in GHD. The catch-up
growth noted could not be explained by hyperinsulinism, which has provided the expla-
nation for accelerated or normal growth in children with GHD and obesity following
removal of a craniopharyngioma. There was no appreciable increase in circulating basal
or stimulated insulin during the hyperalimentation. In this patient, there was speculation
that a nutrition dependent autocrine/paracrine increase in IGF-I concentration at the
cartilage growth plate might have occurred independent of the GHR. Not considered at
the time was the possibility that IGFBP-3 itself might have growth promoting effects.
The importance of adequate nutrition for catch-up growth was emphasized by this study,
reinforcing the notion that normal periods of growth in patients with GHRD without
IGF-I replacement therapy, as noted in Figure 3, might be explained by periods of
improved nutrition alone.

Craniofacial Characteristics
Affected children are recognized by knowledgeable family members at birth because

of craniofacial characteristics of frontal prominence, depressed nasal bridge, and sparse
hair, as well as small hands or feet, and hypoplastic fingernails (Fig. 4). Decreased
vertical dimension of the face is demonstrable by computer analysis of the relationships
between facial landmarks and is present in all patients when compared with their rela-
tives (Fig. 5) including those with normal appearing facies (Fig. 6) (56). Blue scleras, the
result of decreased thickness of the scleral connective tissue, permitting visualization of
the underlying choroid, were originally described in the Ecuadorian population, and
subsequently recognized in other populations with GHRD, as well as in GHD (57,58).
Unilateral ptosis and facial asymmetry may reflect positional deformity due to decreased
muscular activity in utero, although mothers do not recognize decreased fetal movement
in pregnancies with affected infants (59).

Musculoskeletal and Body Composition
Hypomuscularity is apparent in radiographs of affected infants, and is thought to be

responsible for delayed walking despite normal intelligence and timing of speech onset
(59). Radiographs of the children also suggest osteopenia; dual photon absorptiometry
and dual energy x-ray absorptiometry in children and adults confirm this. A study of
dynamic bone histomorphometry in adults with GHRD demonstrated normal bone
volume and formation rate, with reduction in trabecular connectivity. This study
suggested that some of densitometry findings were artifactual, based on small bone
size (60).

Limited elbow extensibility seen in most patients over 5 yr of age in the Ecuadorian
population is an acquired characteristic, absent in younger children and increasing in
severity with age (57,59). This feature is not peculiar to the Ecuadorian population or to
IGF-I deficiency due to GHRD, recently confirmed by a Brazilian patient with GHRD
with limited elbow extension (61) and observing this finding in all but the youngest
patient in a family with eight individuals affected by multiple pituitary deficiencies (58).
The cause of this elbow contracture is unknown.

Although children appear overweight, they are actually underweight to normal weight
for height, while most adults, especially females, are overweight with markedly
decreased lean to fat ratios (59).
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Fig. 4. Front and profile views of 4-mo-old girl, homozygous for the E180 splice mutation of the
GHR, demonstrating paucity of hair, prominent forehead, hypoplastic nasal bridge, shallow
orbits, and reduced vertical dimension of the face, and profile view of a three-year-old patient
from the initial report of Laron syndrome (6), demonstrating persistence of these features, and
striking similarity with different genetic mutations. Reprinted from Trends Endocrinol Metab,
vol 9, Rosenbloom, AL, Guevara-Aguirre J. Lessons from the genetics of Laron syndrome, pp
276–283, 1998, with kind permission from Elsevier Science Ltd, The Boulevard, Langford Lane,
Kidlington OX5 1GB, UK.

Fig. 5. Comparisons of facial appearance between 52-yr-old patient (right upper panel) and her
76-yr-old mother (left upper panel) and 9-yr-old patient (right lower panel) and his 11-yr-old unaf-
fected brother (left lower panel). Photos were taken at exactly the same distances. Note strong familial
similarity but marked difference in facial dimensions. Reproduced from (59) with permission from
Karger AG, Basel, Switzerland.
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Fig. 6. Two women and two men from Ecuador with growth hormone receptor deficiency result-
ing from the E180 splice mutation of the GH receptor, demonstrating variation in craniofacial
effects. From left to right, a 17-yr-old woman with height standard deviation score (SDS) –7.8,
two years after menarche and a year after she stopped growing, a 19-yr-old woman 4 yr post-
menarcheal with height SDS –6.5 (tallest female in the cohort), a 21-yr-old man with height SDS
–7.6, and a 28-yr-old man with height SDS –9.2. Reprinted from Hormone and Metabolic
Research, Volume 31. Rosenbloom AL. IGF-I deficiency due to GH receptor deficiency. Pages
161–171. Copyright 1999, with permission from Georg Thieme Verlag Stuttgart-New York.

Reproduction

Severe GHD is associated with small penis size with normal penile growth at adoles-
cence or with testosterone treatment in childhood. This is also true of GHRD. Although
puberty may be delayed 3–7 yr in some 50% of individuals, there is normal adult sexual
function with documented reproduction by males and females (49). Females require
C-section delivery.

Intellectual and Social Development

Intellectual impairment was originally considered a feature of the Laron syndrome
(62). Among 18 affected children and adolescents administered the Wechsler Intelli-
gence Scale for Children, only 3 had IQs within the average range (90–110); of the
remaining 15 subjects, 3 were in the low average range (80–89), 3 in the borderline range
(70–79) and 9 in the intellectually disabled range (<70). These studies were done without
family controls, so that the possibility of other factors related to consanguinity that might
affect intellectual development could not be addressed. In a followup study 25 years
later, the investigators re-examined 8 of the original 18 patients and 4 new patients with
GHRD, excluding 5 patients with mental disabilities who were in the original study (63).
This group had mean verbal and performance IQs of 86 and 92 on the Wechsler scale
without evidence of visual motor integration difficulties noted in the earlier group, but
a suggestion of deficient short term memory and attention. The investigators hypoth-
esized that early and prolonged IGF deficiency might impair normal development of the

GUEST
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central nervous system, or that hypoglycemia common in younger patients may have had
a deleterious effect.

The recent description of intellectual impairment with severe IGF-I deficiency due
to partial deletion of the IGF-I gene added concern about potential effects of severe IGF-I
deficiency in utero (2). Nonetheless, patients with GH gene deletion and severe IGF-I
deficiency have not been intellectually impaired (4), nor have those with severe
IGF-I deficiency due to molecular defects in the GHRH-R (64). Sporadic anecdotal
reports of patients with GHRD suggested a normal range of intelligence. The collective
data from the European IGF-I treatment study group, which includes a wider range of
clinical abnormality than either the Ecuadorian or Israeli population, notes a mental
retardation rate of 13.5% among 82 patients, but formal testing was not carried out (65).
Here again, the high rate of consanguinity was proposed as a possible explanation;
hypoglycemia could not be correlated with these findings.

In the Ecuadorian population, exceptional school performance was reported among
51 affected individuals of school age or older who had attended school, with 44 typically
in the top 3 places in their classes and most thought to be as bright or brighter than the
smartest of their unaffected siblings (66).

The first controlled documentation of intellectual function in a population with GHRD
was in the Ecuadorian patients, a study of school age individuals compared to their close
relatives and to community controls. No significant differences in intellectual ability
could be detected among these groups, using non-verbal tests with minimal cultural
limitations. It was hypothesized that the exceptional school performance in this popu-
lation might have been related to the lack of social opportunities due to extreme short
stature, resulting in greater devotion to studies and superior achievement in school for
IQ level (67).

The clinical findings of intellectual impairment with IGF-I gene deletion (2) and
intellectual normality with GHRD is consistent with gene disruption studies in mice. The
IGF-I deleted mouse is neurologically impaired, while the GHRD mouse is behaviorally
normal (68,69). Thus, GHD dependent IGF-I production is not necessary for normal
brain development and function.

BIOCHEMICAL FEATURES
Growth Hormone

Affected children have random GH levels that are greater than 10 ng/ml and may be
as high as 200 ng/mL, with enhanced responsiveness to stimulation and paradoxical
elevations following oral and intravenous glucose, as is seen in acromegaly (7,48). The
GH levels show normal diurnal fluctuation. Twenty-four-h profiles demonstrate marked
GH variability among adult patients with suppression by exogenous recombinant human
IGF-I (14). Thus, the normal sensitivity of the GH secretion is preserved, despite lifelong
elevated GH levels and lack of feedback suppression from IGF-I.

Postpubertal patients may have normal or elevated basal levels of GH but invariably
demonstrate hyper-responsiveness to stimulation, which is all the more impressive con-
sidering their obesity, which suppresses GH responses in normal individuals. In the
Ecuadorian population, mean basal GH level in adults was significantly lower than that
in children (11 ± 11 ng/mL vs 32 ± 22 ng/mL, p < 0.0001). This is thought to be related
to the greater, though still markedly abnormal, IGF-I levels in the adults, resulting in
some feedback inhibition of GH secretion (7,49).
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Growth Hormone Binding Protein

Absence of GHBP in the circulation was initially considered a requirement for the
diagnosis of GHRD, along with the clinical phenotype, very low concentrations of
IGF-I and IGFBP-3, and elevated (in children) or normal to elevated (in adults) GH
levels. Chromatographic analysis for serum GHBP, however, showed measurable though
reduced levels in a number of patients. The ligand mediated immunofunction assay
(LIFA) used to measure GHBP serum levels since 1990, uses an anti-GH monoclonal
antibody to measure the amount of GH bound to GHBP. As a largely functional assay,
this should not detect structurally abnormal though expressed GHBP (7).

As noted above, certain genetic defects in the GHR, those affecting dimerization or
anchoring of the GHBP to the cell membrane and dominant negative mutations of the
cytoplasmic domain, can result in normal or elevated GHBP levels. In the Ecuadorian
population, despite in vitro evidence for failure of production of normally spliced recep-
tor, 4 children and 4 adults out of 49 patients had serum GHBP levels higher than 40%
of the sex specific lower limit for controls and 1 adult male had a level in the lower
portion of the normal adult male range. The presence or amount of GHBP measured did
not relate to stature (59). There were no age-dependent changes, indicating that the
difference in IGF values between children and adults was not related to the GHBP levels
and the GHBP levels did not correlate with stature or with serum IGF-I levels. Although
finding extremely low or undetectable levels of GHBP serves as an important diagnostic
feature, it is not a sine qua non for the diagnosis of GHRD.

Insulin-Like Growth Factors

The lowest serum levels of IGF-I are seen in severe congenital defects in GH synthesis
(GH gene deletion, GHRH-R deficiency), with deletion of the IGF-I gene, and with
GHRD. IGF-II is not as severely suppressed, its reduction likely related to diminution
of GHBP-3 rather than to decreased synthesis. In chronic disease states associated with
acquired GHI, IGF-I levels are more likely to be reduced than are concentrations of
IGF-II and IGFBP-3 (7).

Among 50 Ecuadorian patients homozygous for the E180 splice-site mutation, IGF-I
levels were significantly greater in adults 16–67 yr of age (n = 31, 25 ± 19 µg/L) than in
the 19 subjects under 16 y of age (3 ± 2 µg/L, p < 0.0001), although still markedly below
the normal range of 96–270 µg/L. The children’s levels were too low to correlate with
stature, but in the adults IGF-I levels correlated inversely with statural SDS with a coeffi-
cient of 0.64 (p < 0.001). IGF-II levels in adults were also significantly greater than in children
(151 ± 75 µg/L vs 70 ± 42 µg/L, normal 388 to 792 µg/L, p < 0.0001). The correlation
between serum IGF-I and IGF-II levels was highly significant, r = 0.53, p < 0.001. With
no indication of age difference in GHBP levels, the increased levels of IGF-I and -II with
adulthood suggest effects on synthesis of these growth factors which are not mediated
through the GHR and are presumably under the influence of sex steroids. This hypothesis
was challenged by findings in patients with GHRH resistance due to mutation of the
GHRH receptor. Sexually mature individuals with severe short stature from GH defi-
ciency resulting from GHRH receptor mutation and affected children have comparably
very low IGF-I (and IGFBP-3) serum concentrations (64). The correlation of IGF-I
levels with stature in adults with GHRD indicates that, despite the markedly low levels,
the influence of IGF-I on stature remains important in these subjects.
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IGF Binding Proteins

In IGF deficiency states that are the result of GHD or GHRD, IGFBP-3 is reduced, and
in children and adults with GHRD this reduction correlates with statural impairment (1).
In renal disease, elevated IGFBP-3, as well as IGFBP-1 and IGFBP-2, are thought to
impair the delivery of normal levels of IGF-I (5).

Short term and extended treatment of GHI with IGF-I has failed to result in increases
in IGFBP-3 (14,70–74), whereas treatment of GHD with recombinant human GH
restores levels to normal. This indicates that IGFBP-3 production is under the direct
influence of GH.

IGFBP-I is elevated in GHD and GHRD; in GHRD it is the most abundant IGFBP and
is strongly inversely related to insulinemia. IGFBP-2 is present at a mean 300% of
control concentrations in children with GHRD and 175% of control in affected adults,
a significant difference. The IGFBP-3 levels in adults with GHRD are significantly
greater than those in affected children (75).

DIAGNOSTIC ISSUES IN GH RESISTANCE

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

• Height > 3 SD below mean height for age
• Basal GH > 2.5 µg/L
• Basal IGF-I <50 µg/L
• Basal IGFBP-3 < –2 SD
• IGF-I rise with GH (0.05 mg/kg/d × 4 d) < 15 µg/L
• IGFBP-3 rise with GH stimulation < 0.4 mg/L
• GH binding < 10% (based on binding of 125I-hGH)

A score of 5 out of the possible 7 was considered diagnostic for GHR deficiency. This
standard resulted in identification of 82 patients from 22 countries who reflect a wide
variability for each criterion. Particularly noteworthy was that height SDS range was up
to –2.2 (76). These criteria recognize the age and sex (after age 7 yr) variation of IGFBP
3 by using a standard of < –2 SD but, oddly, designate a fixed standard for IGF-I which
is within the range of normal for children under age 7 (Table 3).

As noted above, the presence of a homozygous mutation or a compound heterozygous
mutation affecting the GHR usually provides definitive diagnosis. Thirty-one of the 82
patients reported by Woods et al. (65) had a genetic study of the GHR, of whom 27 had
abnormalities affecting both alleles of the GHR gene, in association with clinically and
biochemically unequivocal GHRD. Identification of heterozygous mutations, however,
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is not necessarily helpful because, as noted earlier, polymorphisms have been described
that appear to have no phenotypic consequences.

Partial GH Resistance
It is reasonable to consider that, as with GH deficiency, GH resistance might be

expected to occur in an incomplete form, as is also seen with insulin resistance, androgen
insensitivity, and thyroid hormone resistance. Affected children might have growth
failure with normal or slightly increased GH secretion, low normal or slightly decreased
GHBP levels, decreased IGF-I concentrations, but not as severely reduced as in complete
GHD or GHRD, and they might respond to supraphysiologic doses of GH. It might also
be expected, given the need for dimerization of the GHR for signal transduction, that
certain mutations could have a dominant negative effect in the heterozygous state. As
noted above, two such defects have been described. GHBP concentrations are low in
children with idiopathic short stature (ISS, i.e., short children without a recognizable
syndrome or GHD). Using a ligand mediated immunofunction assay Goddard et al. (35)
studied a large number of short children with known causes of growth failure such as
GHD and Turner syndrome, or ISS, and compared their GHBP concentrations in serum
to those of normal controls. Ninety percent of the children with ISS had GHBP concen-

Table 3
 Reference Values(ng/mL) for IGF-I

and IGFBP-3 According to Age and Sex (AfterAge 7 yr-F/M)a

Age (yr) Mean IGF-I –2 SD IGF-I Mean IGFBP-3 –2 SD IGFBP-3

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

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

aAdapted from the Meet-the-Professor session handouts for The Endocrine Society 81st Annual
Meeting, June 12–15 1999. Clinical Utility of IGF and IGFBP Measurements by Ron G. Rosenfeld, MD.
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trations below the control mean and nearly 20% had concentrations that were two stan-
dard deviations or more below the normal mean for age and sex. To explore the possi-
bility that these low GHBP concentrations might indicate partial GHI, molecular genetic
analysis was done in 14 children with ISS who had low GHBP concentrations and normal
GH secretion. Five GH receptor mutations were detected in four children. In one patient,
there was compound heterozygosity involving mutations in exons 4 and 6. The other 3
patients were heterozygous for mutations in the GHR with no defects in the other allele.
The method used could have missed additional mutations and there might also be
involvement of the regulatory domains of the GHR. None of these patients had the
clinical phenotype of GHD. Three of the four patients were treated with GH and had
modest improvement in growth velocity in the first year. This modest response could be
due to GH resistance or simply to the fact that they were not IGF-I deficient.

Whether the distribution of GHBP concentrations in ISS indicates that partial GHI is
an important cause of short stature remains to be demonstrated. The 14 subjects studied
by Goddard et al. (35) were selected from the large US National Cooperative Growth
Study database. Thus, if other heterozygous mutations of the GHR besides those
described as having a dominant negative effect ultimately prove to be one cause of partial
GHI, this would explain only a very small proportion of ISS.

TREATMENT

Soon after the cloning of the human IGF-I cDNA, human IGF-I was synthesized by
recombinant DNA techniques (rhIGF-I) and physiologic studies undertaken with intra-
venously administered rhIGF-I (77). Subcutaneous preparations of rhIGF-I became
available in 1990.

Short Term Effects of IGF-I Treatment in GHRD
INTRAVENOUS (IV) ADMINISTRATION

The hypoglycemic effect of an iv bolus of IGF-I (75 µg/kg) following an overnight
fast was demonstrated in 9 patients with GHRD aged 11–33 yr. The hypoglycemia was
symptomatic and associated with a fall in plasma insulin level with recovery only after
food was taken at 2 h post-injection. Marked increase in serum GH concentration in the
seven older individuals reflected the overriding effect of hypoglycemia stimulation,
despite the expected SS response to the increased levels of free IGF-I (78). Suppression
of TSH levels provided indirect evidence of SS stimulation (79). The elimination time
for iv injected IGF-I was found to be markedly reduced in 3 children and 7 adults with
GHRD compared to 3 healthy children and 3 healthy adults, presumably due to the
absence of IGFBP-3 in the patients (80). IGF-I given iv to a 9-yr-old child for 11 d
demonstrated substantial anabolic effects, including decreased serum urea nitrogen,
increased urinary calcium excretion, and decreased urinary phosphate and sodium
excretion. As previously noted with iv IGF-I in normals, IGF-II levels were suppressed
and asymptomatic hypoglycemia noted (81).

SUBCUTANEOUS (SC) ADMINISTRATION

There was no significant hypoglycemia with IGF-I in a dose of 120–150 µg/kg/d sc for
7 d, followed by breakfast. Plasma GH was markedly reduced, and type 3 procollagen (a
growth marker) increased (82). Hypoglycemia did not occur with IGF-I sc at a dose of 40
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µg/kg every 12 h over 7 d in 6 Ecuadorian adults with GHRD, although insulin levels were
suppressed. There was a two-fold increase in urinary calcium excretion without a change
in serum calcium levels. Mean integrated 24 h GH levels were suppressed, as were the
number of peaks, the area under the curve, and clonidine stimulated GH release. The mean
peak serum IGF-I levels were 253 ± 11 ng/mL reached between 2–6 h after injection and
mean trough levels were 137 ± 8 ng/mL before the next injection, values not significantly
different from those of normal control Ecuadorian adults. As previously noted, IGF-II
levels decreased and correlated inversely with IGF-I levels, indicating that IGF-I was
displacing IGF-II from available IGFBPs. There were no significant changes in the half-
life or metabolic clearance of IGF-I between d 1 and 7, although the distribution volume
did increase over this time. Although IGFBP-3 levels did not increase, elevated baseline
IGFBP-2 levels (153% of control) increased 45% (p < 0.01) (14).

The short-term studies demonstrated that there was an insignificant risk of hypogly-
cemia in the fed state with sc administration of IGF-I, despite low levels of IGFBP-3.
There remained, however, concern whether the low IGFBP-3 levels would result in more
rapid clearance of IGF-I (80), with blunting of the therapeutic effect. Four children and
4 adults with GHRD treated for 7 d with a single daily subcutaneous injection of IGF-I in
a dose of 120–150 µg/d experienced a significant decrease in serum IGFBP-3 levels
measured by specific RIA (83). As noted above, Vaccarello et al. (14) did not find a
significant change in IGFBP-3 levels following 7 d of twice daily sc injection of doses
of IGF-I sufficient to raise serum levels to normal in adults with GHRD. Further studies
found that the two forms of IGFBP-3 associated with IGF and ALS, which are able to
form the ternary 150-kDa complex were abnormally distributed in these GHRD patients.
This distribution was unchanged by IGF-I treatment that, in addition to not increasing
the IGFBP-3, did not increase ALS levels (70). Although it was hoped that chronic
treatment would result in stimulation of ALS and IGFBP-3, this did not seem likely in
view of the experience with GH treatment of GHD. In this situation, where serum
IGFBP-3 levels are also reduced, exogenous GH rapidly increases IGFBP-3 levels (84).

Long-Term Treatment with IGF-I in GHI
In addition to concerns regarding the failure of short-term therapy to increase

IGFBP-3 levels, there was concern whether catch-up growth in children with GHI due
to GHRD or to GH antibodies would be as substantial as occurs with GH replacement
therapy in patients with GHD in the absence of a direct effect of GH on bone (15).
Growth acceleration comparable to that seen with GH treatment of GHD was reported
in 5 children aged 3.3 –14.5 yr with GHRD treated for 3–10 mo with single daily doses
of 150 µg/kg. Baseline growth velocities of 2.8–5.8 cm/yr increased by approx 1.5–4
fold to 8.8–13.6 cm/yr, with the youngest patients responding most impressively. A
reduction of subcutaneous fat, measured by skin-fold thickness, was noted in the four
patients who were considered obese. In contrast to the single daily dosage of 150 µg/
kg administered by Laron et al. (85), Walker et al. (86) gave 120 µg/kg twice daily to
a 9.7-yr-old child with GHRD with a change in growth velocity from 6.5 to 11.4 cm/yr
over a 9 mo period. Although mean pre-treatment IGF-I levels of 9 ± 2 µg/L increased to
347 ± 26 µg/L after 2 h, serum concentrations of IGF-II were unchanged, contrasting
with earlier short term studies. Serum and urinary urea nitrogen decreased while crea-
tinine clearance, urine volume, and urinary calcium increased. There were no abnor-
malities in glucose metabolism.
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The first report of treatment for longer than 10 mo was in two children with GHRD with
pre-treatment growth velocities (GV) of 4.3 and 3.8 cm/yr at 8.4 and 6.8-yr of age,
respectively. They had suppression of greatly elevated serum GH levels and increase
in procollagen I levels shortly after starting treatment; 6 mo GV increased to 7.8 and
8.4 cm/yr, without side effects. In the second 6 mo of treatment GV decreased to 6.6 and
6.3 cm/yr and in the subsequent 5 mo growth rate returned to pre-treatment values.
Improvement in bone density was documented by dual photon absorptiometry. These
patients were treated with a dose of 40 µg/kg sc twice daily and the waning of their growth
response after a year indicated that this dosage was not adequate for sustained effect (87).

Since 1995, data have become available on 70 patients with GHI treated with subcu-
taneous injections of IGF-I for 12 mo or longer. Seven of these patients were resistant
to GH because of GH inhibiting antibodies developing after treatment with GH injec-
tions for GHD due to GH gene deletion. The rest of the patients had abnormalities in GH
receptor function, including Pakistani and Arab patients thought to have post-receptor
defects (46–48). The largest group of patients was recruited for the international
multicenter study which included 33 patients from 12 countries, 3.7–23 yr-of- age, 2 with
GH gene deletion and the rest with GHRD. 1-yr growth data were reported for 26 of these
patients and 2-yr data for 18. The 7 patients not reported include 2 who stopped treatment
before 12 mo because of insufficient growth response and 5 because of adverse events.
3 did not continue for a full 24 mo because of poor compliance, headache, and weight
gain. In the entire group treated for 1-yr, average height SDS gain was 0.7; for the
subgroup treated for more than 12 mo, first-year average gain was 0.8 SDS and over
2 yr, 1.2 SDS. Serum IGF-II levels decreased and IGFBP-3 concentrations remained
constant during this long term therapy (74). The most recent report of the European study
provided data on 17 patients treated for 48 mo or more. The overall increase in height
SDS was 1.67 ± 1.16 (from –6.52 ± 1.34 to –4.85 ± 1.81) with an increase in BMI-SDS
from 0.59 ± 1.82 to 1.83 ± 1.50. Interestingly, gain in BMI correlated with improvement
in SDS for height in this group. The gain in BMI was postulated to be the result of insulin
like effects during the peak times following IGF-I injection; fat cells lack IGF-I receptors,
but high doses of IGF-I can have an insulin like effect by binding to the insulin receptor
(88). The adverse events noted were headache, hypoglycemia, papilledema (1 instance),
Bell’s palsy (1 instance),  lipohypertrophy, and tonsillectomy/adenoidectomy (3 instances).

The first IGF-I treatment report from the large Ecuadorian cohort was of growth and
body composition changes in two adolescent patients treated with a combination of
IGF-I (120 µg/kg bid) and LRH analog to forestall puberty. A girl age 18 and boy age
17.5 yr, with bone ages of 13.5 and 13 yr experienced an approximate tripling of growth
velocity, increased bone mineral density, and maturation of facial features on IGF-I for
one year. There was initial loss of fine straight hair followed by recovery of denser and
curly hair with filling of the fronto-temporal baldness, the appearance of axillary sweat-
ing, loss of deciduous teeth, and appearance of permanent dentition. The boy had coars-
ening of his facial features (Fig. 7). Submaxillary gland enlargement was also noticed
in one patient and fading of premature facial wrinkles, commonly associated with GHD,
noted in the other patient. Serum IGF-I levels were seen to increase into the normal range
during the first 2–8 h following IGF-I injection (89). Studies were done at doses of 40,
80, and 120 µg/kg with pharmacokinetic profiles suggesting a plateau effect between 80
and 120 µg/kg per dose. It was considered that the carrying capacity of the IGFBPs was
saturated at this level (71). As previously noted, mean serum IGF-II levels decreased
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concurrently with the increase in IGF-I and serum IGFBP-3 levels did not respond to
prolonged IGF-I treatment. There was no apparent change in the half-life of IGF-I during
the treatment period, indicating no alteration of IGF-I pharmacokinetics induced by
prolonged treatment (71).

Tachycardia was noted in these adolescent patients and further studied in 16 prepu-
bertal Ecuadorian patients during induction of treatment at progressive dosages of 40,
80, and 120 µg/kg bid. Both repeated palpation of the radial artery and continuous
portable Holter monitoring were used. There was a direct dose related increase to approx
25% of baseline rate at the highest dosage. This was unrelated to glucose or electrolyte
changes which were not significant (90).

Seventeen prepubertal Ecuadorian patients were entered into a randomized double
blind, placebo controlled trial of IGF-I at 120 µg/kg sc bid for 6 mo, following which all
subjects received IGF-I. Such a study was considered necessary because of the
observation of spontaneous periods of normal growth in these youngsters, the suggestion
that nutritional changes that might accompany intervention would be an independent
variable, and the need to control for side effects, particularly hypoglycemia, which occur
in the untreated state. The 9 placebo-treated patients had a modest but not significant
increase in height velocity from 2.8 ± 0.3 to 4.4 ± 0.7 cm/yr, entirely attributable to
3 individuals with 6-mo velocities of 6.6–8 cm/yr. Although this response was thought
to be the result of improved nutritional status, there was no accompanying increase in
IGFBP-3 as noted with nutrition-induced catch up growth by Crosnier et al. (55) in their
GHRD patient with anorexia. For those receiving IGF-I, the height velocity increased
from 2.9 ± 0.6 to 8.8 ± 0.6 cm/yr and all 16 patients had accelerated velocities during the
second 6 mo period when all were receiving IGF-I. No changes or differences in
IGFBP-3 were noted. There was no difference in the rate of hypoglycemia events, nausea
or vomiting, headaches, or pain at the injection site between the placebo and IGF-I
treated groups. One patient had asymptomatic papilledema developing one month after

Fig. 7. Face and hair changes in 17.7-yr-old patient (bone age 13-yr) with GHRD during 6 mo
treatment with IGF-I, 120 µg/kg bid and depot GnRH agonist begun at age 16.5-yr. Reproduced
from Rosenbloom AL. IGF-I treatment of growth hormone insensitivity. In: Rosenfeld RG,
Roberts CT (eds.) The IGF System: Molecular Biology, Physiology, and Clinical Applications.
Copyright 1999, with permission from Humana Press, Totowa, NJ; pp. 739–769.
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beginning IGF-I therapy that spontaneously resolved over several weeks without inter-
rupting treatment. Six of the seven IGF-I treated patients experienced hair loss (72).

Two-yr treatment results in the Ecuadorian group have been reported, with compari-
son of the 120 mg/kg bid dosage to 80 mg/kg bid and also comparison of growth responses
to those of GH treated GHD in the same population. There were no baseline differences
between the low and high-dose groups for growth velocity, bone age, SDS for height, or
mean % body weight for height (MBWH). No significant differences in GV or changes
in height SDS, height age, or bone age between the 2 dosage groups were seen and a
group of 6 subjects receiving the higher dose followed for a third year continued to
maintain second year growth velocities. Improvement in mean height SDS over the
2-yr period was 1.5 for the higher dose and 1.3 for the lower dose, compared to 1.2 in
the international study; in both the international and Ecuadorian cohorts, two-thirds
of the 2-yr height SDS gain was in the first year. The annual changes in height age in both
the first and the second year of treatment of the Ecuadorian children correlated with
IGF-I trough levels which tended to be in the low normal range despite a failure of serum
IGFBP-3 levels to increase (Fig. 8). The comparable growth responses to the two dosage
levels and the similar IGF-I trough levels were thought to confirm the plateau effect at
or below 80 µg/kg body weight twice daily (73).

Comparison of the growth responses of the 22 IGF-I treated GHRD patients to those
of 11 GH treated GHD subjects in the same setting demonstrated GV increments in those
with GHRD to be 63% of those achieved with GH treatment of GHD in the first year and
less than 50% in the second and third years of IGF-I treatment. The GHRD group,
however, did not differ from those with GHD in the change in bone age or in the ratio
of height age to bone age changes over the 2-yr period. There was a greater change in %
MBWH in the GHRD group treated with IGF-I, which, as noted by Ranke et al. (88),
might reflect the insulin like action of the levels of IGF-I, contrasting with the lipolytic
effect of GH replacement therapy. The difference in growth response between IGF-I
treated GHRD and GH treated GHD was consistent with the hypothesis that 20% or more
of GH influenced growth is due to the direct effects of GH on bone (15). Nonetheless,
the comparable ratios of height age change to bone age change suggested similar long
term effects for replacement therapy in these two conditions (73).

The Israeli report of 3 yr treatment of 9 patients, including the 3 with a presumed post-
receptor defect, is the only one in which patients were given IGF-I as a single daily
dosage (150–200 µg/kg). While the European and Ecuadorian study groups noted mean
height SDS improvement of 0.7–1.0 over 1 yr and 1.2–1.5 over 2 yr, the Israeli patients
had an improvement of only 0.4 over 1 yr and for the 6 with 2 yr data, 0.2 over 1 yr and
0.4 over 2 yr (91). The kinetic studies that originally formed the rationale for twice daily
administration are supported by these observations. Of the 5 patients completing 3 yr of
IGF-I treatment in the Israeli report, 3 were growing at slower rates than before treatment
while the other 2 remained at comparable velocities to the second year of treatment. The
subgroup with normal IGFBP-3 levels is particularly interesting, because the growth
responses do not differ from those of the rest of the group, suggesting that the IGFBP-
3 deficiency is not the explanation for the relatively deficient growth response to replace-
ment therapy with IGF-I when compared to GH treatment of GHD (46). 2 prepubertal
girls and 2 adult women with GHRD in Israel developed clinical features of
hyperandrogenism and elevated androgen levels during treatment with IGF-I (92).

Five children with GHRD and 3 with growth attenuating antibodies to GH have been
treated for 4 yr by Backeljauw and colleagues (93). The 2 yr data are comparable to data
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in the European and Ecuadorian populations, with an improvement in height SDS over
the 2 yr period of 1.1. Bone age was noted to advance consistent with chronologic age.
There was rapid growth of the spleen and kidney, as determined by ultrasound during the
first year with a slowing of spleen growth but a continued rapid kidney growth during
the second year. In a preliminary report, the third year and fourth year results of treatment
in this group were reported; a further decrease in height velocity to a mean 5.1 cm/yr
occurred during the third year, but the fourth year mean height velocity was 5.7 cm/yr.
Kidney growth continued in 5 of the 8 patients who had renal length for height at or above
the 95th percentile. There were no functional or structural abnormalities of the kidneys,
however (94). In 5 of these patients, craniofacial growth has been monitored with the
suggestion of mandibular overgrowth, most noticeable in the last 2 yr of treatment (95).

A Vietnamese girl treated by Walker et al. (96) with IGF-I and LHRH analog had
modest improvement of growth over the first 3 yr of treatment, a height SDS increase of
1.2 with dramatic slowing of growth response thereafter. As with the patient in Fig. 7,
facial coarsening was noted.

CONCLUSION
If the tissue dose of IGF-I in patients with GHI treated with IGF-I is supraphysiologic,

as indicated by increases in body fat and acromegaloid facial changes, why then do we
not see sustained growth acceleration as in GH treated GHD? The administration of
IGF-I with recombinant IGFBP-3 would be an important clinical study to determine how

Fig. 8. Correlation of annual changes in height age and differences between baseline and trough
levels of serum IGF-I with rhIGF-I treatment in 22 children with GHRD. The dashed line rep-
resents the one-year correlation (r = 0.54, p = 0.009) and the solid line represents the two-year
correlation (r = 0.58, p = 0.005). Reproduced from (73) with permission from The Endocrine
Society, Bethesda, MD.
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much of this deficit is due to IGFBP 3 deficiency. The dual effector hypothesis remains
the best explanation for inadequate growth response (15). With diminished ability to
stimulate prechondrocyte differentiation and local IGF-I production, children with GHI
can expect only partial recovery of normal growth with IGF-I replacement. The compa-
rable ratios of change in height age to change in bone age over 2 yr of treatment in GHI
children treated with IGF-I and GHD children treated with GH, however, suggest that
the absence of a direct GH effect in GHI may have a temporal, rather than absolute effect
on long-term response to treatment (73). Thus, IGF-I replacement therapy of GI may
need to continue longer than GH treatment of GHD to achieve normal height. This goal
will likely require suppressing adolescence in most children with GHI, using GnRH
analogs (89).

In addition to statural attainment, goals of replacement therapy with IGF-I in GHI
include improvement in body composition, normalization of facial appearance, and
possible reduction of risk factors for childhood and adult mortality. All studies that have
monitored body composition have verified lean mass increases, including increased
bone density. Normalization of craniofacial features has also been apparent (97). Voice
change has not been remarked on, but can be expected. It is likely that maintenance of
body composition changes will require continued treatment in adulthood.

The reduction of risk factors for the higher mortality in infancy and childhood with
GHRD is to be expected with IGF-I therapy, but the reason for this increased risk is
unknown. Leukocytes share in the general up regulation of IGF-I receptors in GHRD,
and appear to function normally in this condition (98). In a study of one affected infant
(who died at 7 mo with bronchitis) and 5 adults with GHRD from Ecuador, Diamond et al.
(99) demonstrated a variety of immune disturbances in the infant and 3 of the adults. The
pathologic significance of these findings remains uncertain (100).

The ability to resolve the many remaining questions about treatment to attain normal
stature and body composition in GHI is thwarted by the decision of the few manufactur-
ers to no longer synthesize IGF-I. This decision was based on the inability to identify a
substantial market to justify the costs of manufacture and regulatory clearance.
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INTRODUCTION

The efficacy of growth hormone (GH) treatment in children with idiopathic growth
failure has been the subject of controversy because of ethical concerns (1,2), financial
considerations (3) and variable adult height outcomes (4,5). Much of the disagreement
about the benefits of GH treatment relates to the heterogeneity of the study populations
receiving therapy. Ideally, the efficacy of GH therapy should be based on the height
outcomes of homogeneous populations of pathologically short children rather than the
adult heights of children with variable shortness of differing etiologies. Published stud-
ies have sometimes combined children who had constitutional delay of growth and
adolescence with subjects who had either severe genetic short stature or significant
growth failure growth failure based on abnormal heights and growth rates for chrono-
logical age. These short children have been classified by various terminologies: Normal
Variant Short Stature (NVSS), Idiopathic Short Stature (ISS), Constitutional Delay of
Growth and Puberty (CGDP), GH neurosecretory dysfunction, idiopathic growth fail-
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ure, and non-GH deficient short stature. Without treatment, the height outcomes in most
studies have failed to reach mid-parental target height. In contrast, GH therapy has
resulted in mixed height outcomes; some patients reached or exceeded genetic target
height whereas others did not. Given the high cost and potential risk of adverse events,
some authors have criticized the use of GH in healthy very short children without a
documented endocrine disorder (1). Some of this disagreement may be resolved as we
improve our ability to identify mutations in various growth regulating genes such as
SHOX, GHRH, Ghrelin, GHRP, Pit-1, Prop-1, GH and their receptors.

Linear growth is a complex process influenced by many genetic and environmental
factors in utero and during childhood. A normal pattern of growth is sound evidence of
good health during childhood or adolescence. Innocent causes of short stature include
genetic short stature and constitutional delay of growth and adolescence; occasionally
these entities occur together. When abnormal growth is present, the evaluation must
include a complete history, individualized hormone and biochemical tests as well as
genetic analyses when necessary. Treatment decisions depend on identifying the etiol-
ogy of the child’s growth problem. At present, access to molecular testing is limited;
hence the clinician often has to use clinical judgment when an etiology is not identified.
The differential diagnoses of growth disorders include intrauterine growth disturbances
(IUGR or small for gestational age [SGA]), malnutrition, chronic disease, endocrine
dysfunction, skeletal dysplasias, emotional deprivation and genetic syndromes. In the
absence of a specific etiology, the child is classified as having ISS or idiopathic growth
failure. The following are the main clinical criteria: abnormally slow growth velocity for
chronologic age and/or height more than 2–2.5 standard deviations (SD) from the mean
for chronological age. Suboptimal growth during puberty (< 6 cm/yr) is another clue to
a growth abnormality.

This chapter will review the current opinions and options regarding the etiology,
evaluation, diagnosis, prognosis and treatment of idiopathic short stature.

DEFINITION OF ISS

Despite the availability of established standards for normal height, weight, and growth
velocity, there is considerable diversity of opinion regarding the definition of ‘abnor-
mal” growth in children. Some investigators have used heights that are less than the 5th
or the 3rd percentile to select short children for therapeutic intervention trials. Others
have required a more rigid cut-off, i.e., height that is more than 2.5 SD below the mean
for age. Another entry criterion is slow growth velocity that is less than the 25th percen-
tile for age. Pathologically short children may grow at either a normal or subnormal
velocity for age. Opinions differ on the management of the former group of short subjects
who are sometimes classified “normal short.”

In some GH treatment studies, children with ISS were required to have heights less
than the 3rd percentile, peak GH response after pituitary provocative testing of >10 ng/mL,
absence of dysmorphic features, concomitant disease or low birth weight (5–7), and
abnormal growth velocity for age as well as delayed bone age. Our current diagnostic
tests for GH deficiency are pharmacologic not physiologic: they will identify severely
GH deficient children if a cut off of 5 ng/mL is used. However, they do not detect
suboptimal spontaneous GH secretion, bioinactive GH, or GH insensitivity due to mild
GH receptor dysfunction. Other indicators of inadequate GH secretion such as IGF-1 and
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IGFBP-3 are frequently uninformative. Consequently, we are left with uncertainty about
the true cause of the growth disorder in most pathologically short children who have
normal GH stimulation tests and IGF 1 levels. The heterogeneity of this population has
been a major reason for the current debate as to whether GH treatment is or is not
beneficial based on height outcomes (8).

 One approach to reducing the heterogeneity has involved subdividing the ISS chil-
dren according to genetic background. Those with familial short stature (FSS) include
short children growing according to their genetic potential and those with non-familial
short stature (NFSS) include children growing below their genetic potential. This
approach does not take into account the possible genetic transmission of a growth regu-
latory gene mutation within families with familial short stature. More recently other
experts (9) have recommended the following definition of idiopathic short stature: “ ISS
is a heterogeneous state that encompasses individuals of short stature, including those
with FSS, for which there is no currently recognized cause.” This definition is likely to
persist until we improve our ability to identify specific mutations within the family of
growth regulating genes.

HEIGHT OUTCOMES OF ISS PATIENTS AFTER GH THERAPY

Following the approval of recombinant GH in 1985, many studies have examined the
growth responses of short GH sufficient children treated with GH. Growth velocity and
height improved in the short term but height outcomes were mixed with little or no long
term gains. None of the early studies were randomized or placebo controlled, and out-
comes were judged on the basis of whether the participants reached predicted height or
genetic target height. Given the heterogeneous nature of this population, the ambiguous
outcomes are not surprising. It was also apparent that it was not possible to predict
accurately which patient would respond well to GH.

GH treatment did not improve adult height over predicted height in a number of
published studies (7,10,11). However, when adult heights (12,13) after GH treatment
were compared to the final heights of untreated historical controls, the GH treated patients
had heights very close to genetic target height and significantly better than the untreated
group (Table 1).

 The height outcomes of untreated patients varies among the studies; some investiga-
tors have reported that final height was lower than both predicted adult height and target
height (12–15), while others have reported final adult heights equal to predicted adult
heights (16).The clinical significance of these results is uncertain, given the heteroge-
neity of the populations studied and the relatively small number of patients (Table 2).

The largest analysis of GH treated ISS children was the KABI International Growth
Study (KIGS) which divided its population (36.9% of the total population) into those
with familial short stature (FSS) versus those with non-familial short stature (NFSS).
Analysis of these two groups revealed that GH-treated patients with FSS reached both
their mid-parental height and target height while patients with NFSS did not. Neverthe-
less, the NFSS group had adults heights which exceeded those of the FSS group. One
randomized trial studying GH therapy in ISS females near final adult height showed that
the GH treated girls reached a significantly higher final height than the control group
(17). It is clear from these studies that GH therapy seems to improve height outcome in
some children, but not in all. In 1987, the NIH started a randomized placebo controlled
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Table 1
Height Outcomes of Treated Patients

Baseline Predicted Final Ht Target
GH dose age Baseline HT SDS SDS Ht SDS

Author (ref) U/lg/wk N sex (yr) Ht SDS (PH) (FH) (TH) Comments

Bierich (10) 0.5 15 M + F 12.7 –3.2 –1.6 –1.6 –0.7 FH = PH; FH < TH
Zadik (15) 0.75 11 M 12.8 –3.3 –1.8 –1.5 –2.1 FH = PH; FH > TH
Guyda (4) 0.75 60 M 12.0 –2.9 –2.1 –1.7 –0.6 FH > PH; FH < TH for

39 F 11.0 both sexes
Wit (12) 0.5–1.0 7 M 11.2 –3.5 –2.7 –2.6 –1.1 FH = PH; FH < TH
Hintz (20) 1.0 48 M 10.4 –2.7 –2.6 –1.5 –0.9 FH > PH; FH < TH

21 F
Buchlis (5) 1.0 30 M 12.4 –2.9 –1.7 –1.5 –1.2 FH = PH; FH = TH

6F 9.7 –2.7 –2.0 –1.3 –0.9 FH > PH; FH = TH
Lopez–Seguerro (47) 0.5–0.7 35 M 11.1 –2.78 –2.09 –1.31 –1.6 FH > PH; FH > TH

Loche (7) G
1
: 0.5 G

1
: 4 M–3 F 10.5 –2.5 –1.6 FH = PH; FH = TH for

G
2
: 1.0 G

2:
6

 
M–2 F 11.8 –2.4 –1.4 both sexes

Mc Caughey (48) 30 /m2 7 F 8.07 – 2.52 –1.73 –1.14 –1.47 FH > PH; FH > TH

FH = final height; PH = predicted height; TH = genetic target height or mid-parental height
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Table 2
Height Outcomes of Untreated Patients

Predicted Final Ht Target
Baseline Baseline HT SDS SDS Ht SDS

Author (ref) N sex age (y) Ht SDS (PH) (FH) (TH) Comments

Ranke (41) 20 M 11 –2.1 –0.8 –1.1 –0.6 FH + PH; FH < TH for
5 F 8.4 –2.7 –2.5 –2.4 –0.9 both sexes

Blethen (42) 27 M 12.8 –1.9 –1.7 –1.7 FH = PH
Crowne (43,44) 43 M 14 –3.4 –1.3 –1.6 –0.6 FH + PH; FH < TH for

15 F 14.2 –3.4 –1.3 –1.5 –0.6 both sexes
Bramswig (45) 37 M 14.8 –2.2 –0.2 –0.7 –0.4 FH < PH; FH = TH

32 F 12.9 –2.1 –0.8 –0.6 FH = PH; FH = TH
LaFranchi (46) 29 M –2.0 –0.9 –1.2 –0.2 FH = PH; FH < TH for

13 F –2.0 –1.4 –1.3 –0.4  both sexes
Albanese (14) 78 M 14.3 –2.7 –1.4 –2.0 –0.5 FH < PH; FH < TH for

14 F 13 –3.2 –1.7 –2.3 –0.8  both sexes
Zadik (15) 17 M 12.5 –3.1 +1.8 –2.7 –1.9 FH < PH; FH < TH
Wit (12) 16 M –11 F 10.5 –3.0 –2.4 –1.0 FH < PH
Sperlich (16) 49 M 13.3 –2.3 –1.0 –1.0 –0.3 FH = PH; FH < TH
Buchlis (5) 41 M 12.7 –2.9 –1.7 –1.9 –0.9 FH = PH; FH < TH for

17 F 12.2 –3.0 –2.5 –2.5 –1.1 both sexes

FH = final height; PH = predicted height; TH = genetic target height or mid-parental height
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study of GH treatment in healthy, short, GH sufficient children. They observed that the
height outcomes of those given GH therapy were significantly greater than those given
placebo. This is the best evidence to date of a beneficial effect of GH therapy in healthy,
pathologically short, GH-sufficient children. The efficacy of GH treatment in this popu-
lation was probably underestimated because many of the participants were in puberty at
entry into the study.

Another new approach to the treatment of ISS involves the combined use of GH and
a gonadotropin releasing hormone (GnRH) analog in pubertal short children. In a non-
randomized, concurrent, non-placebo-controlled study, the adult heights (18) were
markedly improved by the combination of GnRH analog and GH treatment. The rational
of combined treatment is based on using GH treatment to prevent the growth decelerat-
ing effects of the analog (19) and using the analog to prevent the pubertal progression
of bone maturation. This therapy appears to be more effective if it is started when bone age
is young.

ETHICAL CONSIDERATIONS

There is general agreement that children with normal variants of short stature do not
need GH treatment. However, opinions differ about the use of GH in healthy, pathologi-
cally short children with normal GH provocative tests. Decisions about the use of GH
in this population cannot be based exclusively on serum GH concentrations, but must
include clinical, auxological, biochemical, and psychological considerations. Because
of our limited ability to evaluate each of the growth regulating genes and because we lack
a gold standard for diagnosing GH deficiency, we must be careful to distinguish between
short normal children and those with pathologic growth of unknown etiology. Most
authors have combined these two groups in their discussion about the ethical issues of
GH therapy . Lantos and colleagues (2) have suggested that short stature is not a disease,
and therefore it is unethical to use GH since we are exposing these subjects to the
potential risks of GH administration. Others have advocated a more flexible approach
based on the severity of the growth disorder as well as auxological and psychological
variables (1). Would the ethical arguments be altered if GH treatment restored normal
adult height in these children without compromising their general health? Recent data
from controlled studies show that adult heights were improved by GH treatment of ISS
with most subjects achieving stature in the lower part of the normal height range
(5,7,10,11,20–22).

PSYCHOSOCIAL CONSIDERATIONS

While some studies have shown that patients with severe short stature are psychologi-
cally disadvantaged because of frequent teasing, academic under-achievement, and
behavioral problems such as anxiety, somatic complaints, impulsivity, and distractibil-
ity (23), other studies have shown that a great majority of short children adopt satisfac-
tory coping strategies. Recent evidence suggests that the psychosocial adaptations of
short children are comparable to controls in the general population regardless of whether
or not they were referred for medical evaluation (24,25). In the Wessex Growth Study,
short children below the 3rd percentile did not differ from classmates on measures of
self-esteem, self-concept, or teacher’s report of behavioral problems (26). However,
these short children were more dissatisfied with their height than the control group. A
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similar school based study reported no adverse effects of short stature on popularity or
friendships, but student peers viewed them as looking younger. Among 522 children and
adolescents, ages 4–18, referred to a pediatric endocrinology clinic, more than half
reported being teased weekly (27) and being treated younger than their chronological age
(juvenilization). Nevertheless, the overall psychological adaptations of these short chil-
dren were generally comparable to community norms (27,28). Moreover, GH treatment
of ISS patients did not appear to have any long term beneficial effect on either psycho-
logical adjustment or quality of life during young adulthood (26,29). The potential exists
for a negative psychological effect of GH treatment if expected height is not achieved.
Although psychosocial morbidity is not generally associated with short stature, the
results of behavioral studies should not be applied to children or parents who believe that
pathologic short stature interferes with lifestyle and psychological well-being. Ideally,
these children would benefit from psychological support with or without GH therapy. If
GH treatment is used, families should be informed that treatment may or may not accel-
erate linear growth and that adult heights are likely to be normal but below average.

An experienced psychologist is an important member of the health care team; they can
reassure parents that most healthy short children do as well psychologically and aca-
demically as individuals of average height and can advise if psychological support
services are needed regardless of the medical decision.

 At present, opinions differ about the use of psychological assessments in the decision
making process pertaining to therapy for ISS. Should psychological maladjustment be
a prerequisite for medical treatment of pathological short stature, or should the decision
to use GH be based mainly on the severity of the growth disturbance and clinical criteria?
For example, healthy adolescent boys with exaggerated gynecomastia are not required
to be psychologically compromised in order to undergo corrective surgery. Therefore,
we recommend that auxological considerations be the primary basis for therapeutic
intervention. We also emphasize that concomitant psychological support be provided.

ADVERSE EFFECTS

Careful monitoring of any child receiving GH therapy is mandatory, especially when
administered in non-GHD patient. Adverse effects associated with GH treatment have
been relatively uncommon. From the safety data obtained from two large post marketing
databases (NCGS and KIGS), it appears that GH therapy is remarkably safe. Indeed, the
KIGS database (30) reported that the most common side effect from GH in 3499 children
with ISS was headache (0.71%). Other rare adverse events included convulsions (0.34%),
arthralgias (0.22%), edema (0.02%), Osgood-Schlater disease (0.02%), slipped capital
femoral epiphysis (0.05%), and scoliosis (0.05%). No malignancies or any metabolic
side effects of clinical significance were reported (31). Nevertheless, long term safety
monitoring is strongly recommended.

GROWTH REGULATORY GENES: THEIR INFLUENCE
ON CHILDHOOD GROWTH

At present, the diagnostic approach to growth disorders of childhood has focused
mainly on measuring the serum GH responses to pharmacologic stimulation of the
pituitary gland (insulin-induced hypoglycemia, L-Arginine, L-Dopa, Clonidine and the
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like) and quantitation of serum concentrations of IGF-1 and IGFBP-3. Short girls usually
have their karyotypes analyzed for the possibility of an X chromosome abnormality. The
presence of disproportionate short stature requires a skeletal survey to check for one of
the chondrodystrophies. When growth failure is associated with dysmorphic features,
genetic syndromes must be considered (Down Syndrome, Prader- Willi Syndrome, and
the like). Prenatal growth disturbances which result in IUGR or SGA may cause per-
sistent growth failure throughout childhood and adolescence. Psychosocial stress, mal-
nutrition, or chronic diseases may also impact on childhood growth. In addition, oral
glucocorticoids are known to cause deceleration or even growth arrest when used as anti-
inflammatory or immunosuppressive medications. To a less extent this holds true for
inhaled glucocorticoids in many children. Major gains have been made in visualizing the
hypothalamus, stalk and pituitary gland using magnetic resonance imaging (MRI). This
study is an essential part of evaluation of the growth evaluation even in the absence of
neurologic symptoms. In the absence of any detectable abnormality in the diagnostic
assessment, a pathologically short child is considered to have idiopathic growth failure
or idiopathic short stature (ISS).

Currently, increasing attention is being given to the contribution of important genes
that influence childhood growth. As time goes by, access to genetic analyses of these
genes will be facilitated when commercial laboratories offer molecular diagnoses. The
following are members of an expanding family of growth regulatory genes:

• The growth hormone releasing hormone (GHRH) and the GHRH receptor genes are
critical stimulators of GH production by the somatotrophs of the anterior pituitary (32).
Mutations of the GHRH receptor (GHRH- R)  gene causes GH deficiency and dwarfism
(33). Children with this disorder fail to increase serum GH concentrations after admin-
istration of recombinant GHRH. GH therapy is highly efficacious.

• Growth Hormone Releasing peptides (GHRP) are small synthetic molecules which act
through an orphan G-protein coupled receptor, GHRP-R to stimulate GH release from the
pituitary (34). The GHRPs and their receptors are also referred to as GH secretagogs
(GHS) and GHS-R respectively. The GHRP-R was cloned in 1996 (35). In 1999, the
natural GHRP was identified and given the name Ghrelin (36). GHS-Rs are located on
pituitary somatotrophs and on neuropeptide (NPY) in the hypothalamus. Ghrelin is mainly
generated by the stomach and secreted into the circulation. This peptide increases feeding
and weight gain in addition to stimulation of GH release from the anterior pituitary cell.
It is hypothesized that Ghrelin has a positive effect on energy balance and thereby facili-
tates the anabolic actions of GH (34). The clinical significance of GHS and GHS-R is
being evaluated.

• Prop-1 and Pit-1 genes are essential for the differentiation of precursor cells into
somatotrophs. The Prop-1 gene is said to be the prophet of the Pit-1 gene because it plays
a critical role in Pit-1 gene differentiation. A mutation of Prop-1 causes gonadotropin,
GH, TSH, and prolactin deficiencies, whereas a mutation of the Pit-1 gene is associated
with intact gonadotropin production but failure of the somatotroph, thyrotroph, and
lactotroph lineage. The pituitary gland is enlarged in children with the Prop-1 gene
mutation whereas it is small in those with a Pit-1 gene mutation. GH treatment and thyroid
hormone replacement are needed for normal growth in these children. Testosterone
treatment of males with a Prop-1 mutation may be needed during infancy if micropenis
is present, and during adolescence for induction of pubertal development.

• GH gene mutations may be inherited as homozygous autosomal recessive mutations,
which lead to absence of GH production during fetal life (Type 1A IGHD). Affected
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infants are short at birth and experience severe hypoglycemia. GH therapy is transiently
beneficial, but treatment fails after the affected child develops antibodies to exogenous
GH. Consanguinity is likely in the parents

• GH gene mutations are not found in children with Type 1B IGHD, which is also inherited
as an autosomal recessive condition. GH deficiency rather than total absence is charac-
teristic of this defect and response to GH treatment is good.

• Type 2 IGHD is caused by autosomal dominant disorder in families with an affected
parent and an affected sib. In one family, a missense mutation in the GH gene resulted in
a bioinactive GH product which failed to activate the GH receptor and also inhibited the
action of exogenous GH by a dominant negative effect (37).

• Type 3 IGHD is an X-linked disorder associated with immunoglobulin deficiencies.
• GH-R gene mutations may result in complete or partial GH insensitivity. Patients with

complete GH insensitivity have homozygous mutations of the GH-R gene leading to the
absence of the extracellular domain of GH-R and very low or absent Growth Hormone
Binding Protein ([38]; (see Chapter 2). Partial GH insensitivity is associated with vari-
able levels of GHBP and is the result of a heterozygous mutation of the GH-R gene which
interferes with GH signal transduction.

• IGF-1 gene deletion was documented in an infant with IUGR and post natal growth
failure (39,40). In addition, a partial deletion (40) was reported in a boy with severe
growth retardation, undetectable serum IGF-1 level, elevated GH concentration, and
insulin resistance. GH treatment was not effective, even though the GH receptor was
normal, because the IGF-1 gene was mutated. However, recombinant IGF-1 treatment
improved linear growth, reduced GH levels, and improved insulin sensitivity.

• SHOX gene (Short Stature HOmeoboX-containing gene) is located in the pseudo-
autosomal region of the short arms of the X and Y chromosomes (39). Loss of one active
gene or a mutation leads to haploinsufficiency and short stature. The short stature of
Turner syndrome is explained by the loss of SHOX gene combined with aneuploidy. Tall
stature in girls with Turner syndrome is associated with 46, X i (Xp). Increased height
in Klinefelter’s syndrome (47 XXY) results from the presence of 3 active SHOX genes.
A deficiency of one SHOX gene causes Leri-Weill dyschondrosteosis syndrome
(mesomelic dysplasia, short forelegs, and Madelung deformity of the forearms). The
latter has been termed the dinner fork deformity because the dorsal dislocation of the ulna
and triangulation of the radial epiphysis. Loss of both SHOX genes is responsible for
Langer syndrome (homozygous Leri-Weill dyschondrosteosis syndrome), associated
with extraordinarily mesomelic dwarfism, rudimentary fibula, and micrognathia. A
SHOX mutation accounts for a minority of patients with ISS.

CONCLUSION

GH therapy in patients with ISS results in mixed outcomes because of the heteroge-
neity of the study populations. When molecular diagnostic tests become more available,
it is likely that the ISS population will be subdivided into homogenous groups and fewer
short children will be diagnosed with idiopathic short stature. It is also likely that we will
be able to distinguish GH responsive from GH unresponsive forms of short stature.
Eventually, newer therapeutic agents will become available such as the SHOX gene
product. In the meantime, we recommend that the guidelines outlined in this chapter be
used to distinguish healthy children with innocent short stature from equally healthy,
pathologically short children with poorly understood disorders of growth. Therapeutic
intervention in the latter group must continue to be based on sound auxological and
clinical criteria, and is likely to remain a subject of ongoing debate.
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4

INTRODUCTION

Intrauterine growth retardation (IUGR) is a pathologic condition where fetal growth
is restrained by either extrinsic (maternal) factors or a disorder intrinsic to the fetus itself.
Each year, nearly fourteen million infants are born with IUGR worldwide (1); rates are
especially high in developing countries because of poor nutrition and limited prenatal
care. This is a significant problem because of the morbidity that accompanies IUGR.
Complications in the immediate post-partum period include hypoglycemia, necrotizing
enterocolitis, and persistence of the fetal circulation, to name a few (2). Moreover, the
first year survival rate is substantially reduced in infants who have had IUGR (3).

There are long-term sequelae of IUGR as well. Affected patients may have poor
school performance and attenuated intellectual development (4). There is evidence that
intrauterine nutrient deprivation leads to obesity, insulin resistance, and hyperlipidemia
later in life, an effect thought to be due to in utero “programming” of metabolic status
(5). Postnatal growth is also affected adversely. Somewhere between 10–40% of chil-
dren who are born following IUGR remain growth-retarded in childhood (6,7). Many
never reach normal adult size. The effect of IUGR on subsequent growth and its ame-
lioration by growth hormone (GH) is the focus of this chapter.

The percentage of patients said to have had IUGR depends on the definition applied,
but generally is ca. 3% in the United States and 10% in developing countries. It is
important to consider definitions used to define IUGR as they have some bearing on
interpretation of published reports. Intrauterine growth retardation (or intrauterine
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growth restriction) is a failure to grow at a normal rate in the in utero environment.
Sequential measurements of fetal size in utero are usually not available, and therefore
IUGR is infrequently documented with precision. Additionally, the phase of pregnancy
during which the growth aberration occurred is rarely defined. The more commonly used
definition is small-for-gestational-age (SGA), which is simply a statistical definition
for low birth weight at the calculated gestational age. Typical lines of demarcation are
–2 SDs or  the 3rd percentile. Though patients who fall below this are assumed to have
had a period of IUGR, in some cases they simply represent the end of the normal spec-
trum of birth size. Similarly, patients may have had IUGR, especially in the last trimester,
but have a birth weight that surpasses the minimal standards. These patients may have
other features of IUGR such as decreased subcutaneous tissue, hypoglycemia, etc.

After birth, most patients increase their growth velocity significantly and eventually
catch up (6,7). However, it should be noted that there is a relationship between birth
weight and size that is maintained for several years of childhood, with patients being
born especially small remaining short on the average (8). The etiologies of IUGR are as
varied as those for short stature as adults and are summarized in Table 1.

MECHANISMS OF IUGR

A deficiency of insulin secretion (such as occurs in pancreatic agenesis) or action
(e.g., insulin receptor deficiency/leprauchanism) in humans severely impairs fetal growth
and though specific, is a rare cause of IUGR (9). More common fetal insults that produce
IUGR are hypoxia, which occurs in placental insufficiency, high altitude living, mater-
nal hypertension, etc and nutrient deprivation. Restriction of oxygen or nutrient results
in adaptive responses on the part of the fetus, which tend to preserve organ differentiation
and maturation at the expense of physical growth and energy stores (fat and glycogen).
It is clear that the insulin-like growth factor (IGF) axis is intimately involved in these
adaptive responses. Because this chapter deals predominantly with practical aspects of
diagnosis and treatment of short stature in patients born SGA, detailed review of the
components of the IGF system and their roles in control of fetal growth is beyond its
scope (for reviews, see works by Rosenfeld [10] and Efstratiadis [11]). However, it is
worthwhile to consider the in vivo experiments using mouse mutant models that have
defined major hormonal influences on prenatal and postnatal growth (Table 2). The
physiology is summarized as follows: IGF-1 and IGF-2 are the major hormonal regula-
tors of fetal growth and can compensate, at least partially, for deficiency of each other.
The growth-promoting effects of the IGFs are principally mediated by the type I or
IGF-1 receptor, a homolog of the insulin receptor. The IGF-2 “receptor,” in contrast,
serves a clearance mechanism of tissue IGF-2 and thereby modulates tissue IGF-2 abun-
dance. During fetal life, the IGF system operates largely independently of GH, which has
little influence on body size before birth in humans and before 2 wk in rodents. There-
after, the influence of IGF-2 declines and IGF-1, under the control of GH, becomes the
dominant growth regulator of postnatal life.

Though much of our insight into mechanisms comes from studies of rodents, many
of the experimental findings have been confirmed in man. Humans with GH insensitivity
due to receptor deficiency are near normal size at birth, indicating a modest role for GH
in prenatal growth (12). In contrast, children with genetic lesions in the IGF-1 gene (13)
and IGF-1 receptor gene (14) show severe intrauterine growth retardation and subse-
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quent postnatal growth deficiency, just as predicted from murine deletion mutants. Such
data, when considered in the context of the reports describing positive correlation
between cord blood IGF-1 concentration and birth size (15–17), illustrate the pivotal role
of the IGF axis in controlling prenatal and postnatal growth.

Though changes in the IGF axis appear to mediate the alterations in growth, primary
disturbances of GH/IGF are unlikely to be the root cause for most cases of IUGR with
poor postnatal growth. Certainly classical GH deficiency is uncommon as an explanation
for poor growth following IUGR. Why then would one expect that GH treatment would
be beneficial in patients with short stature associated with IUGR? The most straightfor-

Table 2
Effects of Deletion of Murine Genes on Growth

Prenatal growth
Deleted gene(s) (% Normal BW) Postnatal growth Comments Ref.

IGF-1 60 Retarded (52,53)
IGF-2 60 Normal (54)
IGF-1 & IGF-2 30 NA Neonatal Death (55)
IGF-1 R 45 NA Neonatal Death (52)
IGF-2/Man-6-P R 140 NA Neonatal Death, anomalies (56,57)
Insulin R 90 NA Develop Diabetes (58)
IRS-1 60–80 Normal (59,60)
GH R 100 Retarded (61)

IGF-1 = Insulin-like growth factor-1, IGF-2 R/ Man-6-P R is IGF-2/manose-6 phosphate receptor. Data are
compiled from several sources.

Table 1
Causes of Fetal Growth Retardation

Locus Classification/cause Example

Low oxygen/nutrients Severe maternal undernutrition, multiple gestation,
cigarette smoking, high altitude living

Maternal
Infection CMV, Toxoplasmosis, AIDS
Toxin Alcohol

Vascular anomalies Velamentous cord insertion, placental hemangioma
Placental

Placental deficiency Sub-optimal implantation site, placental undergrowth,
infarction

Defects in insulin Leprechaunism, pancreatic agenesis
secretion or action

Fetal Chromosome Turner S, Trisomy 13, Trisomy 18
aneuploidy

Genetic syndromes Bloom, Dubowitz, Fanconi, Seckel,
Russel-Silver Syndromes
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ward answer is that GH administered at pharmacological dosages stimulates the system
sufficiently to overcome whatever cellular condition has not allowed the expected “catch-
up growth” that would restore age-appropriate size. Studies reported by Lupu, et al. (18)
detail the extent to which the GH-IGF axis influences growth in the rodent. In mature
animals, approximately 70% of body size is due to the actions of IGF, of which about half
relate to GH-mediated changes in IGF concentration while the remainder reflects IGF
direct effects (i.e., not related to GH stimulation of IGF production). GH appears to have
direct effects, independent of IGFs, on body size. When these elements are accounted,
only about 17% of body size in the adult mouse relates to factors other than GH or IGF.
This means that diseases or conditions that alter growth significantly likely will impact
the GH-IGF system at some point, either limiting the production of the IGFs, reducing
the abundance or function of the IGF receptor, or perturbing specific steps along the
intracellular signal transduction pathway.

CLINICAL PRESENTATION

Patients generally present to the endocrinologist in one of two ways. The first is
immediately following birth, when categorized as small for gestational age. The ques-
tions that arise at this time relate to potential causes of intrauterine growth retardation
and whether patient will have normal growth thereafter. The extent of the evaluation will
depend on the severity of growth retardation, whether the patient is experiencing other
medical problems or has dysmorphic features, and whether the cause is evident.

A more common presentation is that of the short child between ages 3 and 8. The child
was born with a low birth weight and was expected to “catch up”. However, catch up
never occurred and he has had the same relative degree of short stature for many years.
That is, when plotted on the growth chart, his trajectory seems to parallel the norm, just
3–5 SDS below average. The child has otherwise been healthy and his parents are
concerned that the short stature will become increasingly problematic as the patient ages,
and wonder whether anything can be done to improve his stature. It is not always evident
that the persistent small size is related to a growth disorder that began prior to birth. Only
by reviewing the birth weight and history of pregnancy and delivery does this informa-
tion come to light.

DIAGNOSTIC EVALUATION

The causes of growth failure are many, as are the tests that can be applied to such
patients. One should consider the likely possibilities and apply the diagnostic tests that
are reasonably expected to be helpful. There are important reasons for establishing a
diagnosis. However, it should be emphasized that in many cases it is impossible to
ascertain the precise of cause of the prenatal growth failure. Since this chapter deals
primarily with the use of GH in augmenting growth in such children, the diagnostic
discussion is directed towards determining whether GH therapy is warranted. The diag-
nostic approach is framed under several relevant questions.

1. Does the patient have a disorder that limits both pre- and postnatal growth? Certain
common endocrine disorders such as hypothyroidism and GH deficiency only affect
postnatal growth substantially even when the condition is congenital. Thus, these are
simply eliminated as diagnostic possibilities when prenatal growth restriction is evident.
The same applies for common, acquired causes of growth failure such as celiac disease,
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and the like. Patients who are born SGA frequently show catch-up growth during the first
year and do not require further evaluation. Patients being evaluated for IUGR who are
still in the first few months of life should simply be tracked in terms of growth if they have
no dysmorphic features, malformations, or suspicious symptoms. It is clear that most
patients destined to catch up will demonstrate increased growth velocity and during the
first 6 mo of life and have caught up by the end of the first year (6,19,20). Patients who
have shown no evidence for improved growth following birth need further evaluation.

2. Is the cause of IUGR obvious? Careful history and physical exam can be very helpful in
explaining the intrauterine growth retardation. Maternal hypertension, poor weight gain
during pregnancy all suggest a maternal factor. Dysmorphic features in the baby imply
a syndrome associated with IUGR may be present. Diagnostic tests that may be particu-
larly helpful for evaluating patients with IUGR are listed in Table 3. A karyotype is
particularly important for females since Turner syndrome may show mild prenatal growth
restriction. Patients with dysmorphic features should have karyotyping as well, or be
considered for other specialized genetic tests and further evaluation by a geneticist/
dysmorphologist. It is particularly important to recognize Bloom syndrome, a recessive
disorder associated with severe IUGR and poor postnatal growth. These patients have
increased chromosomal breakage and usually develop malignancies later in childhood.
For these reasons, GH therapy would seem contraindicated. The diagnosis of Bloom
syndrome is often suspected with routine chromosome studies in which there is increased
chromosome breakage and formation of triradial chromosomes. Confirmation requires
specialized chromosomal studies which examine rates of sister chromatid exchange.
Assessment of renal function is required because mild forms of renal dysplasia can
produce IUGR and moderate postnatal growth failure that is otherwise not evident. These
patients may manifest oligohydramnios as a clue to the diagnosis.

3. Why has the patient not shown catch-up growth? If more were known of the mechanisms
involved in catch-up growth, it would be easier to explain why, in some cases, it does not
occur. In some situations, the fetal growth retardation may have been so severe and the
cellular mass at birth is so low that overall somatic size is ultimately restricted. Even with
normalization of nutritional and hormonal factors, simply restoring normal growth (body
size doubling at normal intervals) still leaves a person small relative to the peers. In other
cases, patients do not reach normal size following birth because of persistence of a defect
in growth regulation or cellular growth and replication. From a practical point of view,
it is important to consider that catch-up growth may be impaired in patients whose
nutritional status is compromised. A careful dietary history and review by a nutritionist
can be helpful, and is especially indicated in a patient with low weight for height.

Table 3
Useful Tests for IUGR-Associated Short Stature

General Specialized

Complete Blood Count Karyotype (Turner Syndrome)
Erythrocyte Sedimentation Rate Cytogenetic Studies to assess chromosome stability
BUN/Creatinine (Bloom Syndrome, Fanconi Syndrome)
Serum Electrolytes
IGF-1/IGFBP-3
T4, TSH
Radiological Skeletal Survey
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There is also evidence that GH secretion is reduced and limiting catch-up growth in
some patients. Though absence of GH clearly cannot explain intrauterine growth retar-
dation, studies by Boguszewski et a.l (21) and de Waal et al. (22) have suggested that
there is an increased incidence of low GH secretion in patients with short stature follow-
ing IUGR. The data imply that reduced pituitary GH secretion contributes to the rela-
tively poor postnatal growth in some cases. However, the ability of indices of GH
secretion to predict response to GH therapy for this group of patients is not clear. Earlier
reports suggested low overnight GH concentrations or low IGF-1 concentrations were
associated with an improved response (23,24), whereas later reports examining greater
numbers found no predictive value in these measures (25–27). However, such studies
frequently differ in the patient selection (e.g., severity of IUGR and short stature), the
dosing of GH, and the tests of GH release. Studies that examine larger numbers of
patients only slightly SGA, likely include a significant proportion that do not necessarily
have disorders of prenatal growth and/or have differing etiologies from those patients
who are –4 to –5 SD below average for birth size. In addition, large doses of GH admin-
istered could obscure underlying differences in sensitivity to GH. Thus, the heteroge-
neous nature of this patient population continues to confound efforts to grasp all the
variables of their growth and GH response. It is not surprising then that efforts to model
predictors of response to GH treatment are least successful for the group with IUGR-
associated short stature (28).

Most patients do not meet biochemical criteria for classic GH deficiency or other
known endocrine disorders, and thus the most likely explanation for their poor postnatal
growth is the persistence of a problem intrinsic to the fetus. There may be a specific
genetic defect that continues to limit growth or the early growth restriction has, in some
way, reprogrammed the growth regulating system so that the child remains small. Indeed,
most animal models of prenatal growth restriction do not show postnatal catch-up growth
following birth.

GROWTH HORMONE THERAPY

Effects on Somatic Growth

The earliest reports of GH administration to patients with IUGR-associated short
stature indicated that short-term linear growth was stimulated by GH (29–31). However,
enthusiasm was diminished by the suggestion that the growth stimulation was not sus-
tained (32), and that undesirable bone age advancement was negating the effect (33).
Such data implied that patients were unlikely to have meaningful benefit from long-term
GH therapy in terms of final height. However, the doses employed were modest by
today’s standards, being similar to those given to patients with GH deficiency at the time.
Data from the last decade shows clearly that exogenous GH stimulates growth in children
with IUGR-associated short stature and that such growth can be sustained for several
years (Fig 1.). Table 4 displays results from several large, intermediate-term studies
indicating that 4–6 yr of therapy increases height by 2–2.5 SDS, depending on the dose
employed. Though there are no randomized, controlled studies that define the effect on
final height, it is likely that GH treatment leads to gains in adult height, given what we
know about final height in untreated patients and the effects of GH therapy in other non-
GH deficient conditions such as Turner syndrome (34) and idiopathic short stature (35).
In one of the few studies to report final height, Coutant et al. (36), (Table 4) showed only
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very modest effect on final height, but the GH dose was low and the patients began
treatment at age 10 yr on average. Thus, it appears that doses need to be higher than those
used for treatment of GH deficiency and that treatment needs to be started during early
childhood, perhaps in the 3–8 yr age range, to achieve satisfactory results.

Though the growth promoting effect of GH on such patients is clear, many questions
remain in terms of patient selection criteria, dosage and dosing schedules, and monitor-
ing for side effects. As previously noted, there are data suggesting that patients have an
increased frequency of GH deficiency, measured by overnight sampling (21,22). Fur-
thermore, as a group, they have lower than average IGF-1 concentrations. (22). Thus,
even though GH stimulation testing does not appear to predict response to GH therapy
(26), it is possible that individualization of dosing based on endogenous GH secretion
may be helpful; this remains to be proven.

Continuous versus intermittent schedules have also been evaluated (37). Short-term
treatment makes some sense since the underlying growth rate of patients may be near
normal. In theory, therapy that could boost a patient to a higher percentile growth channel
might be all that is needed for long-term benefit. Data thus far supports this concept, but
suggests that the effect is not complete. Figure 2 shows results from a study that com-
pared a short high dose period of treatment with a more moderate sustained therapy. The
high-dose group lost some ground in the years following GH withdrawal, such that after
5 yr heights were equivalent. Data such as these has led some to propose intermittent
dosing schedules for treatment.

An important issue facing the treating physician is the possibility of adverse effects.
Even though used for over three decades in large numbers of children, GH rarely causes
any serious morbidity (38). However, use in IUGR-associated short stature presents new
issues. First, the dose of GH used in several studies is higher than that used for most
patients in the past. Clearly, GH is being used as a pharmacological agent to stimulate
seemingly reluctant biologic pathways involved in somatic growth. Hence, the side-
effect profile of GH may be altered with the increased dose. Second, this patient popu-

Fig. 1. Height SD score in patients with IUGR-associated short stature randomized to receive GH
daily at two distinct doses. Patients were approx 5 yr of age on average at the start of treatment. Note
the clear dose response relationship most apparent in the first years of treatment. Reproduced with
permission from ref. (37).
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Table 4
Summary of Selected Trials of GH Given Continuously for at Least 4 Years to Patients with IUGR-Associated Short Stature

Treatment GH dote
Study duration (mg/kg/wk) SDS SDS
format N (Yr) (approx) start end Comments Ref.

Clinical Trial 58 4 0.30 –3.6 –1.6 No difference in response based on GH stimulation 26
test result.

Composite of 35 6 0.23 –3.4 –1.4
Clinical Trial 37

27 6 0.46 –4.0 –1.3
Clinical Trial 41 5 0.23 –3.0 –0.8 27

38 5 0.46 –3.1 –0.5
Clinical Trial 70 4.6 ± 2.5 0.14 –2.9 –2.0 Subjects followed until final height. Untreated “controls”

had normal GH stimulation test; Treated patients had GH
peak < 10 ng/mL. 36

40 0 NA –2.8 –2.2 Control Group
Registry analysis
(NCGS) 270 4 0.29 –3.6 –1.8 Uncontrolled Survey with 46 patients in 4th year. 62

Dosage of GH is approximate because in some cases doses were given on basis of body surface area or described in international units rather than mass.
Conversion employed was 1 mg = 3 IU.



Chapter 4 / GH Treatment after IUGR 87

lation may have unique susceptibilities to certain pharmacological properties of GH. The
issue of insulin resistance is most pertinent. Epidemiological and experimental data
indicate that humans born small for gestational age have an increased incidence of
obesity and type II diabetes as adults, with the implication that the period of fetal under-
nutrition results in a resetting of intrinsic insulin sensitivity (39). Patients with IUGR
already show evidence of decreased insulin sensitivity as children (40). Could GH,
which diminishes insulin sensitivity, add to the risk of developing obesity, hyperlipi-
demia, and insulin resistance (syndrome X) later in life? Though data from patients
treated thus far show only modest effects on basal insulin levels (41) and no clinically
significant impact on glucose or lipid metabolism (42), the observation period may not
be long enough, and the numbers of patients treated with the highest doses still too few
to detect significant long-term sequelae.

Additional important theoretical or potential complications of pharmacological GH
therapy include orthopedic problems, such as carpel tunnel syndrome in adults, and
scoliosis and slipped capital femoral epiphysis in children, and the possible promotion
of malignancy risk (43,44). The latter has been difficult to define. Analysis of risk of GH
treatment in patients who developed GH deficiency as a consequence of tumor treatment
do not indicate much of a role for GH in the development of relapse (45,46). However,
large epidemiological studies find that risks for prostate cancer (47) and breast cancer
(48) are increased for people with serum IGF-I concentrations in the upper normal
ranges. The studies do not prove cause and effect, but tumor cells in culture frequently
express IGF-1 receptors and replicate in response to IGF-1 (49). This raises the question
as to whether the high IGF-1 levels that generally accompany high dose GH therapy
might have adverse consequences over the long term.

Fig. 2. Height SD score in patients treated with a 2 year course of high dose (100 µg/kg) daily
GH and followed for 4 additional years untreated (dotted line). They are compared to patients
treated with a lower dose of GH continuously for 6 yr. Note that patients on high dose grew very
well during GH therapy but that height SD score was not maintained when GH supplementation
was withdrawn. Reproduced with permission from ref. (37).

GUEST
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Therapeutic Considerations
Growth Hormone has only recently been approved by the US Food and Drug Admin-

istration for treatment of non-GH deficient short stature in children born SGA. Experi-
ence with treatment of this patient group is therefore limited. However, based on the data
described above, administration of GH to significantly short patients with IUGR-asso-
ciated short stature should be considered in certain clinical situations. The author’s
approach to such patients is outlined, representing one way of dealing with the complex
and controversial issues that surround the topic.

CRITERIA FOR GH THERAPY

Treatment should presently be limited to those patients in whom short stature is at
least moderately severe (probably –2.5 SDs or less) and where there is little expectation
of meaningful catch-up growth over the next several years. If significant catch-up is
going to occur, it is usually evident during the first year of life. Since patterns can be
variable, however, careful measures over at least 6 mo (preferably 12) should be per-
formed to assess underlying growth velocity. Patients that present after age 2 with
persistent short stature typically have a growth rate in the low normal range and are
unlikely to show substantial improvement in height SDS over the next several years.
Assessing final height prognosis with a bone age measure is not helpful because the
patients are generally quite young and may have a pathological condition, both of which
render the prediction inaccurate. Since younger patients appear to respond better, treat-
ment can be initiated once it is clear that the current growth velocity will be insufficient
to normalize height. Patients in mid-childhood would likely benefit as well, but those
well into puberty may not be helped unless they have concomitant GH deficiency.

Measures of GH secretion, though frequently performed, do not appear to predict
growth response and may only be helpful in dealing with reimbursement issues. I pres-
ently measure IGF-1 and IGFBP-3 and perform standard GH stimulation testing if these
parameters are subnormal. If the IGFs and measures of GH release are all low, this
suggests that a lack of GH is limiting the patients current skeletal growth and the need
for supplementation seems clear. Baseline IGF-I also may be useful to help interpret
serum concentrations during therapy. However, since many with apparently normal GH
secretion respond to therapy, the testing does not necessarily alter the intention to treat.

GH DOSING AND MONITORING

Though relatively high doses may be ultimately required for the best growth response
(the FDA approved dose is 0.48 mg/kg/wk, 0.07 mg/kg/d), beginning therapy at a dose
around 0.04–0.05 mg/kg/d (a common dose for GH deficiency) offers certain advan-
tages. Since the response of patients is highly variable, acceptable improvement may be
observed on such a regimen. After 6–12 mo of therapy the dose may be increased if the
growth rate is insufficient to produce catch-up and the medication is being tolerated
without safety concern. Alternatively, one could begin therapy at the relatively higher
dose in order to achieve more rapid growth initially, keeping the absolute dose constant
and allowing the patient to “grow into” a more modest weight-based dose once a satis-
factory height percentile is reached. Each approach has its advantages and more expe-
rience in needed with various treatment regimens.

Patients should have re-evaluation at a minimum of six-mo intervals with careful
history and physical examination, seeking signs and symptoms of scoliosis, other ortho-
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pedic abnormalities, pseudotumor cerebri and assessment of growth response to therapy.
Periodic measurement of glucose tolerance and/or insulin sensitivity seems wise, and
monitoring of circulating IGF-1 have been recommended as an additional safety param-
eter (50). Yet there are few data that define the extent of the risk and clearly specify in
what ways the physician should deal with abnormalities. A simple measure of glucose
insulin pairs in the fasting and fed (post CHO challenge) performed shortly after initi-
ating GH therapy and periodically thereafter would easily identify those who develop
diabetes or severe insulin resistance. The testing could be repeated every few years or
when there are substantial increments in GH dose. This represents a conservative
approach and the yield is likely to be quite low in the youngest patients at the start of
therapy. However, the changes that might be observed after therapy of longer duration
into the pubertal years are more difficult to predict.

Periodic assessment of circulating IGF-1 during GH therapy has been recommended
for patients receiving GH. It is perhaps most valuable in for determining dose replace-
ment of GH for adults with GH deficiency (44), but has been advocated as a safety
measure for other conditions where GH is used (50). The notion is that doses of GH the
produce supranormal levels of IGF-1 may be hazardous to the patient, perhaps increas-
ing the risk of future malignancy or portending other GH-related side effects. The theory
is reasonable, but its value is unproven and for individual patients with IUGR-associated
short stature is particularly problematic since it is possible that a degree of IGF-1 resis-
tance plays a role in growth limitation in certain patients. In that circumstance, raising
IGF-1 concentrations above normal may be desirable. Furthermore the ranges of IGF-1 are
very wide, suggesting varied sensitivity of individuals to IGF or that circulating IGF-1
is a poor reflection of signal strength at the cellular level. Clearly much more work needs
to be done to define how measures of GH secretion and action can be used in the selection
of therapeutic regimens for patients.

FUTURE DIRECTIONS

There is little doubt that GH will be used more frequently to ameliorate short stature
that follows IUGR. Future studies need to clarify the issues discussed above, defining
for physicians how the drug can be used with the greatest safety and efficacy. Whether
all patients should receive the same, relatively high dose, or whether dosing can be
tailored using markers of GH action that reflect individual sensitivity should be explored.
The effects that GH therapy might have on the propensity to develop insulin resistance
needs to be examined and assessed over time in larger numbers of patients. Though there
is a presumption that GH may aggravate the problem, the opposite might be observed
since IGF treatment improves insulin sensitivity in a rat model of “syndrome X” pro-
duced by fetal caloric restriction (51).

The response of individuals is highly variable and must relate to the variety of con-
ditions that initiated the growth problem and the different mechanisms involved in
restraining subsequent growth. Improved methods to establish molecular-genetic diag-
noses in IUGR patients are expected to ultimately be helpful in selecting the patients who
will benefit from therapy and defining individuals at risk for specific sequelae. Though
patients with specific genetic syndromes have rarely been evaluated in detail, there is
really no reason to believe that for some the responses to GH would not equal that of non-
syndromic patients. The ability to assess the growth regulatory components of specific
patients on a molecular-genetic and functional basis to explain and categorize the growth
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anomalies, and to use the information to design and optimize therapy should enhance
pediatrician of the future’s ability to care for children born SGA.
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INTRODUCTION

Long-term treatment with glucocorticoids (GC) frequently results in growth failure
in children. While most disorders requiring such treatment (e.g., organ transplantation,
inflammatory bowel disease, rheumatoid diseases, severe asthma) are relatively rare, the
expanding use of inhaled GC preparations for treatment of mild-to-moderate asthma has
greatly increased the numbers of children chronically exposed to exogenous GC. This
chapter reviews the mechanisms of GC effects on growth, current information about
effects of inhaled corticosteroids (ICS) on growth of children with asthma, and prelimi-
nary investigations into reversal of GC-induced growth failure with human growth
hormone (GH) therapy.

MECHANISMS OF GROWTH SUPPRESSION BY GLUCOCORTICOIDS

The pathogenesis of growth suppression by GC involves several steps in the cascade
of events leading to linear growth. (Fig. 1; 1) During childhood, the primary known
mediator of epiphyseal growth and maturation is GH. Pulsatile, primarily nocturnal
release of pituitary GH occurs under the influence of interwoven hypothalamic stimu-
lation (via growth-hormone-releasing hormone, GHRH) and inhibition (via somatosatin,
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SRIF). In late childhood and adolescence, GH secretion is augmented by sex steroids
produced by the adrenal glands and gonads. Growth-promoting effects of GH in epiphy-
seal cartilage are mediated both directly and indirectly through insulin-like-growth-
factor 1(IGF-1). Linear growth also requires synthesis of new type 1 collagen.

Glucocorticoids have dichotomous action at the level of the pituitary and hypothala-
mus. Cortisol facilitates pituitary GH synthesis by altering the affinity and density of
pituitary GHRH receptors and interacting with a GC-responsive element on the GH gene
(2). Thus, a minimum level of cortisol is essential for normal GH manufacture. On the
other hand, GC administration inhibits GH release through enhancement of hypotha-
lamic SRIF release (3), possibly due to enhanced beta-adrenergic responsiveness of
hypothalamic SRIF neurons (4).

In children with renal transplants, a reverse relationship between daily dose of GC and
peak amplitude or mean levels of GH was noted, whereas the GH pulse frequency was
not changed. In the clinical setting, this attenuation of GH secretion associated with
exposure to exogenous GC can be both rapid and profound (5). In spite of these obser-
vations, spontaneous and stimulated GH levels are not invariably low in GC-treated
subjects; results vary according to the dose and timing of GC administration and the
methodology of GH testing

Glucocorticoids reduce GH receptor expression and uncouple the receptors from their
signal transduction mechanisms (6). Hepatic GH receptor binding and plasma levels of
GH binding protein (GHBP, derived from the GH receptor) are markedly reduced in
dose-dependent fashion by GC treatment, an effect accompanied by growth failure in
treated animals (6). Significant reductions in circulating GHBP levels have been reported
in GC-treated children compared with age-matched controls (7). While not yet proven,
it is likely that these effects on GH receptor synthesis and expression occur in non-liver
tissues such as chondrocytes or muscle.

Fig. 1. Mechanisms of linear growth inhibition by glucocorticoids (derived from both in vivo and
in vitro studies). Reproduced with permission from (1) The Endocrine Society.
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Circulating IGF-1 levels can be decreased, normal, or increased in GC-treated patients.
Both IGF-1 mRNA content in liver and other tissues and a GH-induced rise in serum
IGF-1 is inhibited by dexamethasone (DEX) (8). IGF-1 activity falls precipitously within
hours of oral GC administration due to IGF-1 “inhibitors” in serum fractions of molecu-
lar weight 12,000–32,000 (9) that clearly differ from IGF-binding proteins. In renal
allograft and post-liver transplant patients, elevated levels of IGF binding protein-3
(IGFBP-3) are accompanied by normal IGF-1 levels, suggesting reduced bioavailability
of IGF-1 (10,11).

Multiple additional effects of GC contribute to the profound impairment in linear
growth associated with supraphysiologic GC therapy. Glucocorticoids inhibit chondro-
cyte mitosis and collagen synthesis within growth plates. Addition of GH to DEX-
treated chondrocyte cultures restores proliferation rates to normal (12), suggesting that
GH and/or IGF-1 could partially overcome the growth suppressive effects of GC (13).
GC interfere directly with post-translational modifications of the precursor procollagen
chains and increase collagen degradation. In children with inflammatory bowel disease,
type I procollagen levels decrease during administration of GC (14). Glucocorticoids
also interfere with nitrogen and mineral retention required for the growth process. Under
the influence of GC excess, energy derived from protein catabolism is increased and the
contribution from lipid oxidation is decreased. Glucocorticoids inhibit bone formation
directly through inhibition of osteoblast function, and indirectly, by decreasing sex
steroid secretion (in older children and adolescents). They also decrease intestinal cal-
cium absorption (partially reversible with vitamin D therapy), increase urinary calcium
excretion, and promote bone resorption due to secondary hyperparathyroidism.
Osteopenia is particularly prominent in trabecular bone, such as the vertebrae. Skeletal
maturation is delayed by long-term GC therapy, and impaired mineralization can cause
delay in bone age maturation in excess of delay of height age advancement (15).

Dose, type of GC preparation, and timing of GC exposure each influence the degree
of growth suppression observed. Large amounts of exogenous GC are not required for
this adverse effect; relatively modest doses of prednisone (3–5mg/m2/d) or hydrocorti-
sone (12–15mg/m2/d) can impair growth, particularly in prepubertal children. Alternate
day GC therapy reduces, but does not eliminate, the chances for growth failure (16,17).
Children exposed to GC excess just prior to puberty may be particularly susceptible to
growth suppression; childhood growth velocity and endogenous GH secretion is often
transiently reduced during this period. Suppression of adrenal sex steroid secretion
(adrenarche) by exogenous GC at this time may also contribute to slowed growth (Fig. 1).

Effects of GC treatment on final height are difficult to evaluate owing to the inability
to distinguish between medication effects from the natural history of the underlying
disease. In one study of children with nephrotic syndrome, high-dose GC therapy for
>18 mo led to significant loss in height percentiles (18), whereas alternate-day or inter-
mittent GC therapy was not associated with diminished final height (19). Nevertheless,
as shown by a recent meta-analysis, chronic treatment with prednisone is highly corre-
lated with a statistically significant reduction in height achieved (20).

EFFECTS OF INHALED CORTICOSTEROIDS ON GROWTH

Inhaled corticosteroid (ICS) administration now represents the most common mode
of exposure of children to therapeutic GC. Although physical properties shared by ICS



96 Part I / Allen

(e.g., rapid inactivation of absorbed drug) increase the ratio of topical anti-inflammatory
to systemic activity, questions remain about the systemic effects of ICS. In children, the
major controversy regarding ICS use in children is the issue of growth impairment.

Adverse effects from ICS should be anticipated if daily systemic exposure exceeds
normal endogenous cortisol production or if the pattern of drug bioavailability signifi-
cantly disrupts normal diurnal hormonal rhythms. Systemic GC effect reflects not only
the amount of ICS absorbed into circulation through airway and intestinal routes, but
also the drug’s binding affinity and plasma half-life, the volume of distribution, the
potency and half-lives of its metabolites, the patient’s sensitivity to and metabolism of
the medication, and newly described factors such as the duration of GC contact with the
cell or the rate of rise in steroid concentration. Consequently, individual risk for adverse
effects from ICS varies widely.

Systemic bioavailability of ICS results from a combination of oral (swallowed frac-
tion) and lung components. ICS are absorbed unaltered into the circulation from the
pulmonary vasculature, and the amount reaching that site is influenced by delivery
vehicle (e.g., deposition of dry powder generally exceeds pressurized metered-dose
inhalation) and technique. The bioavailability of swallowed drug varies significantly;
beclomethasone dipropionate (BDP), (FLU), and triamcinolone acetonide (TA) 20–22%,
BUD 10–15% (21) and fluticasone propionate (FP) 1% (22). These differences in inac-
tivation of swallowed drug (which exerts little or no therapeutic effect) appear to be
critical in determining a drug’s therapeutic effect vs systemic effect profile. Plasma half-
lives of most ICS are brief (e.g.,1.5–2 h) primarily owing to extensive first pass hepatic
metabolism. Intrapulmonary metabolism of ICS is also variable; BDP differs from other
ICS because it is metabolized to potent active metabolites in the lung, which prolong the
half-life of “BDP-effect” (~15 h) and account for most of the systemic GC effect of
inhaled BDP (23).

Properties which make ICS extremely potent might increase risk for adverse effects
as well. Two such factors are relative binding affinity for the glucocorticoid receptor
compared with DEX (e.g., 8:1 for racemic BUD and 20:1 for FP) and increased fat
solubility (i.e., lipophilicity) The ranked order of lipophilicity among currently used ICS
is FP > BDP > BUD > TA > FLU, with FP being 3-fold and 300-fold more lipophilic than
BDP and BUD, respectively (24). Receptor pharmacokinetics and lipophilicity roughly
predict differences in clinical drug potency: e.g., when compared µg to µg, FP is approxi-
mately 2–3 times as potent as BDP. However, precise comparisons of different ICS are
confounded by complexities of determining the clinical therapeutic equivalence of each
compound and its delivery system. For instance, BUD delivered by metered-dose inhaler
approximates BDP in potency, while delivery of BUD by dry powder inhaler may com-
pare µg-for-µg in GC effect with FP, presumably due to greater lung deposition of the
drug (25).

Do ICS impair growth? A critical analysis of this question is complicated by two
central factors: first, children with chronic asthma frequently exhibit growth retardation,
primarily in proportion to severity of pulmonary disease (26). Second, substantial dif-
ferences exist between specific ICS, and results obtained by studying one should not be
extrapolated to another. Until recently, most studies of growth in asthmatic children
treated with ICS have suffered from flaws in study design. These include lack of evalu-
ation of pubertal status, inappropriate stratification of pubertal status by age alone, lack
of an adequate untreated control group, lack of baseline growth rate data, and baseline



Chapter 5 / Growth Suppression by Glucocorticoids 97

differences in age and height between treatment groups. However, during the past sev-
eral years, prospective and, in some cases, well-controlled studies have overcome these
confounding factors.

During the last 10 yr, 4 consecutive studies have demonstrated annual growth reduc-
tions of ~1.5 cm/yr in pre-pubertal children treated with 400 µg/d of BDP compared with
children treated with theophylline (27), placebo (28,29), or salmeterol (29,30). Thus, it
has been clearly shown that conventional dose treatment with inhaled BDP, adminis-
tered without interruption, is capable of suppressing linear growth. On the other hand,
asthma exacerbations are increased and quality of life measures are decreased in the
absence of ICS therapy (29).

The question arises whether this effect on growth is peculiar to BDP or consistently
observed with other ICS preparations. ICS which have greater first-pass inactivation
by the liver (e.g., BUD and FP) would theoretically be expected to have reduced effect
on the growth axis for a given degree of airway anti-inflammatory effect. One non-
controlled observational study of children treated with BUD for 3–6 yr (mean daily
dosage decreased from 710 to 430 µg over the course of the study) showed no significant
changes in growth velocity (31). A controlled study of asthmatic adolescents showed
that BUD treatment was not associated with a significant effect on growth velocity
compared to placebo. Males treated with either BUD or placebo showed similar slowing
of growth rates, indicating a likely confounding effect of delayed puberty (32). With
regard to FP, a recent double-blind, randomized, parallel-group study of prepubertal
children showed no significant difference in one-year mean height increase (6.15 cm in
the placebo group, 5.94 cm in the FP 50 µg bid group, and 5.73 cm in the FP 100 µg bid
group). Thus, at clinically equivalent dosages, any potential growth effect of FP appeared
to be ~25% that associated with BDP (33). Available information regarding effects of
ICS on growth derives from studies using low-to-medium doses of ICS. With the excep-
tion of anecdotal reports, there is a lack of information regarding the effect of high dose
ICS for treatment of severe asthma, on growth rates and final stature.

Other factors, including age and growth pattern of the child, underlying disease sev-
erity, and timing of drug administration affect risk of growth suppression by ICS. Sus-
ceptibility to growth suppression by a variety of influences appears increased during the
2–3 yr prior to puberty, when growth rates are low and the resiliency of the growth
hormone axis is transiently, physiologically low. Most studies of growth effects of ICS
have focused on children of this age, so that results cannot confidently be extrapolated
to infants or adolescents. Contributions of asthma disease itself can be over- and under-
estimated. Since children with mild-moderate persistent asthma recruited into recent
prospective trials have normal mean heights and skeletal ages for chronological age, it
appears that at least moderate-to-severe asthma is required to significantly slow the
tempo of childhood growth (34). Finally, selectively eliminating nighttime administra-
tion of ICS might also avoid GC-mediated blunting of nocturnal pituitary GH secretion
and/or ACTH-induced adrenal androgen production (35). Preliminary studies of treat-
ment of infants and toddlers with BDP 200 µg daily via a metered dose inhaler (MDI)
and spacer plus mask (Aerochamber, 36), or nebulized BUD (1–4 mg/d, 37) reported no
reduction in mean linear growth rates. However, a recent controlled study of children
with ages 6 mo to 8 yr treated with BUD inhalation suspension (0.5 mg once or twice
daily) revealed a small, statistically significant decrease in growth velocity (38). Poten-
tial benefit of early intervention with ICS is supported by one long-term study that



98 Part I / Allen

showed improvement in lung function was significantly greater in children who started
BUD treatment within 2 yr of diagnosis of asthma compared with those who started
later (39).

Traditionally, the clinical relevance of growth suppression by ICS has been judged
more on ultimate effect on final height than short-term reductions in growth rate (40).
In two recent retrospective studies, final adult height was not significantly reduced in
young adults treated with ICS during (actual mean numeric differences were 1.22 cm
(40) and 1.4 cm (41), p = NS for both). It could not be determined whether a small
difference in adult height minus target height (statistically significant in one study) in
ICS-treated patients was due to ICS treatment or differences in asthma. A meta-analysis
of 21 studies indicated that growth impairment was linked to oral corticosteroid treat-
ment whereas inhaled BDP treatment was associated with reaching normal height (20).

How can recent prospective studies showing growth suppression by inhaled BDP be
reconciled with retrospective studies showing minimal or no effect on growth rate or
height? One likely explanation stresses the differences between therapeutic efforts to
achieve disease control vs symptom control (42). Outside clinical trials, most patients
reduce drug exposure by titrating medication to control symptoms alone (43). It remains
unknown whether long-term administration of ICS at doses sufficient to maintain con-
trol of inflammation could affect an asthmatic child’s final height. In addition, long-term
final height data should be extrapolated with caution to today’s children, who are now
receiving ICS treatment earlier in life for milder asthma for longer duration and with
greater consistency than in the past (43).

Studies cited above suggest the following conclusions regarding the significance and
clinical relevance of ICS effects on childhood growth: 1) persistent asthma requires anti-
inflammatory treatment, and ICS are the most effective available therapy; 2) detectable
slowing of one-year growth in pre-pubertal children can occur with continuous, twice-
daily treatment with BDP (400 µg/d); 3) effects of ICS on growth beyond one year of
treatment or through adolescence remain unknown; 4) effects of ICS treatment during
childhood on adult height appear minimal; 5) in contrast, oral corticosteroid treatment
is associated with reduced adult stature; 6) use of ICS with more efficient first-pass
hepatic inactivation of swallowed drug reduces risk of growth suppression; 7) risk for
growth suppression can be increased when ICS therapy is combined with intranasal or
dermal steroid therapy; and 8) titration to the lowest effective dose will minimize an
already low risk of growth suppression by ICS.

TREATMENT OPTIONS FOR GROWTH FAILURE
IN GC-TREATED CHILDREN

Recognition of GC-induced suppression of GH secretion combined with an unlimited
supply of synthetic human GH has renewed interest in the potential reversal of
GC-induced growth failure by GH therapy. In 1952, Selye demonstrated in rats that
addition of crude bovine GH reversed growth inhibition caused by GC treatment. With
increasing doses of GC, larger amounts of GH extract were required to sustain growth
(44). More recent animal studies have substantiated a dose-dependent compensation of
growth depressing effects of methylprednisolone by GH (45). IGF-1 is also able to
partially counterbalance GC-mediated growth retardation (46). Experimental evidence
gleaned from rat models of uremia indicate that, while GH receptor expression and
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GHBP levels may be reduced under these conditions, GH can still stimulate linear
growth and anabolism (45). Further, restoration of normal growth plate architecture (45)
and increased vertebral and femoral bone mass (47) have been reported in GC-treated
rats receiving GH. In piglets, DEX-related reductions in plasma osteocalcin, urinary
N-telopeptide, and whole body and femoral mineral density could be prevented by
concomitant treatment with GH (48).

In slow-growing children with rheumatic diseases, asthma, and inflammatory bowel
disease, GH therapy has been investigated to a limited degree. Early treatment efforts
using relatively low-dose, thrice weekly, pituitary-derived GH revealed either insignifi-
cant growth velocity increments or acceleration in growth rate coincident with fluctua-
tions in disease activity and GC dosage (49,50). Subsequently, preliminary investigations
of daily, conventional dose (0.3 mg/kg/wk) recombinant human GH therapy, in which
GC dosages remained relatively constant, showed a return to normal growth rates in
treated children over a 12–24 mo period. Markers of collagen synthesis were also
increased by GH treatment (51). As expected, persistence of disease activity and higher
GC dosage (e.g., prednisone dose >0.35 mg/kg/d) (52) interfere with GH-responsiveness.

Recent analysis of larger numbers of GC-dependent children (n = 83) followed over
a 12-mo period reveal a mean response to GH therapy (mean dose = 0.3 mg/kg/wk) of
doubling of baseline growth rate (e.g., 3.0 ± 1.2 cm/yr to 6.3 ± 2.6 cm/yr) (Fig. 2, 53)
Responsiveness to GH was negatively correlated with the dose of GC. In a recent study
of 14 severely growth-impaired children with rheumatoid arthritis (mean height
SDS = –4.0, GH administered at a dose of 0.5 mg/kg/wk resulted in an increase in mean
growth velocity from 1.9–4.5 cm/yr. Awareness of the fact that, without intervention,
height SDS and predicted final adult height continue to decline with time in many
GC-treated children, is important to an appropriate interpretation of results. While dif-
ficult to prove, preservation of height SDS most likely represents a beneficial therapeutic
outcome. Long-term GH-responsiveness and effects of GH therapy on final height in
these children remain unknown.

Several studies have reported a salutary effect of GH therapy (0.05 mg/kg/d admin-
istered daily) on the growth of children following renal transplantation, most of whom
are treated with relatively low doses of GC (5–10 mg/d or 0.1–0.2 mg/kg/d of pred-
nisone) and have stable allograft function (54,55). Growth rates of prepubertal post-
transplant children have generally increased two-to-three fold during the first 1–2 yr of
GH therapy, decline subsequently but remain above baseline growth velocity (56). Gains
in height standard deviation (SD) scores approximate 1 SD following 2–4 yr of therapy,
and approximately one-half of the children achieve “normal” heights (i.e., within 2 SD
of the mean, 57). Bone maturation tends to parallel chronological age (58). IGF-1 levels
are not particularly low in children with renal allografts; however, increases in IGF-1
levels which exceed changes in IGF-BP3 levels suggest greater bioavailability of IGF-1
during GH treatment (59). Growth stimulation in pubertal children with renal allografts,
while less consistent than that observed in younger patients, is still significant (60).

In addition to restoring linear growth, GH therapy may counter some of the catabolic
effects of GC. Studies using isotope tracer infusions have shown that the increased
proteolysis and leucine oxidation caused by prednisone could be abolished by treatment
with high doses of human GH (61). Subsequent observations suggest that GH, directly
or through IGF-1, counteracts GC-induced protein catabolism through independent
stimulation of protein synthesis without altering protein breakdown (62). Alternatively,
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accompanying hyperinsulinemia might contribute substantially to the observed protein
anabolic effect by decreasing proteolysis (63). Interestingly, twice daily injections of
recombinant IGF-1, which also abolish GC-induced increases in proteolysis and reduce
leucine oxidation in prednisone-treated individuals, do not elevate plasma glucose con-
centrations and actually reduce circulating insulin levels (64). GH may also counteract
the anti-anabolic effects of GC on bone. In a group of adults receiving chronic GC
treatment, in whom GHRH-stimulated GH levels were suppressed, levels of osteocalcin
and carboxy-terminal propeptide of type I procollagen rose with short term GH therapy
(65). Detailed studies of the metabolic effects of GH administration in children receiving
long-term GC therapy have not yet been done.

Fig. 2. A. Effect of GH and GC therapy on growth rate (mean ± SD) after 1 and 2 yr of treatment.
Results are grouped by the therapeutic indication for GC therapy. B. Effect of GH and GC therapy on
height SD score (mean ± SD) after 1 and 2 yr of treatment. Results are grouped by the therapeutic
indication for GC therapy. Reproduced with permission from (1) The Endocrine Society.
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Potential adverse effects of combined GH/GC therapy in children with GC-dependent
disorders include altered carbohydrate metabolism, stimulation of autoimmune disease
activity, increased cancer risk, and, in transplant recipients, graft dysfunction or rejec-
tion. Elevated fasting and stimulated insulin levels have been observed in renal allograft
patients receiving GH; however, these changes frequently predate institution of GH
therapy, correlate with prednisone dosage, and are not affected by the addition of GH
(66). Among all GH-treated GC-dependent children, detectable elevations in blood
glucose concentrations have been rare. GH-induced exacerbations of chronic disease
activity also appear to be very unusual, but the number of patient-years available for
study of this question remains small.

With regard to renal allograft function and survival, there are theoretical reasons for
concern. GH, through the action of IGF-1, affects glomerular hemodynamics and
increases GFR (67). In partially nephrectomized rats, prolonged GH administration is
associated with the development of glomerulosclerosis (68). In addition, the
immunostimulatory effects of GH might reduce the effect of immunosuppression (69).
Nevertheless, most investigators report no difference between GH-treated and control
renal allograft patients with regard to changes in glomerular filtration rate (GFR), effec-
tive plasma flow, other measures of renal function, and rates of allograft rejection
(58,60,70). Although preliminary analysis of one randomized prospective study sug-
gested that GH might slightly increase allograft rejection rates (71), final analysis indi-
cated that biopsy-proven acute rejection episodes were not significantly more frequent
in the group receiving GH (72). Long-term and careful follow-up of children with renal
transplants receiving GH therapy is still needed to resolve this important issue.

SUMMARY

Glucocorticoids exert multiple growth suppressing effects, interfering with endocrine
(e.g., endogenous GH secretion) and metabolic (e.g., bone formation, nitrogen retention,
collagen formation) processes essential for normal growth. Relatively small oral doses
of daily exogenous GC, alternate-day oral GC therapy, and even inhaled GC are capable
of slowing growth in some children. Treatment of asthma with ICS represents, by far,
the most common therapeutic use of GC today. While systemic effects of these prepa-
rations are greatly reduced compared with oral GC treatment, suppression of growth can
still occur when higher doses of ICS are used. Reduction of ICS dose to the lowest
effective dose, selection of ICS preparations with minimal bioavailability of swallowed
drug, and monitoring of growth of ICS-treated children is recommended.

Growth-inhibiting and catabolic effects of GC can be variably counterbalanced by
GH therapy. With regard to linear growth, GH-responsiveness depends on the GC dose
and severity of underlying GC-dependent disease. Short-term risks of combined GH and
GC therapy appear low; longer term risks (e.g., reduced allograft function and/or sur-
vival, increased underlying disease activity, oncologic risk) require further study. GH
therapy in GC-dependent children remains experimental; children considered for such
treatment should be enrolled in studies that facilitate careful monitoring and collective
data analysis.
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 INTRODUCTION

Prader-Willi syndrome (PWS), initially described in 1956, is now known to be caused
by a deletion of the paternal allele in position 15q11–13 (~70% of patients) or a unipa-
rental (maternal) disomy, affecting the same region or the whole of chromosome 15 (1).
Thus, PWS is a manifestation of genomic imprinting; the critical region of chromosome
15 is active only in the paternally inherited chromosome. Affected children are charac-
terized by distinct facies, obesity, hypotonia, short stature, hypogonadism, and behav-
ioral abnormalities (2). With an incidence of 1 in every 12,000 births, PWS is the most
common syndromal cause of marked obesity.

Many features of PWS suggest hypothalamic dysfunction, some with endocrine
implications including: hyperphagia, sleep disorders, deficient growth hormone (GH)
secretion, and hypogonadism (3–5). This article reviews current knowledge regarding
causes of and potential treatments for impaired growth and physical function observed
in children with PWS.
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LINEAR GROWTH IN PWS

Growth of children with PWS is characterized by moderate intrauterine (average –1
standard deviation score [SDS]) and postnatal growth delay. Usually after age 2 or 3 yr,
when caloric intake increases and obesity begins to develop, growth rates become nor-
mal. However, catch-up in length/height relationship is less common. The hands and feet
of these children tend to be particularly small. Childhood growth rates are close to
normal, but lack of normal pubertal growth often results in reduced adult stature (mean
146 cm for adult PWS female, 152 cm for adult PWS male). The slow growth and delayed
skeletal maturation observed in some, but not all PWS children contrasts with healthy
obese children, in whom growth acceleration and bone age advancement are commonly
seen with overnutrition.

Growth impairment in PWS cannot be attributed to any known intrinsic bone or
cartilage abnormality. Consequently, attention has focussed on possible defective
hypothalamic regulation of the growth process. Growth hormone responses to insulin,
arginine, clonidine, L-dopa, or GH releasing hormone (GHRH) are reported to be low-
normal or blunted in PWS, as are sleep-induced GH secretion and 24-h integrated GH
concentrations (3,4). One study of 54 consecutive patients with PWS revealed GH
levels <10 ng/mL following clonidine provocation in all patients (mean peak GH was
1.1 ng/mL) (5).

Interpretation of these results is complicated by the fact that GH secretion is often
suppressed in non-GHD obese individuals, and is partially returned toward normal by
weight loss (6,7). The reason for this effect of obesity on GH secretion remains unclear,
although negative feedback by insulin-like growth factor 1 (IGF-1) levels sustained by a
state of over-nutrition has been proposed (8). Nevertheless, substantial evidence supports
the existence of a true GH deficient state in PWS. Children with PWS display borderline
normal or diminished growth rates, in contrast to normal or accelerated growth typically
seen in healthy non-PWS obese children. Elevated levels of insulin, considered a possible
cause of growth acceleration, are not comparable in PWS and ‘healthy’ obese children.
Insulin levels are lower in children with PWS than healthy obese children and rise to levels
of obese children, suggesting relatively heightened insulin sensitivity compatible with
reduced GH secretion (9). It is possible that over-nutrition and hyperinsulinemia in chil-
dren with PWS ameliorates growth retardation and skeletal maturation delay normally
associated with severe GH deficiency, as it does in some children following craniophar-
yngioma surgery.

Levels of IGF-1 are relatively low in PWS children (mean ~ –1.5 SDS) when com-
pared to normal-weight age-matched children, but not as low as in those with severe
GHD (5). This moderation in IGF-1 reduction likely reflects responsiveness of IGF-1
levels to food intake as well as GH secretion (10); thus, moderately reduced IGF-1 levels
in obese PWS children suggest underlying GHD. That nutrition-stimulated IGF-1 pro-
duction is sustaining near-normal growth in children with PWS is supported by the
observation that strict caloric restriction curtails growth more severely in PWS patients
than in obese children (M Ritzen, unpublished observation).

Finally, even children with PWS with normal weight/height ratios show low GH
responses to provocation. While a normal weight/height does not indicate normal body
composition in PWS (which could theoretically affect GH secretion), these important
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differences in body composition between PWS patients and individuals with “simple”
obesity actually constitute the strongest indication of abnormal GH secretion in PWS.

BODY COMPOSITION IN PWS

Infants with PWS are hypotonic and often fail to thrive due to poor sucking and
swallowing reflexes. Yet, body fat determined by skinfold measurements is elevated in
underweight infants with PWS suggesting early alterations in body composition in the
absence of obesity (11). Between the 2nd and 4th yr of life, progressive obesity usually
commences primarily as a consequence of excessive caloric intake, but also due to
decreased energy expenditure and reduced physical activity. The body composition of
childhood PWS patients, illuminated by DXA scanning technology, is characterized by
a marked reduction in lean body mass associated with increased fat mass (7,8) (Fig. 1),
even in those subjects who appear less obese. Thus, while caloric restriction may mini-
mize weight gain, the ratio between lean body mass and fat remains abnormal. Since
resting energy expenditure (REE) is largely determined by the metabolic activity of lean
body mass, REE is significantly reduced in individuals with PWS (~60% of predicted
caloric utilization for non-PWS individuals with similar body surface area) (12). This
extremely low “caloric tolerance” accounts for progressive weight gain in PWS children
in whom caloric restriction has been successfully maintained.

The body composition of PWS resembles that of severely growth hormone deficient
(GHD) individuals (i.e., reduced lean body mass and increased fat mass, bone mineral
density, and energy expenditure) (12). This phenotype is clearly distinguishable from the
parallel increase in lean body and fat mass observed in over-nourished obese but other-

Fig. 1. Body composition in Prader-Willi Syndrome (PWS).
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wise healthy individuals. The distinctive replacement of lean body mass by fat mass in
PWS suggests that diminished GH secretion is secondary to hypothalamic dysfunction
rather than obesity, and that abnormal body composition and reduced energy expendi-
ture, linear growth, muscle strength, and pulmonary function might be improved in PWS
by GH therapy (11–14).

EFFECTS OF GH TREATMENT ON LINEAR GROWTH

Initial studies of the effect of GH treatment of children with PWS syndrome focussed
on growth rate acceleration and improvement in stature as primary therapeutic goals. Early
reports showing GH treatment increases growth rate in PWS children did not include
control subjects and were relatively short term in duration (13,14), and were viewed with
skepticism (15). Recent longer-term studies have provided additional evidence supporting
a significant and sustained growth response to daily GH administration.

In a controlled study of 54 children with PWS, all of whom displayed subnormal peak
GH levels in response to clonidine stimulation (peak GH level 2.0 ng/mL), mean first-
year growth rates of GH-treated patients (n = 35; GH dose = 1mg/m2/day, equivalent to
0.18–0.3 mg/kg/wk in the study group) were 10.1 ± 2.5 cm/yr (increase in mean growth
velocity SDS from –1.1 to 4.6; p < 0.001), significantly greater than 5.0 + 1.8 cm/yr
observed in untreated control patients (n = 19). Mean bone age progressed 1.5 yr in the
GH-treatment group compared with 1.4 yr in the non-GH-treatment group (p = NS) (5).
Over a 24 mo treatment interval, GH-treated subjects (n = 35) grew 17.9 ± 2.5 cm (10.1
± 2.5 cm the first year and 6.8 ± 2.3 cm the second year, corresponding to a mean growth
velocity SDS of 4.6 ± 2.9 and 2.2 ± 2.2, respectively (p < 0.001 for both years compared
to pretreatment GV). Mean bone age progressed only 0.7 yr during the second year in
the treatment group. Mean IGF-1 levels in GH-treated subjects were 522 ± 128 ng/mL at
1 year and 415 ± 153 ng/mL at 2 yr (p < 0.0001 for both compared to baseline values) (16).

These observations have been confirmed in other studies. In 15 children with PWS,
growth rate increased from –1.9 to +6.0 SDS during the first year of GH administration
(0.1 IU/kg/d), compared to a decrease from –0.1 to –1.4 SDS in the control group (n = 12).
For the treatment group, this corresponded to a mean growth rate of ~12 cm/yr, which
exceeds that observed in most trials of treatment of children with isolated GHD (17).
Another (non-controlled) study of 23 PWS children treated with GH (24 U/m2/wk) for
a median of 3.5 yr showed an increase in mean height SDS of 1.8, and in children <6 yr,
height predictions using the method of Bayley and Pinneau approached parental target
height. Interestingly, hand length was also normalized by extended GH treatment in
prepubertal PWS children (18).

Our studies also adressed the issue of dose-responsiveness with respect to GH effect.
We compared 0.3 mg/m2/d, 1.0 mg/m2/d, and 1.5 mg/m2/d. GH-treatment with varied
doses resulted in significantly different growth rates. Subjects treated with 0.3 mg/m2/d
grew an average 3.7 ± 1.9 cm/yr, while subjects treated with 1 mg/m2/d grew 5.3 ± 2.8 cm/yr,
and children treated with 1.5 mg/m2/d grew 6.5 ± 3.1 cm/yr (p < 0.05 between each dose;
Fig. 2). Mean bone age progressed 1.0 yr regardless of treatment group. Mean IGF-1
varied significantly between the low-dose and standard or high-dose groups, averaging
365 ± 111 ng/mL for the low dose, 567 ± 148 for standard dose, and 580 ± 190 for the
high-dose group (p < 0.05).
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Fig. 2. GH Therapy in PWS: Growth Rate.

EFFECTS OF GH ON BODY COMPOSITION

Administration of exogenous GH to GHD children not only restores linear growth, but
also promotes growth of lean body mass (muscle mass), decreases fat mass by increasing
fat oxidation and total body energy expenditure, increases bone mineral density follow-
ing an initial period of increased bone resorption, and improves cardiovascular risk
factors (19). Similarly, children with PWS respond to GH therapy with improvements
in body composition. Previous uncontrolled short-term GH treatment trials in PWS
reported improvements in body composition and muscle endurance and power (11).
Recent controlled studies of GH therapy in children with PWS confirm improvements
in body composition following 6–12 mo of treatment. Our pretreatment body composi-
tion studies of children with PWS (utilizing DXA method) revealed markedly increased
percent body fat (45.2 ± 8.3% compared to non-PWS healthy children of the same age
and sex [16.7 ± 3.5%]; p < 0.0001), even in children without obvious obesity (Fig. 1).
Lean body mass was low (20.5 ± 6.1 kg, 50%) compared to normal mean lean body mass
of ~80% in age-matched controls. During a period of 12 mo, mean percent body fat
decreased by 8% overall (46.3 + 5.8% to 38.3 + 10.7%, p < 0.01) in GH-treated children,
whereas no change was seen in the non-treated control PWS patients (42.6 ± 8.1% to 45.8
± 8.8%; p = NS). Lean body mass increased with GH treatment (to 25.6 ± 4.3 kg, p < 0.01)
and remained unchanged in control subjects (21.7 ± 5.0 kg, p = NS) (5). Therapy for
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24 mo of GH resulted in continued significant increases in lean body mass, with sustain-
ment of the adipose loss during the initital 12 mo. Similar body composition changes
have been reported in response to 12–24 mo of GH treatment by other investigators (17).

These remarkable changes in body composition attenuate but do not regress during
more prolonged GH therapy. Recently reported data shows that, in contrast to marked
reductions observed during the first 12 mo of GH treatment, percent body fat remains
stable during months 12–24 of GH treatment (40.3 ± 10.0%, p = NS vs 12 mo measure-
ment; p < 0.001 vs baseline); (Fig. 3). Importantly, lean body mass, which increased
significantly after 12 mo of GH (25.2 ± 6.9 kg vs 22.9 ± 15.7 kg, p < 0.01), increased
further during months 12–24. (28.5 + 7.2 kg at 24 mo, 0 < 0.01 compared to 12 mo
(Fig. 4). Our data regarding GH treatment, at different doses, resulted in significant
differences with respect to body fat: 0.3 mg/m2/d averaged 46 ± 5.0% body fat, while
1 mg/m2/d averaged 41.0 ± 9.0%, and 1.5 mg/m2/d averaged 37.1 ± 10.9 % body fat
(p < 0.0001; Fig. 4). In contrast, LBM remained unchanged in the low-dose group at 28.1
± 8.2 kg, while increased LBM was observed in the 1 mg/m2/d group (31.4 ± 7.8 kg), and
1.5 mg/m2/d group (30.8 ± 7.1 kg) (p = 0.06; Fig. 4).

Given their reduced lean body mass, children with PWS would be expected to dem-
onstrate markedly reduced REE (21). Prior to GH treatment, children with PWS showed
reduced REE compared with predicted values for non-PWS children matched for surface
area (22.4 ± 4.4 kcal/m2/h vs 43.6 ± 3.2 kcal/m2/h; p < 0.0001) (20). We predicted that
REE would be increased by GH treatment. While only a trend toward increased REE was
observed after 12 mo of GH therapy, changes in REE reached statistical significance
after 24 mo compared with their own baseline measurements (16). While it is probable

Fig. 3. GH Therapy in PWS: % Body Fat (DEXA).
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that GH effects on lean body mass accretion had positive effects on REE, it should also
be noted that REE normally increases as children grow.

Deficiency of GH is associated with lipogenesis and fat storage predominating over
the accretion of lean mass, even in the absence of overt obesity. Preference for fat
utilization as an energy source is reflected in a reduction of respiratory quotient (RQ).
The RQ normally ranges from 0.7 (strong predominance of fatty acid oxidation) to 1.0
(exclusive oxidation of carbohydrate) to <1.0 (indicating lipogenesis from carbohy-
drate). Two years of GH treatment in PWS children was associated with a decrease in
RQ values (0.81 + 0.07 at baseline to 0.75 + 0.06 at 24 mo, p < 0.05), indicating increased
utilization of fat for energy. Thus, compared with non-GH-treated PWS controls, GH-
treated PWS patients demonstrated a shift in energy derived from oxidation of fat,
coinciding with reductions in fat mass shown by DXA scanning.  Clinically, reduced
body fat can be seen, consistent with an increase in fat utilization (Fig. 6).

Baseline total body BMD measurements were within the normal range (i.e., ± 2SD of
normal reference data for childhood BMD provided by Lunar Inc, Madison, WI). In GH-
treated PWS children, total body BMD increased from 0.89 ± 0.08 g/cm2 at baseline to
0.92 ± 0.11 g/cm2 at 12 months (p < 0.001) and 0.94 ± 0.11 g/cm2 (p < 0.001) at 24 mo.
Osteocalcin and procollagen levels continued to be significantly increased at 24 mo
compared to baseline (p < 0.01), although lower than 12-mo levels. During months 24–36,
no dosage effect was seen between various GH doses with respect to BMD accretion.
BMD increased to 0.98 ± 0.09 g/cm2 in the low- and standard-dose groups, and 0.97 ±
0.11 g/cm2 in the high-dose group (p = NS).

Fig. 4. GH Therapy in PWS: Lean Body Mass (DEXA). GH Therapy in PWS: Agility Run.
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EFFECTS OF GH ON MUSCLE STRENGTH AND AGILITY

Substantial information is accumulating to support beneficial effects of 12–36 mo of
GH therapy on improving body composition and linear growth in children with PWS.
However, perhaps of greatest importance to patients and their families is the hope that
GH therapy would improve the child’s physical strength, activity, and developmental
ability. Early reports included anecdotal reports of dramatic gains in physical activity
abilities, and many parents of our subjects also claimed striking improvements in physi-
cal stamina, strength, and agility. Specifically, these included new gross motor skills
(e.g., independently climbing up the school bus steps, carrying a gallon carton of milk
at the grocery store, participating in a normal gym class without restrictions, being able
to join a karate class).

The authors’ research has included objective measures of changes in physical function
during GH treatment, including a timed run, sit-ups, and weight lifting. Improvements in
running speed, broad jump, sit-ups and arm curls after 12 mo of GH treatment compared
to controls were documented (5). Following 24 mo of GH treatment, improvements in
broad jumping and sit-ups were maintained, while further improvement was found in
running speed and arm curls (Table 1). Measurement of respiratory muscle forces was
reliably obtained in a subset of subjects (n = 20). Increases in both respiratory muscle
forces were seen after one year of therapy and maintained at 24 mo (Table 1) (20). Further,
no effect of dosage was noted between the various GH doses. Additionally, strength and
agility data at 36 mo were not significantly different at any dose compared to 24 month
data, although remained statistically improved from prior to GH therapy (Fig. 5).

In spite of these gains in physical function, PWS children still scored well below 2 SDS
compared to non-PWS children for all parameters studied. While the lack of a blinded,
placebo-controlled study design admittedly weakens the scientific validity of these find-
ings, they do suggest that measured improvements in strength and agility were associ-
ated with “real-life” functional benefit to the children and their families.

SAFETY OF GH TREATMENT IN PWS

No significant adverse side effects have been observed by us or others during 12 (17)
to 36 mo of GH treatment (18). Specifically, our data indicate that, with regard to the
predisposition of PWS children to developing scoliosis, mean change in spine curvature
(12–13.8°) in GH-treated children was similar to that observed over 1 yr in the control
group. Serum glucose and insulin levels obtained during an OGTT were slightly but non-
significantly higher than baseline levels during GH treatment. Of aesthetic concern, the
lower facial height became disproportionate with an SDS of 1.2 at 24 mo, supporting
recent findings of accentuated growth of the high midface during GH therapy in PWS
(20). No abnormalities with respect to glucose homeostasis were determined.

Clearly the response of children with PWS to GH is greatest during the first 12 mo with
regard to growth rate, decreases in body fat, increases in REE, improvements in physical
function, and laboratory alterations in carbohydrate and lipid metabolism. Thus, the
well-documented diminution in response to GH observed in virtually all growth studies
during prolonged GH therapy appears to apply to other GH metabolic effects in children
with PWS. On the other hand, study group regression toward baseline status did not
occur during a second year of GH at a dose of 1 mg/m2/d, while additional gains in BMD,
fat utilization, and tests of muscle strength and agility were seen. In spite of these
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Fig. 5. GH Therapy in PWS: Agility Run.

encouraging results, current knowledge suggests that GH therapy is not capable of
“normalizing” body composition in PWS. This could reflect the influence of other non-
GH factors regulating body composition affected by the genetic mutation causing PWS
and/or the relatively late institution of GH therapy following a critical period of abnor-
mal adipose and muscle deposition in infancy. Future studies of earlier institution of GH
therapy are needed to address these possibilities.

While these longer-term results of GH treatment in PWS children are encouraging, a
cautious interpretation is still appropriate. Improvements in body composition and physi-
cal function, while marked during the first 12 mo of GH treatment, stagnated or slowed

Table 1
Strength and Agility Testing in PWS

Treated Group Non-treated Group
n = 53 n = 19

Baseline 12 mo 24 mo Baseline 12 mo

Agility Run (s) 11.1 ± 6.1 9.4 ± 4.4a,c 8.9 ± 3.8b 10.3 ± 1.8 10.6 ± 0.4
Broad Jump (inch) 20.0 ± 11.1 24.4 ± 11.3a,c 26.3 ± 10.2a 17.5 ± 3.7 16.5 ± 3.3
Sit-ups (in 20 s) 9.1 ± 4.8 11.5 ± 4.7a,c 12.1 ± 4.8a 9.1 ± 3.4 9.3 ± 3.1
Weight Lifting

(pounds x reps) 59 ± 28 73 ± 33a,c 95 ± 44 54 ± 25 64 ± 29
Inspiratory

strength (cm/H
2
O) 45.8 ± 23 55.7 ± 18.7c 60.1 ± 28.3 44.8 ± 13.2 40.4 ± 13.9

Expiratory
strength (cm/H

2
O) 54.6 ± 23.9 69.4 ± 24.8c 62 ± 26.4 58.8 ± 22.1 46 ± 13.3

a<0.01 compared to baseline.
b<0.01 compared to baseline and 12 mo.
c<0.01 compared to 12 mo control values.
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considerably during the second year. Preliminary data suggests that stabilization of fat
mass and continued accretion of lean mass and bone mineral occur with three years of GH
treatment when doses ≥ 1 mg/m2/d are used. Still, body composition, while improved,
remains significantly abnormal in PWS children following prolonged GH therapy. This
observation, coupled with the fact that percent body fat in PWS children exceeds that
observed in patients with severe GHD, makes it likely that factors other than deficiency
of GH contribute to the accumulation of this extraordinary fat mass. Nevertheless, the
work described above supports a possible extended and significant benefit of GH treat-
ment in children with PWS, and provides impetus for further study of this question.

Fig. 6. The effect of two years of GH therapy in a child with Prader-Willi syndrome.
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INTRODUCTION

Turner Syndrome (TS) is one of the most common human chromosome anomalies. It
occurs in approximately 1:2000 female live births (1) regardless of ethnic background.
Girls with TS have an abnormal or missing X chromosome that causes short stature and
may cause lymphedema, cardiac abnormalities, gonadal dysgenesis, dysmorphic fea-
tures and other problems (2,3). Approximately 50–60% of girls with TS are reported to
have a 45,X karyotype. These girls tend to have the severest phenotype and are fre-
quently diagnosed as newborns (4,5). Twenty to thirty percent ave structural abnormali-
ties of the X chromosome such as rings, isochromosomes of the long arm, and partial
deletions of the short arm. Thirty to forty percent have mosaic patterns (karyotypes
having two or more distinct cell types) involving the X chromosome such as 45,X/
46,XX, 45,X/46,X,i(X) and 45,X/46,XY. This is thought to result from chromosome
loss after fertilization (6).

PATHOGENESIS

Haploinsufficiency of X Chromosome Genes
The clinical features of TS appear to be primarily due to: 1) haploinsufficiency of X

chromosome genes (7) 2) failure of chromosome pairing during germ cell development
and 3) aneuploidy (8). In normal females, either the maternal or paternal X chromosome
is randomly inactivated in somatic cells during the late blastocyst stage and all descen-
dants of that cell have the same inactive X. However, the X-inactivation process is not
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complete. Specific genes that have homologues on the Y-chromosome remain active on
both X-chromosomes. Many of these “pseudoautosomal” genes, such as SHOX (Short
Stature Homeobox-containing), are localized to the tip of the short arm of X. SHOX is
expressed in the developing limbs (particularly at the elbow, knee, and wrist) and the first
and second pharyngeal arches which form the maxillary shelves, mandible, auricular
ossicles and the external auditory meatus (9). Haploinsufficiency of SHOX expression
in girls with TS results in short stature as well as developmental abnormalities of specific
bones (10,11).

It is likely, however, that haploinsufficiency of SHOX does not account for all phe-
notypic features of TS, and that haploinsufficiency of another pseudoautosomal gene
causes maldevelopment of the lymphatics. Absence or hypoplasia of peripheral lym-
phatics causes generalized lymphedema, and a cystic hygroma may result from delayed
connection of the lymphatic system to the jugular vein. It is estimated that >99% of 45,X
conceptuses do not survive beyond 28 wk gestation (12) because severe lymphatic
obstruction causes thoracic, pericardial and peritoneal effusions, and cardiac failure. A
webbed neck, low upward sweeping hairline, and lowset prominent ears often result
from a resolving cystic hygroma. Lymphedema and nail dysplasia may result from the
more peripheral process (12). Structural abnormalities of the heart and vascular system
such as coarctation of the aorta and bicuspid aortic valve are much more common in girls
with coexistent cystic hygroma or lymphedema, suggesting that dilated lymphatics
encroaching on cardiac outflow or disordered intramyocardial lymphatic development
may be responsible for their development.

The genes involved in other problems associated with TS such as nonverbal learning
disability, metabolic disturbances, and autoimmune diseases have not been identified.

Abnormal Pairing During Meiosis
Gonadal dysgenesis occurs in the vast majority of individuals with TS and is caused

by increased atresia of germ cells rather than a deficiency of germ cell formation. The
rate of oocyte loss appears to correlate with the degree of pairing failure. Oocyte loss is
rapid in X monosomy in which there is a generalized failure of normal meiotic pairing.
Another factor contributing to gonadal dysgenesis is that both X chromosomes normally
remain active in oocytes (in contrast to one normally being inactivated in somatic cells).
Genes on both the short and long arms are important for maintenance of ovarian function,
but their identities are unknown (13).

Aneuploidy
Aneuploidy itself and chromosomal imbalance may disturb developmental fields,

leading to global developmental defects. This may impair cell proliferation and cause
growth retardation (14).

Other Molecular Mechanisms
Other mechanisms that may be involved in the pathogenesis of TS include imprinting,

abnormal X-inactivation, and X-linked recessive genes. Imprinting does not appear to
play a significant role in gene expression on the X chromosome. For example, physical
phenotype and response to GH do not differ in those with a paternal or maternal X (15).
Skuse and colleagues have suggested that an imprinted gene is involved in social cog-
nition (16), but these studies have not yet been confirmed (17). Individuals with small
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ring X-chromosomes often have a severe phenotype that is not typical of TS and includes
mental retardation (18,19). In these cases, the loss of the XIST gene, which is involved
in X-inactivation, may allow for normally inactivated genes to be expressed, thereby
causing functional disomy. Finally, X-linked recessive disorders that are typically
restricted to males may be seen in girls with TS.

CLINICAL PRESENTATION

Introduction
Clinical presentations vary widely and are responsible in part for the broad range of

ages at which the diagnosis of TS is made (3,20). For the majority of those diagnosed in
prenatal life, the diagnosis is based upon an abnormal karyotype and/or ultrasound
evidence of a cystic hygroma, hydrops fetalis, or cardiac defects. Since the ultrasound
abnormalities are not specific for TS, the diagnosis should be confirmed by karyotype.
Girls diagnosed during infancy almost invariably have lymphedema with or without a
webbed neck and other dysmorphic features. In contrast, girls lacking these classic
features are often not diagnosed until late childhood or adolescence when they are
investigated for short stature and/or delayed puberty, or as adults when they develop
premature ovarian failure (21).

Lymphedema

Virtually all girls diagnosed during infancy have lymphedema secondary to malde-
velopment of the lymphatic system. Lymphedema differs from that seen in congestive
heart failure. It is most prominent over the metatarsals and metacarpals, with a crease
across the wrist and ankle joints. Lymphedema usually improves over the first few
months of life but may progress with puberty or hormonal therapy.

Dysmorphic Features
Most girls with TS have one or more dysmorphic features caused by lymphedema and/

or skeletal abnormalities. However, the phenotype varies greatly and some girls with TS
will have no apparent dysmorphic features. More than half of the girls have a high arched
palate and/or retrognathia. Ears are often lowset and posteriorly-rotated with poor helix
formation. The hairline tends to be low and upward sweeping, and in the minority, a
webbed neck represents redundant skin that once stretched over a cystic hygroma. Ptosis,
epicanthal folds, and downward slanting palpebral fissures are common eye findings.
Some degree of nail dysplasia is found in three-quarters. Nails tend to be small, narrow,
and inserted at an acute angle. Cubitus valgus and short 4th metacarpals are also com-
mon. About one-quarter of patients have pectus excavatum and a smaller number have
inverted nipples (3,21)

Cardiovascular Abnormalities
Some individuals with TS are diagnosed in infancy secondary to cardiac lesions such

as coarctation of the aorta or hypoplastic left heart. Aortic obstruction from a coarctation,
usually periductal, may be minimal until the ductus arteriosus closes. Congestive heart
failure can then develop rapidly. In older children, signs of coarctation generally consist
of decreased pulse and blood pressure in the legs compared with the arms, and a systolic
murmur heard well over the back.
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Cardiac abnormalities in TS are most often left-sided. In one study of 244 individuals
with TS, structural abnormalities were found in 40% (22). A coarctation with or without
a bicuspid valve was present in 14%, a bicuspid valve alone in 10%, aortic stenosis and/
or regurgitation in 5%, and other structural defects such as hypoplastic left heart, ASD
and VSD were present in 10%. In another study, partial anomalous pulmonary venous
drainage was found in 2.9% of patients, giving it the highest relative risk compared to
heart defects in the general population (23). Aortic dissection is a rare but devastating
complication of TS that usually occurs in adulthood. Although most cases have been
associated with coarctation of the aorta, bicuspid aortic valve, hypertension and/or aortic
root dilatation, 10% have had no known risk factors (24–26).

Nonstructural abnormalities such as hypertension, conduction defects or mitral valve
prolapse are also more common than in the general population, occurring in approximately
16% (22). In a study of 62 patients with TS, age 5.4–22.4 yr, more than 30% were found
to be mildly hypertensive, and over 50% had an abnormal diurnal blood pressure profile.
Interestingly, the investigators were unable to correlate the presence of renal or cardiac
abnormalities with hypertension, suggesting that other mechanisms are involved (27).

Short Stature and Skeletal Abnormalities
Short stature is the single most common physical abnormality and affects virtually all

individuals with TS. Untreated individuals achieve an average adult stature 20 cm shorter
than that of their peers, resulting in a height about three standard deviations (SDs) below
the mean (28,29). This growth deficit is similar from country to country and the individual
scatter around the mean height is not significantly different from that of the normal popu-
lation (30).

Growth failure is due to 1) mild to moderate growth retardation in utero; 2) slow
growth during infancy; 3) delayed onset of the childhood component of growth; 4) slow
growth during childhood; and 5) failure to experience a pubertal growth spurt (31–33).
Girls with TS average –0.5 to –1.2 SDs below the mean for birth weight. Although early
cross-sectional studies suggested that growth velocity during the first few years of life is
normal (34), it is now clear that growth retardation during this period is relatively pro-
found. In one study in which longitudinal measurements of height were obtained from
full-term girls with Turner syndrome without other reasons for growth failure, mean
height SDS fell from –0.5 at birth to –1.5 at age 1 yr and –1.8 at age 1.5 yr (32). Using
the infancy-childhood-puberty (ICP) model of growth, one can demonstrate that com-
ponents of growth failure during this period include slow exponential growth during
infancy as well as a significant delay in onset of the childhood component of growth
(31–33). Poor growth in the first year of life may be exacerbated in some by poor feeding
and inadequate weight gain secondary to oral-motor dysfunction (35). The height lost in
the infancy and toddler years is not recovered. Growth during childhood is slow, there
is no pubertal growth spurt, and growth is often prolonged into the early 20s.

Individuals with TS tend to appear stocky since they have a greater relative reduction
in body height than in body width, and are often overweight. The increased relative width
to height of the thorax accounts for a shieldlike chest and the illusion of widely spaced
nipples. Hands and feet are also relatively large (36). Developmental abnormalities of
individual bones are responsible for many common findings such as short neck, cubitus
valgus, genu valgum and short 4th metacarpals. The short neck is due in many cases to
hypoplasia of one or more cervical vertebrae. Cubitus valgus occurs in almost 50% of
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patients and is caused by developmental abnormalities of the radial head. About 35–40%
of patients has a short or borderline-short 4th metacarpal and many have abnormally
acute angulation of their proximal row of carpals. A short 4th metacarpal causes a
depression instead of a knuckle when the fist is clenched. Scoliosis develops in 12–20%
of patients and although frequently idiopathic, may be associated with coalition of
vertebrae or hemivertebrae (3). Scoliosis often occurs in early childhood and may
progress with growth spurts, including those induced with GH therapy (37). Kyphosis
also appears to be more prevalent (personal observation).

A delayed bone age is found in more than 85% of patients with TS but the degree of
delay is not uniform amongst bones. The delay is greatest in the phalangeal bones,
intermediate in the carpals and least in the metacarpals, radius and ulna (38).

Osteoporosis and fractures are more frequent among women with TS (39). Many girls
have radiographic osteopenia and a coarse trabecular bone pattern even in the prepuber-
tal years. Although interpretation of most studies of bone mineral density (BMD) in TS
is difficult due to reporting of areal rather than volumetric BMD, some conclusions can
be made. Prepubertal girls with TS have decreased levels of markers of bone formation,
consistent with a low bone turnover state and decreased bone deposition. There is a
deficit in radial BMD, a largely cortical site, during childhood. Osteopenia at predomi-
nantly trabecular sites develops during adolescence, progresses in adulthood, and is
associated with increased bone turnover. The pathogenesis of the demineralization is
unclear but is most likely an intrinsic bone defect that is exacerbated by suboptimal
replacement of gonadal steroids (40,41).

Orthodontic Problems
Individuals with TS have a posterior cranial base that is short and positioned at a

shallow angle (42). Because the mandible is pushed posteriorly and is relatively more
hypoplastic than the rest of the face, retrognathia is common. There is an increased
incidence of anterior open bite and lateral crossbite owing to a narrow maxillary arch (43).
The palate is high-arched with unusual palatal bulges on the medial aspect of the posterior
alveolar ridges. Interestingly, girls with TS tend to have advanced dental age, rather than
the delayed dental age expected for bone age-delayed individuals (44). Tooth morphol-
ogy is often abnormal and roots tend to be short, placing these girls at an increased risk
for root resorption (45).

Hearing Loss
Ear and hearing disorders are common problems among girls and women with Turner

syndrome. The majority suffers from conductive hearing losses secondary to repeated
attacks of otitis media during infancy and childhood. The high incidence of otitis media
in this population (60–80%) (46,47) seems to result from a disturbed relationship between
the middle ear and the Eustachian tube. A short, more horizontally-oriented Eustachian
tube in TS girls results in poor drainage and ventilation of the middle ear space and may
allow more nasopharyngeal microorganisms to reach the middle ear. Many girls require
tympanostomy tube placement and a significant number develop complications such as
mastoiditis and cholesteotoma. In a study in which 56 girls with TS between the ages of
4–15 yr were examined, 57% had eardrum pathology, such as effusion, myringosclerosis,
atrophic scars, retraction pockets, and perforations. A conductive hearing loss (air-bone
gap >10 dB HL) was found in 43%. In addition, a midfrequency sensorineural hearing loss
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(SNHL) between 500–2000 Hz was present in 58% of the girls, 4 of whom required
hearing aids (47). This SNHL has been identified as early as age 5 and appears to be
progressive (48). By their mid-forties, more than 90% of women with TS have a hearing
loss >20 dB, with greater than 25% requiring hearing aids. Audiometry has revealed high
frequency (above that used for speech) SNHL in almost all individuals with TS studied
(ages 6–38 yr), suggesting “premature aging” of the cochlea (49).

Strabismus and Other Eye Problems

Strabismus is present in about one-third of the patients with TS, a frequency about 10
times greater than that in the general population, and usually develops between 6 mo and
7 yr (50). Anterior chamber abnormalities have also been reported to be more common
in girls with TS and may present as congenital glaucoma (51). 10% of the patients are
also red-green color blind, an X-linked recessive trait.

Renal Abnormalities

Renal malformations occur in approx 35–40% of individuals with TS (52,53). Of those
with malformations, about half have abnormalities of the collecting system and half have
positional abnormalities, with the most common being horseshoe kidney. Interestingly,
horseshoe kidney is more common in those with 45,X karyotypes, while collecting system
malformations are more frequent in those with mosaic/structural X chromosome abnor-
malities (52). Developmental abnormalities of the kidneys and collecting system predis-
pose these individuals to urinary tract infections and hypertension (53).

GI Disorders
Increased serum concentrations of liver enzymes are observed in as many as 31% of

patients with TS, usually without clinical symptoms. An autoimmune pathogenesis may
be operative in some cases, since many have elevated antinuclear and/or anti-smooth
muscle antibodies. In others, mild hepatomegaly and increased echogenicity with fatty
infiltration are associated with excess weight (54). Fortunately, the hepatic disorder does
not appear to progress. Celiac disease appears to be more prevalent in TS than in the
general population and may be responsible for growth failure in some patients (55).
Gastric hemangiomas and telangiectasias are rare, but can produce massive gastrointes-
tinal bleeding when present.

Keloids, Nevi, and Other Skin Problems
Patients with TS are at increased risk of hypertrophic scar or keloid formation. They

also have an increased number of benign appearing melanocytic nevi that increase in size
and number throughout childhood and particularly during adolescence (56). Hemangio-
mas are more common than in the general population and may be related to lymphatic
abnormalities. They usually enlarge during the first year of life, then undergo slow
regression. Other common skin problems include atopic dermatitis, seborrheic derma-
titis and keratosis pilaris.

Hypothyroidism and Other Autoimmune Disorders
Some autoimmune disorders are more prevalent in individuals with Turner Syndrome

than in the general population. The most common of these is Hashimoto’s thyroiditis, but
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girls with TS also appear to have a higher risk of celiac disease, inflammatory bowel
disease (IBD) (57), juvenile rheumatoid arthritis (JRA), and, perhaps, Type I diabetes
mellitus (39). In a study that evaluated 71 children with TS under 20-yr of age (mean age
of 11.4 yr), 15.5% were hypothyroid, 17% were positive for thyroid peroxidase and/or
thyroglobulin antibodies, and 33.8% had thyromegaly (58). The frequency of thyroid
abnormalities increased with age, with no abnormalities observed before 4-yr of age.
Unlike previous reports, the risk of thyroid disease was not greater in those with struc-
tural rearrangements than those with a 45,X or mosaic karyotype. A survey of 15,000
JRA patients from pediatric rheumatology centers in the US, Europe and Canada revealed
18 girls with a diagnosis of TS. This represents a prevalence at least 6× greater than
would be expected if the two conditions were only randomly associated. Patients had
either polyarticular disease with early onset and progressive disabilities or oligoarticular
arthritis with a benign course (59).

Obesity, Lipids, and Glucose Homeostasis
Individuals with TS have a modestly decreased life span. In a study of the Danish TS

population, approx 50% of all deaths were caused by cardiovascular disease, and these
occurred 6–13 yr earlier than expected (39). They were at increased risk for abnormali-
ties constituting “the metabolic syndrome” including hypertension, dyslipidemia, Type
2 diabetes, obesity, hyperinsulinemia, and hyperuricemia (39). For many of these short
individuals, obesity becomes a major problem, especially during adolescence and adult-
hood. Body mass index (BMI) SDS begins to increase around age 9 yr (60) and may
exacerbate a tendency towards Type 2 diabetes (61). Even young TS patients with
normal fasting plasma glucose and insulin levels have insulin responses during a hyper-
glycemic glucose-clamp that are nearly two fold greater than those of control subjects
(61). The increased insulin response appears to involve a defect in nonoxidative path-
ways of intracellular glucose metabolism. Adult women with TS have been demon-
strated to have higher levels of apolipoprotein A-I and Lp(a), which are lowered with
replacement of female sex hormones (62).

Gonadal Failure
The majority of girls with TS have gonadal dysgenesis and pubertal delay. In those

with gonadal dysfunction, follicle stimulating hormone (FSH) levels are increased during
the first two years of life, decline gradually to reach low levels (often indistinguishable
from those in normal girls) between 5–10 yr of age, and rise again to castrate levels
around the usual age for puberty (63,64). Measurement of FSH using an ultrasensitive
assay is an inexpensive way to screen girls with short stature for gonadal failure and TS,
especially for those who are younger than 5 yr or older than 10-yr of age. However, not
all individuals with TS have gonadal dysgenesis and pubertal delay. In a recent Italian
retrospective multicenter study of 522 patients older than 12 yr with TS, 32% of girls
with cell lines containing more than one X and 14% of 45,X patients initiated puberty
spontaneously (65). Sixteen percent had spontaneous menarche that occurred at a mean
age of 13.2 ± 1.5 yr and a similar bone age. Although some developed secondary amen-
orrhea, others had regular periods for many years. Unassisted pregnancy occurred in 3
patients (3.6%), of whom 2 had chromosomal abnormalities and malformations. There-
fore, the diagnosis of TS should still be considered in girls with short stature, even if they
are menstruating. In fact, TS should be considered in the differential diagnosis for
women experiencing premature ovarian failure (66).
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When unassisted pregnancies occur, they are generally in patients with structural
anomalies of the X chromosomes in which the Xq13–q26 region, containing the genes
that are thought to control ovarian function, is spared; or in patients with a mosaic
karyotype containing a 46,XX cell line, which preserves ovarian function. Of those who
do achieve pregnancy, there is a high risk of spontaneous abortion (25–40%), chromo-
somal abnormalities in the offspring (20%), and perinatal death (7%) (67).

Girls with karyotypes containing Y material, such as 45,X/46,XY, are at increased
risk for developing gonadoblastomas. A gonadoblastoma is a gonadal tumor in which
normal components of the ovary, such as oogonia, granulosa-Sertoli type cells, and
Leydig-thecal type cells, are present in varying amounts within circumscribed nests. The
latter may produce sex steroids, which may cause virilization or occasionally feminiza-
tion, depending on the predominant sex steroid produced. Although the pure gonado-
blastoma is not a malignant tumor, the germ cell component may invade the ovarian
stroma, producing a potentially malignant germinoma. Occasionally a more malignant
tumor, such as embryonal carcinoma or choriocarcinoma, may develop in a gonado-
blastoma.

Using standard cytogenetic techniques, approx 5% of patients with TS have Y
chromosomal materials, and of those, gonadoblastoma has been thought to develop in
15–25%. Recently, however, fluorescent in situ hybridization (FISH) studies using
Y-specific DNA probes, have demonstrated that the percentage of girls with TS having
Y chromosome material is probably higher. In a study of 114 females with TS who were
examined for the presence of Y chromosome material by PCR, 14 patients (12.2%) had
Y material (68). Seven of the fourteen had Y material suggested by karyotype previously
and had undergone ovariectomies, with 1 having a gonadoblastoma. Of the 7 patients
with Y material diagnosed by PCR alone, 3 went on to have ovariectomies that did not
reveal tumors, and the others (all more than 50-yr-old) had detailed ultrasonographies
that did not suggest tumors (68). Therefore, although the frequency of Y chromosome
material detected by PCR is substantial, the occurrence of gonadoblastoma in this popu-
lation seems to be low.

Learning Disabilities
Individuals with TS are at increased risk for specific neurocognitive deficits and

problems in psychosocial functioning. These problems include deficits in visual-spatial/
perceptual abilities, nonverbal memory function, motor function, executive function,
attention, and social skills. These difficulties cut across all socioeconomic and ethnic
boundaries (17).

Although their distribution of IQs is relatively normal, lower full-scale IQs are more
prevalent in this population due to lower scores on performance than verbal tasks. For
example, results of Wechsler IQ tests in 226 women with TS revealed a 12-point discrep-
ancy between mean verbal and performance IQs (101 vs 89). This verbal-performance
IQ discrepancy, consistent with a non-verbal subtype of learning disability, has not been
well correlated to age or karyotype (69).

The neurocognitive deficits put them at a higher risk for educational problems. Rovet
found that 48.2% of girls with TS vs only 20% of control subjects were recognized by
their parents as having problems at school (70). Mathematics is particularly problematic,
and girls with TS score significantly lower than control subjects in overall arithmetic
achievement. In Rovet’s study, girls with TS obtained a mean global mathematics score
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2.1 grades below their current placement level (68). In a more recent study, a higher
percentage of girls with TS made operation and alignment errors on a mathematics
calculations test than did controls or another group with mathematic difficulties (fragile
X syndrome) (71). Although math is a consistent problem for girls with TS, hyperactiv-
ity, inattention, distractibility, and slowness may impair achievement in all educational
disciplines. Many girls with TS repeat grades because of lagging cognitive and psycho-
social skills.

Although individuals with TS do not appear to be at an overall higher risk for psychi-
atric problems, there is some evidence to suggest that obsessive-compulsive tendencies
(72) and autism are more prevalent (73).

Tumors and Miscellaneous
Besides gonadoblastoma, the risks for most cancers do not appear to be elevated in TS.

Exceptions may include colon cancer (39) and neuroblastoma (74).

DIAGNOSTIC GUIDELINES

A delay in diagnosis of TS is often the greatest obstacle to health care. In a recent
study, the delay in diagnosis for those diagnosed in childhood or adolescence averaged
more than 7 yr (based on the presence of dysmorphic features and/or growth failure). At
the time of diagnosis, patients averaged 2.9 SD below the mean in height and had fallen
below the 5th percentile for height an average of 5.3 yr earlier (21).

In many girls with TS who have a delayed diagnosis, the TS phenotype is either absent
or mild. This was the case when a systematic search for TS in 375 female children
referred to a center with growth retardation (–2 SD) and/or decreased height velocity
identified 18 cases of TS, an incidence of 4.8% (75). To facilitate timely diagnoses,
Savendahl and Davenport have suggested specific guidelines for screening girls for TS
(21) (Table 1).

A karyotype should be performed in a reputable laboratory with a minimum of 25 cells
in metaphase evaluated using giemsa trypsin (GTG-) banding. Any marker chromo-
somes should undergo further evaluation to determine whether or not Y material is
present. Typically, laboratories perform the fluorescent in situ hybridization (FISH)
technique using specific DNA probes to the Y chromosome (76). Karyotypes that were
performed more than 10 yr ago or had an inadequate number of cells examined should
be repeated.

THERAPY

Introduction
The patient should be referred to a physician expert in the care of individuals with TS

if at all possible. Primary care physicians and involved subspecialists should be aware
of published consensus guidelines for their health supervision (77,78).

Lymphedema
Lymphedema usually improves over the first few months of life. However, it may be

severe or recur with puberty or hormone replacement therapy. Combined decongestive
therapy (CDT) which uses manual lymphatic drainage, bandaging, exercises, skin care,
and low stretch support garments is an effective and non-invasive treatment (79,80).
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Dysmorphic Features
Plastic surgery may be recommended for some individuals with severe webbed neck and/

or ear anomalies. With all surgeries, the risk of keloid formation must be considered (81).

Cardiovascular Abnormalities
Although specific guidelines vary, there is no debate that the cardiovascular system

should be monitored closely in individuals with TS. All patients should undergo a baseline
cardiology evaluation at the time of diagnosis. This should include an imaging proce-
dure, generally an echocardiogram. A cardiologist should direct the care of any patient
in whom a cardiovascular malformation is detected. If appropriate, prophylactic antibi-
otics should be prescribed to prevent subacute bacterial endocarditis. Even in those with
a normal baseline cardiovascular structure, a cardiology evaluation and imaging proce-
dure should be repeated during adolescence and every 3–5 yr thereafter to rule out
dilation of the aortic root, a process that can be advanced even in the absence of clinical
findings. Patients should be counseled that aortic dissection presents with severe chest
pain. A MRI is mandatory to rule out dissection, even if the chest pain was transient.
Blood pressure should be closely monitored. Hypertension, whether idiopathic or asso-
ciated with cardiac and/or renal disease, is common and may worsen with obesity and
age. Any woman considering pregnancy should consult with a cardiologist and be
monitored carefully throughout the pregnancy.

Short Stature and Skeletal Abnormalities
INTRODUCTION

Once the diagnosis of TS is made, growth should be assessed regularly using a
TS-specific growth chart. Use of a TS-specific growth chart will facilitate detection of
concurrent problems that affect growth, such as hypothyroidism, and aid in the evalua-

Table 1
Guidelines: Screening Girls for Turner Syndromea

Karyotype any girl with one or more of the following:b

Unexplained short stature (height <5th percentile)

Webbed neck
Peripheral lymphedema
Coarctation of the aorta
Delayed puberty

OR

Any girl with at least two or more of the following:

Nail dysplasia
High arched palate
Short 4th metacarpal
Strabismus

aReproduced with permission, Savendahl L, Davenport ML. Delayed
diagnoses of Turner’s syndrome: proposed guidelines for change. J Pediatr
2000;137(4):458.

bOther suggestive features include a nonverbal learning disability,
epicanthal folds, ptosis, cubitus valgus, multiple nevi, renal malformations,
bicuspid aortic valve, recurrent otitis media and need for glasses.
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tion of growth-promoting therapies. A growth chart for girls ages 2–18 is available based
on growth data from 251 untreated European girls with TS (82). These growth data are
applicable to girls with TS from the US. Untreated patients are expected to follow a
percentile on the TS curve throughout childhood and adolescence. As for the normal
population, there is a strong genetic component to each individual’s growth pattern. In
fact, the height of any individual with TS is expected to be about 20 cm less than that of
their midparental height (MPH).

The goals of hormonal therapies are to: 1) attain a normal height for age early in
childhood; 2) progress through puberty at a normal age; 3) attain a normal adult height at
a normal age; and 4) avoid the adverse effects of therapy (83). The timing and adminis-
tration of hormonal therapies for girls with TS are still evolving as experience is gained
in their use. Growth hormone (GH) is the agent of choice. With the FDA approval of GH
for use in TS in late 1996, the US joined other industrialized countries in recognizing GH
therapy as the standard of care for girls with TS (84). Clinical trials of GH have demon-
strated that GH improves final height in girls with TS if administered appropriately (2).
When given in conjunction with GH therapy, anabolic steroids appear to have a beneficial
effect (85–87). However, anabolic steroids, including testosterone, oxandrolone,
fluoxymesterone, and nandrolone, when used alone, increase short term height velocity
but do not appear to improve final height.

EFFECTS OF GH ON LINEAR GROWTH

Although most studies have not been randomized controlled trials, as a whole they
demonstrate that GH increases growth velocity and improves final height of girls with
TS. The magnitude of the benefit has varied tremendously depending upon study design
(85,86). However, it is now clear that with early diagnosis and initiation of treatment, a
normal adult height is a reasonable goal for most girls with TS (88). Factors now known
to be important in determining the response include age at initiation of therapy, duration
of therapy, GH dose, addition of anabolic steroids, and timing of estrogen replacement
therapy. Most early studies reported height gains < 5 cm, but in these studies GH was
started at a relatively late age and was given at low doses. In contrast, recent studies have
documented height gains in the range of 5–16 cm (88,89). In a multicenter, prospective,
randomized trial in which patients began therapy at a mean age of 7–8 yr and received
treatment for a mean of 6 yr, therapy with GH alone (n = 17) resulted in a height that was
8.4 ± 4.5 cm taller than the mean projected adult height at enrollment. Subjects receiving
GH plus oxandrolone (n = 43) attained a mean height of 152.1 ± 5.9 cm, 10.3 ± 4.7 cm
taller than their mean projected adult height (88).

In the most encouraging study to date, GH therapy was initiated between the ages of
2–11 yr in Dutch girls with TS. After 7 yr, 85% had heights within the normal range. The
mean height achieved in those who had completed therapy (either because adult height
had been attained or they were satisfied with the height achieved) was dose-dependent.
All girls received a GH dose of 4 IU/m2/d (~ 0.045 mg/kg/d) in the first year. This dose
was continued in group A, increased to 6 IU/m2/d in the second year for groups B and
C, and increased to 8 IU/m2/d during the third year for group C. No estrogens were given
to the girls in the first 4 yr of GH treatment. Thereafter, girls were given oral 17β-
estradiol (5 µg/kg/d) for pubertal induction when they reached the age of 12 yr. The
difference between predicted adult height before treatment and achieved height was 12.5
± 2.1 cm, 14.5 ± 4.0cm, and 16.0 ± 4.1cm for groups A, B, and C, respectively (89).



128 Part I / Davenport and Rosenfeld

The patient’s age at initiation of estrogen treatment is an important factor in determin-
ing growth response (90). Chernausek et al. conducted a multicenter study in which 60
girls starting GH therapy were randomized to initiate estrogen therapy at either 12 or
15 yr of age. The patients were all less than 11 yr of age at entry (mean, 9.5 yr) and
received 0.375 mg/kg/wk of GH for approx 6 yr. Patients in whom estrogen treatment
was delayed until age 15 yr gained an average of 8.4 ± 4.3 cm over their projected height,
whereas those starting estrogen at 12 yr gained only 5.1 ± 3.6 cm. Growth was stimulated
for approx 2 yr after the initiation of estrogen, but then declined as bone age advanced.

Maximal height may not be attained if estrogen is initiated at a normal age. However,
at least one study has demonstrated that treatment with relatively high doses of GH and
low doses of estrogen can increase adult height significantly, even if GH is started at a
relatively late age (91). In a study of 19 girls <11 yr (mean age 13.6) with TS treated with
6 IU/m2/d GH in combination with low dose estrogen (ethinyl estradiol 0.05 µg/kg/d,
increased to 0.10 µg/kg/d after 2.25 yr), all girls exceeded their adult height prediction.
The gain in height ranged from 1.6–12.3 cm and two-thirds gained more than 5 cm.

GH therapy should be optimized for each individual, given its high costs and potential
risks. In one study, untreated patients with TS were treated initially with a GH dose of
0.23 mg/kg/wk that was doubled or tripled when growth velocity declined to less than
twice that of its pretreatment level. The estimated final height benefit was 10.6 ± 3.8 cm
compared to 5.2 ± 3.7 cm in a group who received a fixed dose of 0.3 mg/kg/wk. In the
group receiving incremental increases in GH dose, 83% attained heights in the normal
range (92).

Ranke et al. have developed a mathematical model that can be used to predict the
growth response to GH of patients with TS. In their model, GH dose is the most important
predictor of height velocity in the first year of GH therapy. In yr 2–4 of therapy, height
velocity during the previous year is the most important predictor. Additional predictors
of height velocity in yr 1–4 of GH therapy include age (negative), weight SDS and
additional treatment with oxandrolone (93).

EFFECTS OF GH ON BODY PROPORTIONS

As expected, there are differences in the response of specific bones to GH treatment.
On average, untreated girls with TS have relatively large trunks, hands, and feet, and
broad shoulders and pelvis compared to height. GH treatment appears to exacerbate the
disproportionate growth of feet and to modestly improve the disproportion between
height and sitting height. There is no significant effect on relative width of the shoulders
and pelvis (94).

EFFECTS OF GH ON BONE MINERAL DENSITY

For girls with TS, GH therapy is likely to help maintain prepubertal bone mineral
density (BMD) (95). Preliminary BMD data on patients after long-term GH therapy
show an absence of osteopenia (40).

EFFECTS OF GH ON CRANIOFACIAL DEVELOPMENT

Thus far, GH therapy in girls with TS has not been demonstrated to have a significant
effect on craniofacial growth (41), with the possible exception of an increase in the
length of the mandible (96). However, in these relatively short term studies, the mean
ages at initiation of GH therapy were 9 and 14 yr. The growth of the cranial base is largely
complete by age 6, whereas the synchondrosis of the mandible does not close until late
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adolescence and can be reactivated in adulthood. The effect of early, prolonged and/or
high-dose GH therapy is unknown.

EFFECTS OF GH ON PSYCHOSOCIAL FUNCTION

There is abundant anecdotal evidence that GH therapy improves psychosocial func-
tion, one of the principal goals of this therapy. Unfortunately, few studies have formally
addressed this very important question, and controlled studies are unlikely in the future.
However, there are some data confirming the observations of physicians, families and
girls with TS that certain aspects of social interactions and behavior, but not cognition
(97), are improved with GH therapy. In a study of 38 girls with TS treated for 2 yr with
GH, improvements were demonstrated in social and emotional functioning. The inves-
tigators reported that a quarter of the patients became more independent, happier and
socially involved (98). In a study in which girls with TS were evaluated after 3 yr of GH
therapy, attention, social problems, and withdrawal were reported as improved (99). In
a Canadian study in which girls were randomized to either a GH or control group,
analysis after 2 yr revealed that there was a correlation with higher growth rate and the
girls’ perceptions of themselves as more intelligent, more attractive, having more friends,
greater popularity, and experiencing less teasing than the untreated group (100). It is
likely that earlier normalization of height will improve social functioning by allowing
peers and adults to relate to the children in a more age-appropriate fashion. It also makes
feminization at a normal time a viable option.

SAFETY OF GH THERAPY

Extensive postmarketing surveillance programs have documented that side effects of
growth hormone therapy in children, including those with TS, are rare. However, fami-
lies should be counseled to watch for the following potential complications and notify
their physician immediately should symptoms occur:

1. Benign idiopathic intracranial hypertension (0.1–0.2%) is a potentially dangerous com-
plication. GH should be discontinued for patients that complain of severe headache,
visual changes, nausea and vomiting until papilledema has been excluded and/or has
resolved.

2. Lymphedema may worsen or recur (0.4%).
3. Carpal tunnel syndrome has been reported in some children (<0.03%).
4. Slipped capital femoral epiphyses (SCFE) may present with limp, hip or knee pain

(0.14%). Obesity, rapid growth and puberty are known risk factors.
5. Scoliosis may progress during periods of rapid growth, although GH does not increase

the incidence of scoliosis.
6. An increase in the number, size, and degree of pigmentation of pigmented nevi may

occur, but the risk of malignancy does not appear to be increased.
7. Insulin resistance increases, but there is generally no effect on glucose levels (101,102).

In girls with TS treated with GH for 7 yr, the prevalence of impaired glucose tolerance was
low; all hemoglobin A1c levels were normal, and none of the girls developed diabetes
mellitus. Insulin levels decreased to values close to or equal to pretreatment values after
discontinuation of GH treatment (103). In the National Cooperative Growth Study (NCGS)
database, 21 children (0.1%) developed diabetes mellitus during GH treatment (2 with TS).
Sixteen of the twenty-one had an identifiable factor other than GH that would be expected
to increase their risk of diabetes substantially. These and other studies indicate that meta-
bolic side effects of clinical significance are rare in girls with TS treated with GH.
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8. Antibodies to GH may develop, but only two cases have been reported in which the
antibodies made the GH ineffective. Recurrent or new tumors do not appear to be more
frequent. In the NCGS, eight new cases of leukemia were diagnosed, five of whom had
previous risk factors and none of whom had TS. By 1996, 200 patients with a previous
history of leukemia and 1262 children with a history of previous brain tumors had been
treated with GH and tumor recurrence rates were within the expected range.

SAFETY OF ANABOLIC STEROIDS

Side effects of anabolic steroids may include: 1) virilization with development of
acne, deepening of the voice, and growth of facial hair; 2) transient elevation of liver
function tests; 3) insulin resistance; and 4) premature skeletal maturation. Although mild
virilization has occurred in girls treated with oxandrolone in a dose of 1.25 mg/kg/d
(104), treatment with lower doses (0.5– 0.75 mg/kg/d) appears to be safe.

GENERAL RECOMMENDATIONS FOR GROWTH-PROMOTING THERAPIES

GH should be offered as a therapy for all girls with TS who are predicted to have a
subnormal height. The predicted response to GH should be carefully reviewed with
patients and their families to help limit unrealistic expectations of future height. Routine
evaluation of GH secretory status in girls with TS is not warranted, since GH secretion
in this group is similar to that of the normal population and GH secretory responses do
not correlate with responses to exogenous GH (105). Because GH therapy for this popu-
lation is a pharmacological one, it requires somewhat higher doses than those used for
GH-deficient patients. Standard GH therapy in the US for TS is 0.375 mg/kg/wk divided
into six or seven doses. Division of GH dosing into two shots per day does not appear
to be advantageous over one shot per day (91). GH is now available in depot form, but
no testing has been performed in non-GH deficient populations, such as TS.

Although GH has been initiated at a mean age of 9–11 yr in most studies, it is becom-
ing clear that girls who begin GH therapy at an earlier age and receive GH for a longer
period of time will experience a greater increment in height (89,106). Therefore, it is
suggested that GH therapy be initiated once growth failure is documented. Normaliza-
tion of height during childhood may improve psychosocial status and allow for more
age-appropriate initiation of estrogen therapy.

Oxandrolone may be used as an adjunct to GH therapy. A dose of 0.5–0.75 mg/kg/d
is recommended, since side effects are frequently demonstrated at higher doses. Many
endocrinologists have chosen to initiate oxandrolone therapy around the age of 10–11 yr,
the time at which these girls would normally be starting puberty and experiencing ova-
rian androgens.

Orthodontic Problems
Because many girls with TS have orthodontic problems, early evaluation by an orth-

odontist is suggested. The timing of any orthodontic treatment should take into consid-
eration growth promoting therapies that may alter tooth and jaw alignment. In addition,
because the dental roots are short, unnecessary tooth movement should be minimized to
avoid root resorption and loss of teeth.

Hearing Loss
Ear and hearing function should be assessed as soon as the diagnosis of TS is made.

Ideally, children with TS should have pneumatic otoscopy performed at every visit to the
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physician, and tympanometry should be performed if otoscopy is equivocal. Any child
who has fluid in both middle ears for a period of 3 mo should undergo a complete hearing
evaluation by a pediatric audiologist (107). In general, tympanostomy tubes are recom-
mended when bilateral conductive hearing deficiency of at least 20 dB HL is associated
with bilateral effusions for a period of more than 3 mo. Chronic or recurrent middle ear
disease should be managed aggressively to minimize the likelihood of middle ear dam-
age and permanent hearing loss. In patients with TS, early tube placement may be
justified since otitis media with effusion is less likely to resolve spontaneously than in
the normal population. Because infection of the tonsils and adenoids may contribute to
sinus and middle ear infections, tonsillectomy and/or adenoidectomy may be considered
as additional therapeutic options for some patients. Patients should be warned to protect
their hearing by avoiding exposure to loud noises unless appropriate ear protection is in
use. In general, they should not be in environments in which they must shout to be heard.

Strabismus and Other Eye Problems

Children should be evaluated for strabismus at every clinic visit between the ages of
6 mo and 5 yr of age. Because early correction of visual alignment is critical for normal
binocular vision to develop, any child with strabismus should be referred immediately
to an ophthalmologist for further evaluation. In fact, it may be prudent for every child
with TS to have an ophthalmology exam around 2 yr of age.

Renal Abnormalities

All patients with TS should be routinely screened by ultrasound for renal abnormali-
ties. Both those with and without structural abnormalities seem to be at increased risk for
chronic urinary tract infections.

GI Disorders

GI bleeding should be in the differential diagnosis of children with anemia. Celiac
disease and IBD should be considered for those with unexplained weight loss.

Keloids and Other Skin Problems

Patients should be forewarned before having their ears pierced or undergoing surgical
procedures that keloids may arise. The risk of keloid formation should certainly be
discussed when cosmetic surgery is being considered. The patient, family and physician
should examine nevi regularly to look for dysplastic features such as asymmetry, border
irregularity, color variability, and diameter greater than 5 mm. Patients should also be
advised to limit sun exposure.

Hypothyroidism and Other Autoimmune Disorders
Because autoimmune hypothyroidism may develop insidiously, thyroid function

should be monitored yearly. For those growing poorer than expected, antibody studies
for celiac disease should be considered.

Obesity, Lipids, and Glucose Homeostasis
Patients should be encouraged to maintain their weight within an appropriate range for

height and receive early dietary counseling if necessary. Girls with risk factors for Type
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2 diabetes mellitus should be screened with fasting blood glucoses or a modified, oral
glucose tolerance test (OGTT).

Gonadal Failure
Ideally, the dosing and timing of estrogen replacement should mimic normal pubertal

development (108). Beginning estrogen replacement in early adolescence (10–12-yr of
age) would allow puberty to begin and to progress at a normal age, and would also permit
maximal bone accretion during adolescence. On the other hand, estrogen is also res-
ponsible for epiphyseal fusion, and premature use of estrogen replacement may lead to
early termination of skeletal growth, thereby compromising adult height. Efforts to
maximize growth prior to adolescence are, consequently, of great importance, since this
would allow the patient both to attain a normal adult height and to progress through
puberty at a relatively normal age. Ideally, GH and estrogen therapy should be custom-
ized for each patient to allow for both normal growth and puberty and to address the
priorities of each child.

In general, estrogen replacement should not begin prior to 12-yr of age, nor be delayed
beyond 15 years of age. Serum gonadotropin concentrations can be measured prior to
onset of estrogen therapy, to document gonadal failure; sonographic evaluation may
provide additional information about the status of the ovaries and uterus. Estrogen
replacement should begin at a relatively low dose, typically one-sixth to one-fourth of
the adult dose. Conjugated estrogens (Premarin) may be started at 0.3 mg/d, increasing
to 0.625 mg/d after 6–12 mo. On this regimen, the majority of girls will be able to attain
at least Tanner 3 breast development within 12 mo; and, if necessary, the estrogen dose
can be increased to 1.25 mg/d. Alternative estrogen preparations include oral ethinyl
estradiol (50–100 ng/kg/d), 17-beta-estradiol, or estrogen patches; the potential advan-
tages of one preparation over another in TS have not been systematically evaluated. After
1–2 yr of unopposed estrogens, a progestin is added for 10–12 d each month to induce
menses and diminish the risk of endometrial hyperplasia and/or carcinoma. One common
regimen is to limit estrogen replacement to d 1–26 of each month, and give medroxy-
progesterone acetate (Provera) 5–10 mg on d 17–26.

Long-term treatment with estrogen and progestin that is initiated during mid- to late
adolescence and is continued throughout adulthood appears necessary for a normal peak
bone mass to be achieved. Additional measures to prevent osteoporosis should be used,
such as ensuring adequate calcium intake (>1000 mg of elemental calcium daily in the
pre-teen years, and 1200–1500 mg daily after 11-yr of age), encouraging weight-bearing
activities, and avoiding overtreatment with thyroid hormones (40).

Because gonadoblastomas may occur as early as young childhood, prophylactic
gonadectomies are recommended at the time of diagnosis for most girls with karyotypes
containing Y chromosome material or marker chromosomes identified as Y material by
FISH (109). Recommendations for those found by PCR technique alone are less clear.

The reproductive options for women with TS continue to expand. For the rare woman
who is fertile, prenatal amniocentesis is recommended because of the high rate of chro-
mosomal abnormalities. Those who are sterile may choose to adopt children or undergo
artificial fertilization. In a recent study, the clinical pregnancy rate achieved by embryo
transfer in women with TS was similar to that of other oocyte recipients with primary
ovarian failure; however, a greater percentage (40%) ended in miscarriage (110). The
greater miscarriage rate may be the result of uterine factors. Careful assessment before
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and during follow-up of pregnancy is important because of the increased risk of cardio-
vascular and other complications. Some physicians have recommended that only one
embryo be transferred at a time to avoid the additional complications caused by twin
pregnancy.

Learning Disabilities
Children with TS should undergo a baseline developmental evaluation at the time of

initial diagnosis or at latest, during the preschool years. Academic tutoring, occupational
therapy and training in problem solving strategies can help girls and women with TS
cope with their visual-spatial and cognitive challenges. Individual psychotherapy may
be required to address the social and emotional difficulties commonly experienced by
individuals with TS (111). Timely institution of estrogen therapy may be important since
there is some evidence that some neurocognitive deficits such as memory, reaction time,
and speeded motor function result from estrogen deficiency and are at least somewhat
reversible with estrogen treatment (17). Many patients and their families benefit tremen-
dously from support group programs, such as those offered by the Turner Syndrome
Society of the United States (TSSUS), which can be accessed at http://www.turner-
syndrome.org.

REFERENCES

1. Nielsen J, Wohlert M. Chromosome abnormalities found among 34,910 newborn children: results
from a 13-year incidence study in Arhus, Denmark. Hum Genet 1991;87:81–83.

2. Saenger P. Turner’s Syndrome. N Engl J Med 1996;335(23):1749–1754.
3. Lippe BM. Turner Syndrome. In: Sperling MA, ed. Pediatric Endocrinology. W.B. Saunders Co.,

Philadelphia, PA 1996, pp. 387–421.
4. Hook EB, Warburton D. The distribution of chromosomal genotypes associated with Turner’s syn-

drome: Livebirth prevalence rates and evidence for diminished fetal mortality and severity in geno-
types associated with structural X abnormalities or mosaicism. Hum Genet 1983;64:24–27.

5. Neely EK, Rosenfeld RG. Phenotypic correlations of X-chromosome loss. In: Wachtel SS, ed.
Molecular Genetics of Sex Determination. Academic Press, San Diego: 1994, pp. 311–339.

6. Leonova J, Hanson C. A study of 45,X/46,XX mosaicism in Turner syndrome females: a novel primer
pair for the (CAG)n repeat within the androgen receptor gene. Hereditas 1999;131(2):87–92.

7. Zinn AR, Ross JL. Turner syndrome and haploinsufficiency. Curr Opin Genet Dev 1998;8(3):
322–327.

8. Ogata T, Matsuo N. Turner syndrome and female sex chromosome aberrations: deduction of the
principal factors involved in the development of clinical features. Hum Genet 1995;95(6):607–629.

9. Clement-Jones M, Schiller S, Rao E, et al. The short stature homeobox gene SHOX is involved in
skeletal abnormalities in Turner syndrome. Hum Mol Genet 2000;9(5):695–702.

10. Blaschke RJ, Rappold GA. SHOX: Growth, Leri-Weill and Turner Syndromes. Trends Endocrinol
Metab 2000;11(6):227–230.

11. Ellison JW, Wardak Z, Young MF, Gehron RP, Laig-Webster M, Chiong. PHOG, a candidate gene
for involvement in the short stature of Turner syndrome. Hum Mol Genet 1997;6(8):1341–1347.

12. Kajii T, Ferrier A, Niikawa N, et al. Anatomic and chromosomal anomalies in 639 spontaneous
abortuses. Hum Genet 1980;55:87–98.

13. Simpson JL, Rajkovic A. Ovarian differentiation and gonadal failure. Am J Med Genet 1999;89(4):
186–200.

14. Haverkamp F, Wolfle J, Zerres K, et al. Growth retardation in Turner syndrome: aneuploidy, rather
than specific gene loss, may explain growth failure. J Clin Endocrinol Metab 1999;84(12):4578–4582.

15. Tsezou A, Hadjiathanasiou C, Gourgiotis D, et al. Molecular genetics of Turner syndrome: correlation
with clinical phenotype and response to growth hormone therapy. Clin Genet 1999;56(6):441–446.

16. Skuse DH, James RS, Bishop DV, et al. Evidence from Turner’s syndrome of an imprinted X-linked
locus affecting cognitive function. Nature 1997;387:705–708.



134 Part I / Davenport and Rosenfeld

17. Ross J, Zinn A, McCauley E. Neurodevelopmental and psychosocial aspects of Turner syndrome.
Ment Retard Dev Disabil Res Rev 2000;6(2):135–141.

18. Migeon BR, Luo S, Stasiowski BA, et al. Deficient transcription of XIST from tiny ring X chromo-
somes in females with severe phenotypes. Proc Natl Acad Sci U S A 1993;90:12,025–12,029.

19. Turner C, Dennis NR, Skuse DH, Jacobs PA. Seven ring (X) chromosomes lacking the XIST locus,
six with an unexpectedly mild phenotype. Hum Genet 2000;106(1):93–100.

20. Massa GG, Vanderschueren Lodeweyckx M. Age and height at diagnosis in Turner syndrome:
influence of parental height. Pediatrics 1991;88:1148–1152.

21. Savendahl L, Davenport ML. Delayed diagnoses of Turner’s syndrome: proposed guidelines for
change. J Pediatr 2000;137(4):455–459.

22. Sybert VP. Cardiovascular malformations and complications in Turner Syndrome. Pediatrics
1998;101(1):e11.

23. Mazzanti L, Cacciari E. Congenital heart disease in patients with Turner’s syndrome. Italian Study
Group for Turner Syndrome (ISGTS). J Pediatr 1998;133(5):688–692.

24. Bordeleau L, Cwinn A, Turek M, Barron-Klauninger K, Victor G. Aortic dissection and Turner’s
syndrome: case report and review of the literature. Journal of Emergency Medicine 1998;16(4):
593–596.

25. Lin AE, Lippe B, Rosenfeld RG. Further delineation of aortic dilation, dissection, and rupture in
patients with Turner Syndrome. Pediatrics 1998;102(1):e12.

26. Elsheikh M, Casadei B, Conway GS, Wass JA. Hypertension is a major risk factor for aortic root
dilatation in women wtih Turner’s syndrome. Clin Endocrinol (Oxf) 2001;54:69–73.

27. Nathwani NC, Unwin R, Brook CG, Hindmarsh PC. The influence of renal and cardiovascular
abnormalities on blood pressure in Turner syndrome. Clin Endocrinol (Oxf) 2000;52(3):371–377.

28. Sybert VP. Adult height in Turner syndrome with and without androgen therapy. J Pediatr
1984;104:365–369.

29. Ranke MB, Pfluger H, Rosendahl W, et al. Turner syndrome: spontaneous growth in 150 cases and
review of the literature. Eur J Pediatr 1983;141(2):81–88.

30. Rochiccioli P, David M, Malpuech G, et al. Study of final height in Turner’s syndrome: ethnic and
genetic influences. Acta Paediatrica 1994;83(3):305–308.

31. Even L, Cohen A, Marbach N, et al. Longitudinal analysis of growth over the first 3 years of life in
Turner’s syndrome. J Pediatr 2000;137(4):460–464.

32. Davenport ML, Punyasavatsut N, Gunther D, Savendahl L, Stewart PW. Turner syndrome: a pattern
of early growth failure. Acta Paediatr Suppl 1999;88(433):118–121.

33. Karlberg J, Albertsson-Wikland K, Nilsson KO, Ritzen EM, Westphal O. Growth in infancy and
childhood in girls with Turner’s syndrome. Acta Paediatr Scand 1991;80(12):1158–1165.

34. Ranke MB, Stubbe P, Majewski F, Bierich JR. Spontaneous Growth in Turner’s Syndrome. Acta
Paediatr Scand Suppl 1988;343:22–30.

35. Mathisen B, Reilly S, Skuse D. Oral-motor dysfunction and feeding disorders of infants with Turner
syndrome. Dev Med Child Neurol 1992;34(2):141–149.

36. Gravholt CH, Naeraa RW. Reference values for body proportions and body composition in adult
women with Ullrich-Turner Syndrome. Am J Med Genet 1997;72:403–408.

37. Allen DB. Safety of human growth hormone therapy: current topics. J Pediatr 1996;128(5:Pt 2):
Pt 2):S8–13.

38. Even L, Bronstein V, Hochberg Z. Bone maturation in girls with Turner’s Syndrome. Eur J Endocrinol
1998;138:59–62.

39. Gravholt CH, Juul S, Naeraa RW, Hansen J. Morbidity in Turner syndrome. J Clin Epidemiol
1998;51(2):147–158.

40. Rubin K. Turner syndrome and osteoporosis: mechanisms and prognosis. Pediatrics 1998;102 2
Pt 3:481–485.

41. Hass AD, Simmons KE, Davenport ML, Proffit WR. The Effect of Growth Hormone on Craniofacial
Growth and Dental Maturation in Turner Syndrome. Angle Orthod 2000;70(6):43–52.

42. Rongen-Westerlaken C, Van Den Born E, Prahl-Andersen B, et al. Shape of the craniofacial complex
in children with Turner syndrome. J Biol Buccale 1992;20:185–190.

43. Laine T, Alvesalo L, Savolainen A, Lammi S. Occlusal morphology in 45,X females. J Craniofac
Genet Dev Biol 1986;6(4):351–355.

44. Midtbo M, Halse A. Skeletal maturity, dental maturity, and eruption in young patients with Turner
syndrome. Acta Odontol Scand 1992;50:303–312.



Chapter 7 / Turner Syndrome 135

45. Townsend G, Jensen BL, Alvesalo L. Reduced tooth size in 45,X (Turner Syndrome) females. Am
J PhysAnthrop 1984;65:367–371.

46. Sculerati N, Ledesma Medina J, Finegold DN, Stool SE. Otitis media and hearing loss in Turner
syndrome. Arch Otolaryngol Head Neck Surg 1990;116:704–707.

47. Stenberg AE, Nylen O, Windh M, Hultcrantz M. Otological problems in children with Turner’s
syndrome. Hear Res 1998;124(1–2):85–90.

48. Roush J, Davenport ML, Carlson-Smith C. Early-onset sensorineural hearing loss in a child with
Turner syndrome. J Am Acad Audiol 2000;11(8):446–453.

49. Gungor N, Boke B, Belgin E, Tuncbilek E. High frequency hearing loss in Ullrich-Turner syndrome.
Eur J Pediatr 2000;159(10):740–744.

50. Chrousos GA, Ross JL, Chrousos GC, et al. Ocular findings in Turner Syndrome: A Prospective
Study. Ophthalmology 1984;91:926–928.

51. Lloyd IC, Haigh PM, Clayton-Smith J, et al. Anterior segment dysgenesis in mosaic Turner syn-
drome. British Journal of Ophthalmology 1997;81(8):639–643.

52. Bilge I, Kayserili H, Emre S, et al. Frequency of renal malformations in Turner syndrome: analysis
of 82 Turkish children. Pediatr Nephrol 2000;14(12):1111–1114.

53. Lippe B, Geffner ME, Dietrich RJ, Boechat MI, Kangarloo H. Renal malformations in patients with
Turner syndrome: imaging in 141 patients. Pediatrics 1988;82:852–856.

54. Larizza D, Locatelli M, Vitali L, et al. Serum liver enzymes in Turner syndrome. Eur J Pediatr
2000;159(3):143–148.

55. Bonamico M, Bottaro G, Pasquino AM, et al. Celiac disease and Turner syndrome. J Pediatr
Gastroenterol Nutr 1998;26(5):496–499.

56. Becker B, Jospe N, Goldsmith LA. Melanocytic nevi in Turner syndrome. Pediatr Dermatol
1994;11(2):120–124.

57. Hayward PA, Satsangi J, Jewell DP. Inflammatory bowel disease and the X chromosome.
58. Medeiros CC, Marini SH, Baptista MT, Guerra G Jr, Maciel-Guerra AT. Turner’s syndrome and

thyroid disease: a transverse study of pediatric patients in Brazil. J Pediatr Endocrinol Metab
2000;13(4):357–362.

59. Zulian F, Schumacher HR, Calore A, Goldsmith DP, Athreya BH. Juvenile arthritis in Turner’s
syndrome: a multicenter study. Clin Exp Rheumatol 1998;16(4):489–494.

60. Blackett PR, Rundle AC, Frane J, Blethen SL. Body mass index (BMI) in Turner Syndrome before
and during growth hormone (GH) therapy. Int J Obes Relat Metab Disord 2000;24(2):232–235.

61. Caprio S, Boulware S, Diamond M, et al. Insulin resistance: an early metabolic defect of Turner’s
syndrome. J Clin Endocrinol Metab 1991;72:832–836.

62. Hojbjerg GC, Christian K, Weeke J, Sandahl CJ. Lp(a) and lipids in adult Turner’s syndrome: impact
of treatment with 17beta-estradiol and norethisterone. Atherosclerosis 2000;150(1):201–208.

63. Conte FA, Grumbach ME, Kaplan SL. A diphasic pattern of gonadotrophin secretion in patients with
the syndrome of gonadal dysgenesis. J Clin Endocrinol Metab 1974;670–674.

64. Chrysis DC, Spiliotis BE, Stene M, Davenport ML. Ultrasensitive assay for gonadotropins: potential
use in the dignosis of Turner syndrome. 80th Annual Meeting of the Endocrine Society 1998;169.

65. Pasquino AM, Passeri F, Pucarelli I, Segni M, Municchi G. Spontaneous pubertal development in
Turner’s syndrome. Italian Study Group for Turner’s Syndrome. J Clin Endocrinol Metab
1997;82(6):1810–1813.

66. Crosignani PG, Rubin BL. Optimal use of infertility diagnostic tests and treatments. The ESHRE
Capri Workshop Group. Hum Reprod 2000;15(3):723–732.

67. Tarani L, Lampariello S, Raguso G, et al. Pregnancy in patients with Turner’s syndrome: six new
cases and review of literature. Gynecological Endocrinology 1998;12(2):83–87.

68. Gravholt CH, Fedder J, Naeraa RW, Muller J. Occurrence of gonadoblastoma in females with Turner
syndrome and Y chromosome material: a population study. J Clin Endocrinol Metab 2000;85(9):
3199–3202.

69. Rovet JF. The cognitive and neuropsychological characteristics of females with Turner Syndrome.
In: Berch DB, Berger BG, editors. Sex Chromosome Abnormalities and Human Behavior. Boulder,
CO: Western Press, 1990:38–77.

70. Rovet JF. The psychoeducational characteristics of children with Turner syndrome. J Learn Disabil
1993;26:333–341.

71. Mazzocco MM. A process approach to describing mathematics difficulties in girls with Turner
syndrome. Pediatrics 1998;102(2 Pt 3):492–496.



136 Part I / Davenport and Rosenfeld

72. El Abd S, Patton MA, Turk J, Hoey H, Howlin P. Social, communicational, and behavioral deficits
associated with ring X turner syndrome. Am J Med Genet 1999;88(5):510–516.

73. Donnelly SL, Wolpert CM, Menold MM, et al. Female with autistic disorder and monosomy X
(Turner syndrome): parent-of-origin effect of the X chromosome. Am J Med Genet 2000;96(3):
312–316.

74. Blatt J, Olshan AF, Lee PA, Ross JL. Neuroblastoma and related tumors in Turner’s syndrome.
J Pediatr 1997;131(5):666–670.

75. Gicquel C, Gaston V, Cabrol S, Le Bouc Y. Assessment of Turner’s syndrome by molecular analysis
of the X chromosome in growth-retarded girls. J Clin Endocrinol Metab 1998;83(5):1472–1476.

76. Abulhasan SJ, Tayel SM, al Awadi SA. Mosaic Turner syndrome: cytogenetics versus FISH. Ann
Hum Genet 1999;63(Pt 3):199–206.

77. American Academy of Pediatrics. Health Supervision for Children With Turner Syndrome. Pediat-
rics 1995;96(6):1166–1173.

78. Rosenfeld RG, Tesch L, Rodreiguez-Rigau LJ, McCauley E, Albertsson-Wikland K, Asch R. Rec-
ommendations for Diagnosis, Treatment, and Management of Individuals with Turner Syndrome.
The Endocrinologist 1994;4(5):351–358.

79. Lerner R. What’s New in Lymphedema Therapy in America? Int J Angiol 1998;7(3):191–196.
80. The diagnosis and treatment of peripheral lymphedema. Consensus document of the International

Society of Lymphology Executive Committee. Lymphology 1995;28(3):113–117.
81. Thomson SJ, Tanner NS, Mercer DM. Web neck deformity; anatomical considerations and options

in surgical management. Br J Plast Surg 1990;43(1):94–100.
82. Lyon AJ, Preece MA, Grant DB. Growth curve for girls with Turner syndrome. Arch Dis Child

1985;60(10):932–935.
83. Saenger P. Growth-promoting strategies in Turner’s syndrome. J Clin Endocrinol Metab 1999;84(12):

4345–4348.
84. Plotnick L, Attie KM, Blethen SL, Sy JP. Growth hormone treatment of girls with Turner syndrome:

the National Cooperative Growth Study experience. Pediatrics 1998;102 2 Pt 3:479–481.
85. Carel JC, Mathivon L, Gendrel C, Chaussain JL. Growth hormone therapy for Turner syndrome:

evidence for benefit. Horm Res 1997;48(Suppl 5):31–34.
86. Donaldson MD. Growth hormone therapy in Turner syndrome—current uncertainties and future

strategies. Horm Res 1997;48(Suppl 5):35–44.
87. Haeusler G, Schmitt K, Blumel P, Plochl E, Waldhor T, Frisch H. Growth hormone in combination

with anabolic steroids in patients with Turner syndrome: effect on bone maturation and final height.
Acta Paediatr 1996;85(12):1408–1414.

88. Rosenfeld RG, Attie KM, Frane J, et al. Growth hormone therapy of Turner’s syndrome: beneficial
effect on adult height. J Pediatr 1998;132(2):319–324.

89. Sas TC, de Muinck K, Stijnen T, et al. Normalization of height in girls with Turner syndrome after
long-term growth hormone treatment: results of a randomized dose-response trial. J Clin Endocrinol
Metab 1999;84(12):4607–4612.

90. Chernausek SD, Attie KM, Cara JF, Rosenfeld RG, Frane J. Growth hormone therapy of Turner
syndrome: the impact of age of estrogen replacement on final height. Genentech, Inc., Collaborative
Study Group. J Clin Endocrinol Metab 2000;85(7):2439–2445.

91. Sas TC, de Muinck K, Stijnen T, et al. Final height in girls with Turner’s syndrome treated with once
or twice daily growth hormone injections. Dutch Advisory Group on Growth Hormone. Arch Dis
Child 1999;80(1):36–41.

92. Carel JC, Mathivon L, Gendrel C, Ducret JP, Chaussain JL. Near normalization of final height with
adapted doses of growth hormone in Turner’s syndrome. J Clin Endocrinol Metab 1998;83(5):
1462–1466.

93. Ranke MB, Lindberg A, Chatelain P, et al. Predicting the response to recombinant human growth
hormone in Turner syndrome: KIGS models. KIGS International Board. Kabi International Growth
Study. Acta Paediatr Suppl 1999;88(433):122–125.

94. Sas TC, Gerver WJ, de Bruin R, et al. Body proportions during long-term growth hormone treatment
in girls with Turner syndrome participating in a randomized dose-response trial. J Clin Endocrinol
Metab 1999;84(12):4622–4628.

95. Sato N, Nimura A, Horikawa R, Katumata N, Tanae A, Tanaka T. Bone mineral density in Turner
syndrome: relation to GH treatment and estrogen treatment. Endocr J 2000;47(Suppl):S115–S119.

96. Rongen-Westerlaken C, Van Den Born E, Prahl-Andersen B, et al. Effect of growth hormone treat-
ment on craniofacial growth in Turner’s syndrome. Acta Paediatr 1993;82(4):364–368.



Chapter 7 / Turner Syndrome 137

97. Ross JL, Feuillan P, Kushner H, Roeltgen D, Cutler GB Jr. Absence of growth hormone effects on
cognitive function in girls with Turner syndrome. J Clin Endocrinol Metab 1997;82(6):1814–1817.

98. Huisman J, Slijper FM, Sinnema G, et al. Psychosocial effects of two years of human growth hormone
treatment in Turner syndrome. The Dutch Working Group: Psychologists and Growth Hormone.
Horm Res 1993;39 Suppl 2:56–59.

99. Siegel PT, Clopper R, Stabler B. The psychological consequences of Turner syndrome and review of
the National Cooperative Growth Study psychological substudy. Pediatrics 1998;102 2 Pt 3:488–491.

100. Rovet J, Holland J. Psychological aspects of the Canadian randomized controlled trial of human
growth hormone and low-dose ethinyl oestradiol in children with Turner syndrome. The Canadian
Growth Hormone Advisory Group. Horm Res 1993;39(Suppl 2):60–64.

101. Joss EE, Zurbrugg RP, Tonz O, Mullis PE. Effect of growth hormone and oxandrolone treatment on
glucose metabolism in Turner syndrome. A longitudinal study. Horm Res 2000;53(1):1–8.

102. Saenger P. Metabolic Consequences of Growth Hormone Treatment in Paediatric Practice. Horm Res
2000;53(Suppl)S1:60–69.

103. Sas TC, Muinck Keizer-Schrama SM, Stijnen T, Aanstoot HJ, Drop SL. Carbohydrate metabolism
during long-term growth hormone (GH) treatment and after discontinuation of GH treatment in girls
with Turner syndrome participating in a randomized dose-response study. Dutch Advisory Group on
Growth Hormone. J Clin Endocrinol Metab 2000;85(2):769–775.

104. Rosenfeld RG, Hintz RL, Johanson AJ, et al. Three-year results of a randomized prospective trial
of methionyl human growth hormone and oxandrolone in Turner syndrome. J Pediatr 1988;
113(2):393–400.

105. Cavallo L, Gurrado R. Endogenous growth hormone secretion does not correlate with growth in
patients with Turner’s syndrome. Italian Study Group for Turner Syndrome. J Pediatr Endocrinol
Metab 1999;12(5 Suppl 2):623–627.

106. Saenger P. Growth-promoting strategies in Turner’s syndrome. J Clin Endocrinol Metab 1999;84(12):
4345–4348.

107. Stool SE, Berg AO, Berman S, et al. Quick Reference Guide for Clinicans, Managing Otitis Media
with Effusion in Young Children, Quick Reference Guide for Clinicans. AHCPR Publication No
 94-0623 1994.

108. Rosenfield RL, Perovic N, Devine N. Optimizing estrogen replacement in adolescents with Turner
syndrome. Ann N Y Acad Sci 2000;900:213–214.

109. Damiani D, Guedes DR, Fellous M, et al. Ullrich-Turner syndrome: relevance of searching for Y
chromosome fragments. J Pediatr Endocrinol Metab 1999;12(6):827–831.

110. Foudila T, Soderstrom-Anttila V, Hovatta O. Turner’s syndrome and pregnancies after oocyte
donation. Hum Reprod 1999;14(2):532–535.

111. Boman UW, Moller A, Albertsson-Wikland K. Psychological aspects of Turner syndrome.
J Psychosom Obstet Gynaecol 1998;19(1):1–18.



138 Part I / Davenport and Rosenfeld



Chapter 8 / Continuing GH Therapy 139

139

From: Contemporary Endocrinology: Pediatric Endocrinology: A Practical Clinical Guide
Edited by: S. Radovick and M. H. MacGillivray © Humana Press Inc., Totowa, NJ

8 Management of Adults with Childhood
Growth Hormone Deficiency

David M. Cook, MD

CONTENTS

INTRODUCTION

WHICH PATIENTS REMAIN PERSISTENTLY GH DEFICIENT AFTER

CHILDHOOD?
WHY SHOULD WE REPLACE YOUNG ADULTS WITH GH?
CONTRAINDICATIONS FOR CONTINUING GH THERAPY

CLINICAL EXAMPLES OF YOUNG ADULTS REQUIRING GH THERAPY

MONITORING THERAPY

SUMMARY

REFERENCES

INTRODUCTION

In August, l996 the FDA approved growth hormone (GH) replacement therapy for
growth hormone deficient adults in the US. This approval was based upon studies of
growth hormone deficient adults treated with growth hormone in clinical trials in Europe
(1). Naturally, the Europeans familiar with these clinical trials and earlier approval
developed experience with GH replacement therapy in adults sooner than American
adult endocrinologists. Various learning curves had to be developed in the US before
adult endocrinologists became comfortable with diagnosing, dosing, and monitoring
these patients. Meanwhile, pediatric endocrinologists in the US, long familiar with GH
replacement therapy for children, began to struggle with management of GH deficient
children who received GH for growth reasons and had achieved their target growth and
bone age development with GH therapy. Traditionally, these patients discontinued GH
and were not further replaced. Because GH deficient adults were found to have increased
mortality rates, fracture rates, and reduced quality of life, and that these parameters
seemed to reverse with GH therapy (2–6), questions began to surface concerning whether
young adults who were GH deficient as children should be restarted. A number of
questions were generated by these circumstances that will be addressed in this review.
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This review will also cover experience to date concerning the metabolic changes
observed in previously treated GH-deficient children after they stop GH and how they
respond to restarting therapy.

WHICH PATIENTS REMAIN PERSISTENTLY GH DEFICIENT
AFTER CHILDHOOD?

The various causes of GH deficiency (GHD) in children differ dramatically from
etiologies of GH deficiency in adults. Most adults, for example, have readily recogniz-
able causes of pituitary insufficiency due to obvious insults such as a tumor of the
pituitary, surgery to remove the tumor or irradiation as part of the therapy of that tumor.
There are, of course, a variety of other causes, but they are less common Table 1 (7). In
adults just the presence of the tumor may affect normal pituitary function. It is estimated
that patients with pituitary tumors who have all other hormones of the anterior pituitary
intact will still have 25–35% chance of being GH deficient (8). As increasing damage
occurs to the pituitary from the tumor or therapy and other hormones are lost, there is an
increased incidence of GH deficiency. If 3 or 4 anterior pituitary hormones are lost, there
is 95–100% chance of GH deficiency. If we couple the diagnosis of GH deficiency in
adults with a low serum IGF-1, and three or four anterior pituitary hormone deficiencies,
the probability of proving GH deficiency improves to a virtual certainty. Hartman has
suggested that if the IGF-1 serum concentration is less than 84 ng/mL with pituitary
damage and 3–4 anterior pituitary hormones lost there is a 98% chance the patient is GH
deficient (9).

Childhood causes of GH deficiency differ from adult etiologies. A majority of child-
hood etiologies are idiopathic and not associated with known injury to the anterior
pituitary Table 2 (10). Many of the children with isolated GH deficiency of childhood,
who do not have other anterior pituitary hormone deficiencies and have an idiopathic

Table 1
Etiology of Adult GHD in 1034 Hypopituitary Adult Patientsa

Cause %

Pituitary tumor 53.9
Craniopharyngioma 12.3
Idiopathic 10.2
CNS tumor 4.4
Empty sella syndrome 3.1
Sheehan’s Syndrome 3.1
Head trauma 2.4
Hypophysitis 1.6
Surgery other than for pituitary treatment 1.5
Granulomatous diseases 1.3
Irradiation other than for pituitary treatment 1.1
CNS malformation 1.0
Perinatal trauma or infection 0.5
Other 2.5

aAdapted with permission from ref. (7).
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cause, do not remain persistently GH deficient (11,12). For this reason laboratory testing
of this latter group is suggested to reconfirm the diagnosis.

The laboratory documentation necessary to reconfirm GH deficiency after childhood
depends first upon the physician’s clinical suspicion that the young adult might be
persistently deficient. Not only does the clinician have to be suspicious, he or she must
suggest to the patient there is a need for continuous replacement therapy into adulthood.
In the current medical climate, the patient or family may challenge the physician as to
whether the child should be continued on GH therapy. Typical consequences of GH
deficiency that occur after stopping GH therapy in the average 18 or 19-yr-old patient
are listed in Table 3. The accumulation of weight, especially in the truncal area, and
decreased exercise performance are the most commonly reported complaints. Occasion-
ally the young adult will notice a decrease in the ability to concentrate or study. The
major impetus to return to therapy will come from the patient. Unfortunately, the average
child does not want to return to the daily routine of receiving GH injections. In the future,
this pattern will certainly change as pediatricians begin to inform patients that GH may
be lifelong therapy. More user-friendly forms of GH delivery such as depot preparations
are now available, such as Nutropin Depot, a two-wk delivery preparation (12a). New
technology may also facilitate GH replacement therapy. This agent is not currently
approved for adults, but clinical studies are underway to create an adult indication. It may
be that young adults, in transition to adult therapy, may benefit from continuing a depot
preparation until their requirements decrease or they are ready to accept a daily injection
regimen again.

Table 2
Etiology of Childhood GHDa

Idiopathic 1366 72.3 %
Organic 424 22.4 %
Infection 6 0.3 %
Craniopharyngioma 149 7.9 %
CNS Tumor 144 7.6 %
Trauma 34 1.8 %
Irradiation 73 3.8 %
CNS Defects 13 0.7 %
Histiocytosis 5 0.3 %
Septo optia dysplasia 100 5.3 %

aAdapted with permission from ref. (10).

Table 3
Consequences of Stopping GH in Childhood GHD Patients

1) Weight gain
2) Body composition changes (more fat)
3) Decreased bone density
4) Decreased exercise performance
5) Decreased ability to concentrate or study
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Once the patient agrees to resume therapy, the next step is to verify if the deficiency
is persistent. For patients who are panhypopituitary from causes such as craniopharyn-
gioma, the documentation necessary for insurance approval will usually only consist of
a single IGF-1 subnormal serum concentration. For those with isolated idiopathic causes,
the documentation must be more rigorous and include a low serum IGF-1 concentration
coupled with one or two GH release stimulation tests to confirm the diagnosis. As in
children, there is no foolproof magic stimulation test. Any of the standard tests are
associated with responses that are 15–20% false negative in normal individuals (13).
This would include arginine, L-Dopa, insulin-induced hypoglycemia, or growth hor-
mone releasing hormone (GHRH). Combining arginine with GHRH probably has fewer,
if any, false negative results. However, it stimulates pituitary release of GH by inhibiting
somatostatin with arginine and affects the pituitary directly with GHRH (14). Data
generated in studies of USA patients (14a) suggest a cut-off of 4.1 with arginine plus
GHRH since GH stimulation test remains a controversial way to diagnose GHD. The
standard 5 ng/mL is used in the USA for arginine plus GHRH testing and/or insulin-
induced hypoglycemia. One theoretical problem associated with the combined arginine/
GHRH test is the false negative rate observed in patients with neurosecretory deficiency
of GH, which might be observed in patients who have received cranial irradiation for
childhood leukemia. In the final analysis, laboratory diagnosis of GH deficiency in the
adult or the child who has completed vertical growth is arbitrary, and stimulation testing
is not foolproof. We have established criteria for GH deficiency as follows: 1) the patient
should have a reasonable cause for the deficiency. The documentation during childhood
with associated poor growth is sufficient to satisfy these criteria. 2) The second criteria
is a low IGF-1 for age and sex, and 3) the third criteria is a poor response to a standard
provocative stimulus. The only caveat for the latter criteria is to eliminate clonidine as
a stimulation test, which is an adequate stimulus to GH release in children but not
considered an adequate test in adults because of excessive false positives (suggesting GH
deficiency when it doesn’t exist) in normals (18).

It is estimated that around 40% of patients with idiopathic GH deficiency in child-
hood will not be GH deficient as adults. This fact underscores the need for complete
laboratory testing for this group of patients if they are to be considered for GH replace-
ment therapy. The literature would suggest that approximately 35% of patients with
isolated GHD would revert to normal upon retesting after they have stopped GH therapy
(19). For idiopathic deficiency associated with multiple hormones deficient the number
drops to 11% and for X-ray induced cranial irradiation the rate drops to 3%. In cran-
iopharyngioma the number of patients that have normal stimulation tests after GH
therapy in childhood is close to zero. For this reason, many insurance companies will
accept a low insulin-like growth factor (IGF-1) as adequate proof the patient is persis-
tently GH deficient. Maghnie has looked at the predictive value of pituitary magnetic
resonance imaging (MRI) findings with the thought that small pituitary volume might
be more predictive of chronic GH deficient (20). He separated patients into four groups.
The first two groups consisted of one with small pituitary gland size and the second with
normal size pituitary based upon MRI findings. The other two groups consisted of one
with stalk agenesis and the last with craniopharyngioma. The pituitary size was not
helpful for predicting persistent GH deficiency, and insulin or arginine testing results
were quite variable. Combining arginine with insulin-induced hypoglycemia demon-
strated almost complete responsiveness in the first two groups and no responsiveness
in the latter two groups. The study underscored the difficulties in making the diagnosis
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of GHD in patients with isolated GH deficiency. In summary, more stringent testing of
patients with idiopathic GHD of childhood onset is necessary. To this end, insulin-
induced hypoglycemia or arginine plus GHRH is suggeted to provide convincing evi-
dence of persistent GHD. Less stringent tests such as L-DOPA or arginine alone are not
suggested since they are less stringent and release GH to a lower cut-off point than
insulin or arginine plus GHRH (14a).

WHY SHOULD WE REPLACE YOUNG ADULTS WITH GH?

The indications for return of GH therapy in children who have completed growth
targets and are in transition to adulthood are the same for adults who have developed the
deficiency later in life. GH deficiency in adults is associated with increased mortality,
decreased quality of life and an increase in bone fracture rates. Other reasons include
abnormal risk factors for accelerated atherogenesis, including increased cholesterol and
decreased HDL cholesterol. Although these findings are compelling reasons to treat
young adults who have completed vertical growth, the major impetus stems from the
issues surrounding bone health. We now believe that the full bone maturation process
continues to around age thirty. Stopping GH at age 17 or 18, could theoretically inhibit
this process and leave these patients at risk for early age osteoporosis (21,22). The
evidence for this phenomena is indirect but convincing. Ter Maaten has looked at a
group of 38 patients who were GH deficient as children and received subsequent GH
therapy for a period of 3–5 yr (23). This group showed marked improvement in leg
muscle area, decreases in skin fold and intra-abdominal fat, and improvement in total
bone mineral content. Kaufman has looked at the bone mineral content in GH-deficient
males with isolated and multiple deficiencies (24). In both groups bone density is
decreased. Since mortality figures have to do with an older population and is only
theoretically important when talking to an 18-yr-old young man or woman, it is really
bone density and the risk for fracture that is the most important indication for continuing
GH in the transitioning patient.

Various studies have reported decreased bone density in young adults who have been
GH deficient as children. Not only are the bones decreased in density, they seem to be
small bones with small bone volumes (25). There is no current data to suggest that these
bones are at risk for fracture, but the assumption seems valid. We do know that maximum
development of bones continues until age 30. If the young adult stops GH at age 17 and
GH is necessary for bone maturation and development, a strong case can be made for
continuing GH not only until age thirty, but lifelong.

In adults, quality of life is dramatically improved with replacement of GH in
GH-deficient adults (26). In children, there does not seem to be this dramatic difference
in quality of life change after replacing GH. The reasons for this are not clear. One
suggested explanation is that adults remember their previous functioning level of energy
they had before developing GH deficiency, and children do not. We do know that children
who remain GH deficient after childhood may not achieve successful employment (27).

In summary, quality of life issues do not emerge as an important reason to continue
GH therapy after childhood. It must be kept in mind, however, just how important these
quality of life questions can be when addressed not only to the patient but also to the
spouse or parent. The individual patient may not recognize the subtle consequences of
chronic GH deficiency as well as their mother, father, or cohabiting partner. It is only
when the patient returns to GH therapy that they realize what was missing. Burman
demonstrated this in a quality of life study in adults (28). This author studied GH defi-
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cient adults taking GH replacement therapy and questioning the spouse on what changes
they noticed in the functioning level of the patient. The responses of the spouses were
statistically significant compared to those from the individual patients. Whether this
same situation exists for young adults is not clear. What does appear to be clear is that
almost every reason that can exist is operative in keeping many young adults from
returning to GH replacement. Some reasons are listed in Table 4. The most common
reason appears to be that the young adult does not want to return to “shots”. These young
adults often fall into other categories of not returning. The second is that the pediatrician
did not discuss the possibility of continuing therapy after growth potential has been
reached. This is clearly not an indictment of the pediatric endocrinologist, but only a fact
of historical note. This is a very new idea and  there was no need to introduce this concept
to children as early as 6 yr ago when GH was first approved for GH-deficient adults, and
only in the last 10 yr has the syndrome of GH deficiency in GH deficient adults been
recognized.

Another reason for not returning to GH therapy after childhood is the lapse of insur-
ance coverage when the child leaves home. New insurance plans often have an exclusion
of GH for adults, and patients may not realize that they signed up for a group plan with
this exclusion. Lastly, there is the impression from clinicians, such as myself, that these
patients lose energy and motivation after stopping GH and cannot coordinate whatever
it takes to return to GH therapy.

CONTRAINDICATIONS FOR CONTINUING GH THERAPY

Before reinstating GH it is reasonable to consider the contraindications to GH that
might exist or have developed since stopping GH therapy. The first and most important
would be the development of a malignancy. This should be obvious by the history, but
the clinician should be aware of this possibility. Some patients may have had a central
nervous system tumor that was irradiated in childhood. This should be re-examined by
an appropriate  MRI image of the pituitary area. The tumor may have recurred, or more
importantly, a new tumor may have developed because of irradiation to the area. Devel-
oping a second central nervous system tumor is a known risk to after cranial irradiation.
Known pituitary tumors such as craniopharyngioma should be stable for a 6-mo period
before initiating GH. For this reason, an MRI is suggested in the year preceding GH
therapy if a tumor is causing GH deficiency. If the cause is idiopathic and the patient is
proven in the laboratory to be GH deficient, we suggest an MRI if an anatomic cause has
not been ruled out. The young patient may, for example, have had a lesser quality CT scan
of their pituitary area. An MRI may reveal stalk agenesis not seen with a less sensitive

Table 4
Why Childhood Deficiency Young Adults

 Do Not Return to Therapy

1) The patient does not want to return to “shots”
2) The patient “feels fine”
3) The patient was told he/she could discontinue after growth potential achieved
4) The patient lacks motivation
5) The patient is not currently insured
6) The patient is not going to any physician much less an endocrinologist
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technique. This finding may help to support the diagnosis and need for lifelong therapy.
An anatomic abnormality of the pituitary, it will also boost insurance approval, and help
endorse continued need for GH replacement therapy if an anatomic lesion is identified.

Diabetes mellitus is another contraindication to GH therapy, if the diabetes is asso-
ciated with proliferative retinopathy. Types I and II diabetes are not contraindications.
If the patient is diabetic and GH therapy has begun, the diabetic control will worsen
before it becomes better because of the positive affect on body composition. The increase
in body fat, especially visceral fat, is associated with insulin resistance in the untreated
adult GH-deficient patient. Administration of GH will aggravate the insulin resistant
state and aggravate glucose control. After a period of time, GH therapy will change body
composition, improve insulin sensitivity, and return glucose control. This will usually
translate to an increase in insulin requirements by about 20%, or double the oral hypogly-
cemic drug therapy required to control glucose. Individual patients will differ. However,
the patient should be warned that diabetes control will get worse before it gets better.

Pregnancy is not a contraindication for GH therapy. The placenta will produce human
somatomammotropin during the third trimester, and therefore, during the last three months
GH is not necessary.

CLINICAL EXAMPLES OF YOUNG ADULTS REQUIRING GH THERAPY

The Young Adult who has Never Been Treated

A 19-yr-old man was referred to our clinic from a specialist in internal medicine. He is
from the Gilbert Islands in the South Pacific. He was evaluated in Australia in 1990 and
found to be GH deficient. He was not approved for GH therapy because he was not an
Australian citizen. He was lost to follow up until American missionaries found a way to
help a number of needy young people living in the Gilbert Islands. His growth history was
one of lifelong slow growth and arrest of growth at age 17. He has never developed
secondary sex characteristics. On physical exam he weighed 146 lbs, and his height was
59 in, span 61 in, and lower segment 31 in. He had gynecomastia with a diameter of 7 cm
right and 8 cm left. His testes measure 8 mm by 6 mm right and left, and he had no body
hair. He had mild scrotal wrinkling. He had very poor muscle development. Laboratory
data is listed in Table 5. An insulin tolerance test is given in Table 6. He had virtually no
GH reserve and limited adrenocorticotropin (ACTH) and Cortisol reserve. His serum
IGF-1 was 38 ng/mL (normal 180–780). His bone density results are listed in Table 7. Of
note, his body percentage of fat was 51.1%. This later figure was quite striking considering
that his BMI was calculated to be 29.4. The MRI of his pituitary revealed partial septo-

Table 5
Laboratory Data of a 19-yr-old GH Deficient Male Patient

Test Normal Patient

Luteinizing Hormone 0.2–9 mIu/mL 0.9
Testosterone 270–1070 ng/dL 25
IGF-1 182–780 ng/mL 42 ng/mL
TSH 0.23–4.0 mIu/mL 1.8
Free T4 0.7–1.8 ng/dL 1.5
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optic dysplasia. His previous CT taken in Australia in 1990 was normal. His bone age of
his left hand was that of a 16-yr-old.

Because of the theoretical potential for some bone growth and development, our plan
was to begin with growth hormone alone despite the androgen deficiency. We start such
“transition age” patients on a dose of 800 µg/d and plan to advance the dose by 400 µg
every 4–6 wk, until the IGF-1 is in the mid- to high normal range (180–780 ng/mL). After
a year of GH therapy, we will add sex steroids. This case is representative of patients who
may have never received GH and who may need larger doses than the average adult. He
may have some potential for vertical growth and we do not want to jeopardize this
potential by adding sex steroids too soon.

17-yr-old who Recently Stopped GH and Referred
for Continuing Care by her Pediatrician

A 17-yr-old woman is sent to you by her pediatrician for continuing care of her growth
hormone deficiency of childhood. The patient had been treated with growth hormone
since age four. Since stopping growth hormone one year ago she has noticed a weight
increase of 15 lbs, decrease in exercise capability, and has noticed an inability to walk
up stairs as well as she had while on growth hormone. She has had one CAT scan at age
four but no other imaging of her pituitary. She is on no other replacement. On physical
exam, she weighed 122 lbs and her height was 64.5 in. Her IGF-1 was 34 ng/mL (nl 182–
780 ng/mL). Her growth hormone was undetectable before and after growth hormone
stimulation with arginine plus GHRH. Her bone density in her lumbar spine was 93% of
age matched normals and 91% at her hip. Bone density should be reported as two scores
or percent of normal for age and gender. Using t scores is not appropriate for young adults
below age 25 since peak bone mass is still developing. Using t scores may overstimate
bone deficiency. Despite looking fit, her body fat was 35.6%, unexpectedly high, espe-

Table 6
Insulin Tolerance Test in a 19-yr-old

 Young Man With GHD

Growth
Time Glucose hormone ACTH Cortisol
(min) (mg %) (ng/mL) pg/mL (µg %)

0 85 <0.1 15.0 10.0
+20 37 <0.1 13.0 7.0
+40 28 <0.1 20.0 9.0
+60 210 .20 112.0 14.0
+90 108 <0.1 15.0 16.0

Table 7
DEXA Bone Density and Body Fat Percentage

of a 19-yr-old GHD Patient

Location % Age and sex normals

Hip 58%
Spine 70%
Percent body fat 51.1 %
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cially considering that her BMI was calculated to be 20.3. Her MRI was repeated and
found to be perfectly normal. She was begun on 800 µg/d and the plan is to titrate her
dose until IGF-1 is in the mid- to high normal range for her age and sex. This case
represents as example of marked fat deposition associated with growth hormone defi-
ciency in a young adult. It underscores the body composition changes after stopping GH
replacement therapy in young adults. Her history of muscle weakness is also consistent
with GH deficiency. She should be encouraged to continue GH life long.

Twenty-yr-old Young Man with a Craniopharyngioma
A 20-yr-old man is sent to you by a neurosurgeon for evaluation of his endocrine

status. He had normal growth and development but has recently been found to have a
craniopharyngioma identified because of the development of visual field abnormalities.
Because of the visual field abnormalities, he underwent pituitary surgery to remove the
tumor. Subsequent to the surgery he was found to be growth hormone deficient. After
a year of replacement therapy with testosterone, thyroid hormone, and cortisol, and
stable MRI image of his pituitary tumor, he returns for followup care. On physical exam
he weighed 327 lbs, and was 67 in tall. His IGF-1 concentration was undetectable and
he had no GH response to arginine stimulation testing (all GH concentrations less than
0.1 ng/mL). His fasting insulin was 48 IU/mL and simultaneous glucose 115 mg%.
Because we were concerned about his glucose status we proceeded with GH therapy
cautiously. He was started on 0.3 mg sc daily. Immediately he began to have polyuria and
polydipsia. This progressed to moderate ketoacidosis over a 1-wk period. Because of this
rather dramatic and sudden appearance of type II diabetes he did not want to restart GH
therapy for fear of going into ketoacidosis again. Very shortly thereafter he required oral
hypoglycemic agents to control his blood sugar. This case represents the extreme of
aggravation of diabetes after beginning GH therapy, or exposing latent diabetes after
starting GH therapy. Physicians should be aware of this category of patient when begin-
ning GH therapy or tell their diabetic patients their diabetic control will get worse before
it gets better.

27-yr-old Woman who Received Cranial Irradiation for Childhood Leukemia

This young lady presented with leukemia at age six. She received cranial irradiation
at that age. After a recurrence at age twelve, she underwent a second course of cranial
irradiation. Her growth was not impaired but she did have gonadotropin deficiency
develop at age 23, with cessation of her menses, low estradiol and low serum gonadot-
ropins. She has been started on premarin 0.625mg and provera 2.5mg. Her IGF-l con-
centration was 97mg/ml (nl 182–481 ng/mL), and she had no detectable GH in response
to insulin-induced hypoglycemia. She was begun on 0.3 mg and her dose escalated
to bring her IGF-1 into the mid- normal range (see Table 8). At a dose of 14 µg/kg/d
(1.2 mg/d) she had muscle and joint pain and pedal edema which was uncomfortable. At
a dose of 12 µg/kg/d (1.0 mg/d) she felt comfortable and has continued on that dose. This
patient represents the typical course of patients in their late twenties who require doses
somewhere in between patients in their late teens or early twenties. She also represents the
typical patient whose dose is controlled more by symptom tolerance than an absolute
IGF-1 concentration.
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19-yr-old Woman with Autoimmune Hypophysitis

This 19-yr-old woman was referred for evaluation of persistent fatigue despite
normalization of free T4 and TSH for primary hypothyroidism. Because of the known
association of autoimmune thyroid disease and pituitary autoimmunity, an IGF-1
concentration was obtained which was low, i.e., 60 ng/mL (nl 182–780 ng/mL). She was
proven to have GH deficiency on the basis of a poor response of GH to insulin induced
hypoglycemia (peak GH 3.3 ng/mL with normal responses greater than 5 ng/mL). Her
dose was titrated to a mid range IGF-1 concentration to a total dose of 2.4 mg/d, which
she tolerated without side effects. This young lady represents dosing experience with
patients in their late teen and early twenties. She has required and tolerated rather large
doses of GH to normalize her IGF-1 concentration and to achieve sufficient bipolysis.
She did not have side effects of GH therapy, and her maintenance dose was established
by titrating to mid to high normal IGF-1 concentration.

MONITORING THERAPY

Successful monitoring of the patient receiving GH therapy requires an awareness of
side effects, not only of GH excess, but also symptoms associated with starting GH
and/or raising a dose. Patients can frequently have transient adverse symptoms (usually
d 7–10) after starting or raising a dose. These consist of muscle or joint pain and disap-
pear by d 14–16 after initiating or raising dose. If symptoms persist after this period of
time, the dose is considered excessive and the dose should be reduced to the next lower
tolerated dose. The symptoms of excess should be covered by a discussion with the
patient prior to initiating therapy. These can consist of muscle or joint pain, headache,
edema, or carpal tunnel syndrome. The latter is managed by a four-day holiday from drug
therapy then resumption of the same dose.

The patient’s weight should be followed and the patient cautioned that weight loss is
not usually observed with GH therapy but body composition changes are. From a low
technology (and low cost) standpoint, waist and hip circumference should be obtained
at 6 mo intervals. Usually the waist circumference will change more quickly than the
hips, or both may improve despite no significant change in weight. If insurance will
allow, DEXA should be performed before GH therapy is begun. When ordering this

Table 8
Escalation of GH Dose in a 27-yr-old Woman
With Childhood Leukemia & CNS Irradiation

182–481
IGF-1 ng/mL

µg/kd/d µg/d (nl/ng/mL)

none none 97 ng/mL
4 300 132
8 700 204

14 1200 224
12     1000* 180

*Reduced because of muscle pain and edema
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procedure, the best parameters to follow are hip, spine, and body composition. The
software for the latter determination is widely available and should be requested. Since
bone density decreases after beginning GH therapy in the first 6 mo, returns to baseline at
12 mo, and increases from baseline at 18 mo, we suggest the second DEXA study be
performed no sooner than 18 mo after beginning therapy, then yearly thereafter.

Serum IGF-1 concentrations should be followed at 4- to 6-wk intervals until the
plateau or maintenance dose is reached, then every 6 mo. The serum IGF-1 is more of
a safety guide than an absolute concentration that defines the target dose. The IGF-1
should be used primarily as a guide to over therapy. If the IGF-1 exceeds the normal
range, the dose should be reduced. An IGF-1 in the mid normal range is the target, but
it should be recognized that there is no magic level. In most adults, the maintenance dose
is reached by pushing the dose to tolerance and the development of symptoms of excess,
then backing off to a tolerable level. In following this format the serum IGF-1 concen-
tration is seldom exceeded.

Lipid concentrations may be obtained yearly. However, if there are no lipid abnor-
malities at baseline, there is no need to repeat these since they will only improve and not
deteriorate. Blood sugar should be obtained and followed at 6-mo intervals to make sure
the patient does not develop hyperglycemia. The index of suspicion should be greatest
in patients who were hyperglycemic if and when they were suffering from Cushing’s
Disease and later had successful pituitary surgery, or if they have a family history of
type II diabetes, and are currently obese.

SUMMARY

The treatment of young adults who have been growth hormone deficient as children
is an emerging clinical science. The first and foremost important rule is to confirm the
patient is persistently deficient, especially in patients who carry the diagnosis of idio-
pathic GH deficiency. A number of issues surround therapy including dosing and moni-
toring. As time passes, there will be more young adult patients seeking therapy for a
number of reasons. These include education of pediatricians, and adult endocrinologists
who are familiar with the care of this group of patients and the patients themselves
seeking a solution to their symptoms. For both patients and physicians, the process of
getting patients back on therapy will be very satisfying because of the return of energy,
physical performance and restoration of body composition.

Table 9
GH Dose Requirements of a 19-yr-old Patient

 With Autoimmune Hypophysitis

Date µg/d IGF-1 (nl 180–780 ng/mL)

8/97 800 60
10/97 1200 130
1/98 1600 204
3/98 2000 300
5/98 2400 480
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II HYPOTHALAMIC AND PITUITARY DISORDERS
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INTRODUCTION

Diabetes insipidus (DI) is a syndrome of dysregulated free water balance resulting
from vasopressin deficiency or insensitivity of the kidney to vasopressin action. In the
absence of vasopressin-mediated urinary concentration, there is increased excretion
(polyuria) of dilute (urine osmolality less than plasma osmolality) urine. The loss of free
water leads to increased thirst and water intake (polydipsia). If the thirst is not quenched,
the progressive free water deficit leads to a hyperosmolar state characterized by plasma
hypernatremia. Diabetes insipidus may be characterized as central, when due to vaso-
pressin deficiency, or nephrogenic, when the result of diminished renal responsiveness
to the antidiuretic action of vasopressin. Central diabetes insipidus can be treated with
vasopressin or vasopressin analogs such as desmopressin. Treatment of nephrogenic
diabetes insipidus typically depends upon reversal of the underlying cause, but pharma-
cological treatment may be successful.

NORMAL PHYSIOLOGY OF WATER BALANCE

Vasopressin is the mammalian anti-diuretic hormone and regulator of free water
balance and plasma osmolality. Vasopressin regulates plasma sodium concentration, but
does not control total body sodium content, and thus has little effect on total body
volume. Vasopressin is synthesized in neurons of the hypothalamus, then undergoes
axonal transport through the pituitary stalk to the nerve endings that form the posterior
pituitary gland. Regulated vasopressin secretion from the posterior pituitary occurs in
response to physiological stimuli, such as hyperosmolality and volume depletion (1). In
the kidney, circulating vasopressin can bind to V2 vasopressin receptors located on the
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basolateral surface of epithelial cells in the distal tubule and collecting duct of the
nephron. V2 receptor activation drives synthesis and translocation of aquaporin water
channels to the luminal surface of the epithelial cells where these channels facilitate
reabsorption of water (2). This tubular reabsorption of water concentrates the urine and
conserves total body water.

Plasma osmolality normally is regulated within a narrow range of approx 285–295
mosm/kg (1). After water deprivation, increased plasma osmolality stimulates release of
vasopressin from the posterior pituitary. Vasopressin-mediated urine concentration in-
creases urine osmolality to greater than plasma osmolality, and with maximal urinary
concentration, urinary osmolality can be as high as 1000 mosm/kg. If the action of
vasopressin is not sufficient to maintain appropriate free water balance, a further in-
crease in plasma osmoality stimulates thirst, which leads to intake of additional free
water. With sufficient free water intake, plasma osmolality is maintained in the normal
range (4). However, if thirst is impaired or water is not available, continued dehydration
results in the development of hyperosmolarity.

CLINICAL PRESENTATION

The clinical hallmarks of diabetes insipidus are polyuria of inappropriately dilute
urine and hyperosmolarity. Polyuria can be defined as a urine output of greater than
2 L/m2/d or approximately 40 mL/kg/d (5) and may be due to either a solute diuresis or
water diuresis (6). A solute diuresis can result from an excess excretion of either inor-
ganic or organic solute. Filtration of exogenously administered sodium, such as after
intravenous administration of large volumes of saline, will produce a solute diuresis as
the excess sodium is excreted via the urine. Most diuretics produce a diuresis by increas-
ing distal delivery of isotonic tubular filtrate to increase urine output. Excess delivery of
other inorganic solutes, such as ammonia or bicarbonate also will induce a solute diuresis.
Glucose will produce polyuria if plasma levels are sufficiently high (typically >180 mg/dL)
so that the rate of glomerular filtration overwhelms the tubular reabsorption of glucose.
Other organic solutes, such as mannitol, can be filtered, but do not undergo tubular
reabsorption and will produce an osmotic diuresis (6). Therefore, a solute diuresis will
result in copious production of urine, but the presence of solute typically produces non-
dilute urine with urine osmolality greater than plasma osmolality.

A water diuresis is the production of large volume of dilute urine with osmolality less
than plasma osmolality and typically less than 200 mosm/kg. A water diuresis can occur
in response to a large water load such as the intentional intake of excess free water (6).
Primary polydipsia may be related to a pathophysiological disorder of thirst secondary
to disruption of the thirst regulation in the hypothalamus (dipsogenic polydipsia) (7).
More typically, primary polydipsia is a volitional act with the volume of water drunk in
excess of the needs of the body to maintain a normoosmolar state. Primary polydipsia
may occur from habit or in response to social cues, but when severe is usually related to
a psychiatric disturbance (psychogenic polydipisa). Patients with non-dipsogenic poly-
dipsia do not have increased thirst, per se, but patients with psychogenic polydipsia have
compulsive drinking that remits with resolution of psychiatric symptoms (4). In contrast
to primary polydipsia, patients with diabetes insipidus excrete dilute, hypoosmolar urine
due to impaired urinary concentrating ability, and the resulting increased thirst and
polydipsia is an appropriate physiological response to the loss of free water.
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Hypernatremia is the most commonly measured manifestation of a hyperosmolar
state. Sodium, with an equimolar amount of anions, accounts for most of the measurable
and effective osmotic load of plasma. A free water deficit that results in a hyperosmolar
state will produce hypernatremia, and therefore the plasma sodium level frequently
serves as a clinical surrogate for osmolality. Hypernatremia can result from sodium
excess or free water deficit (8). Most circumstances of excess sodium intake occur in
situations where the individual has little control of intake. Examples of clinical situations
with sodium excess include excess administration of hypertonic intravenous fluids, or
excessive oral ingestion of hypertonic fluids such as seawater or hypertonic infant for-
mula (9). Hypernatremia more commonly is the result of a free-water deficit. Water
deprivation with persistent insensible losses leads to a free-water deficit that will cause
a progressive increase in plasma osmolality. The normal response to hyperosmolality is
increased secretion of vasopressin, which then acts on the kidney to concentrate the urine
and facilitate free water conservation. After loss of both salt and water, impaired access
to water or a relatively greater loss of water can lead to hypernatremia, even if total body
sodium is also depleted. Thus, a diuresis can produce both hypernatremia and a decrease
in blood volume. Diabetes insipidus is characterized by a defect in renal free water
conservation. Patients with diabetes insipidus develop increased thirst and polydipsia to
prevent development of hyperosmolality, but if free water intake is impaired,
hyperosmolality and hypernatremia will develop.

Diabetes insipidus may occur acutely or may present as a more chronic condition.
Non-traumatic central diabetes insipidus and most cases of nephrogenic diabetes insipi-
dus present as chronic conditions. Hypothalamic or pituitary damage can lead to the
acute onset of diabetes insipidus. The classic triphasic response has been described after
injury to the pituitary or neurohypophysis (10). This is of particular note when managing
the post-operative care of patients after surgery of the pituitary or hypothalamus. Within
the first 12–48 h after acute trauma, vasopressin secretion may be severely impaired and
result in diabetes insipidus. If the damage is severe enough to produce axonal degenera-
tion in vasopressin secreting neurons, there will be unregulated secretion of vasopressin
to the peripheral circulation. This can result in inappropriate anti-diuresis (SAIDH) and
may lead to development of hyponatremia between 5–12 d after pituitary damage. If the
trauma is so severe as to cause death of vasopressinergic neurons, then prolonged dia-
betes insipidus may ensue. Only some phases of this response may be clinically evident
after acute damage to the pituitary or pituitary stalk, with no more than 10% of patients
exhibiting all three phases (10).

The effect of diabetes insipidus on growth and development of children depends upon
the age at which the disease becomes clinically apparent. With untreated diabetes insipi-
dus, increased fluid intake will alter caloric intake. Children who drink water in prefer-
ence to food or who have anorexia related to hypernatremia may show growth delay due
to chronic derangement of water balance and caloric malnutrition (11). However, intake
of large quantities of sweetened beverages in response to the increased thirst of diabetes
insipidus can markedly increase caloric intake and lead to obesity. Nursing infants  receive
both caloric and free water intake from breast milk or formula. Chronic water deprivation
in infants can lead to failure to thrive, irritability, constipation, and even fever (12).
However, increased formula intake in response to increased thirst will provide calories
in excess of needs and may result in the development of obesity in infants with diabetes
insipidus (13).
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Table 1
Causes of Central Diabetes Insipidus

Congenital

Developmental Defects: septo-optic dysplasia, other mid-line defects
Inherited Genetic Defects: Familial Diabetes Insipidus, Wolfram (DIDMOAD) syndrome

Pituitary Injury

Head trauma
Supra-sellar tumors: craniopharyngioma, germinoma
Pituitary macroademona
Surgery
Vascular: cerebral aneurysm, intracranial hemorrhage, sickle cell disease

Infiltrative and Inflammatory Disorders

Granulomatous Diseases: histiocytosis, sarcoidosis, Wegener’s granulomatosis, syphillis
Neoplasm: CNS lymphoma, leukemia, metastatic carcinoma (breast)
Infections: bacterial meningitis, tubercular meningitis, viral encephalitis
Autoimmune hypophysitis

CAUSES OF DIABETES INSIPIDUS

Diabetes insipidus results from an inadequate level of vasopressin or an impaired
renal response to circulating vasopressin. Inadequate levels of vasopressin are nearly
always associated with impaired pituitary secretion of vasopressin and can result from
three main mechanisms: congenital deficiency of vasopressin, physical destruction of
vasopressin secreting neurons, or the presence of an infiltrative or inflammatory process
that inhibits vasopressin synthesis, transport, or secretion (Table 1).

Vasopressin deficiency may occur with a wide variety of congenital disorders, such
as septo-optic dysplasia, that disrupt the normal development of the pituitary gland and
other midline structures (14). Diabetes insipidus is part of Wolfram’s (DIDMOAD)
Syndrome that is characterized by central Diabetes Insipidus, Diabetes Mellitus, Optic
Atrophy, and sensorineural Deafness resulting from mutation of the wolframin gene (15).

Familial diabetes insipidus is inherited as an autosomal dominant syndrome of vaso-
pressin deficiency (16). Infants are normal at birth, but between ages 2–10 yr they
develop vasopressin deficiency and diabetes insipidus. The few reported autopsies in
individuals with this disorder have suggested that there may be degeneration of vaso-
pressin-secreting neurons (17), but this has not been confirmed. Mutations have been
identified at more than 30 sites within the vasopressin pre-prohormone (18,19). All but
two of these mutations are located in signal peptide or other regions of the vasopressin
precursor. The mechanism by which this wide variety of mutations within the
prohormone could cause vasopressin deficiency is not known. Vasopressin deficiency
resulting from one identified point mutation within the vasopressin peptide sequence is
inherited as an autosomal recessive disorder. This mutation produces leucine-vaso-
pressin that has a limited ability to activate the vasopressin receptor in the kidney (20).

Destruction of the pituitary gland, pituitary stalk, or hypothalamus can cause diabetes
insipidus (12,21–23). Head trauma can cause transection of the pituitary stalk to produce
diabetes insipidus. However, the more common causes of pituitary destruction are tumors
of the pituitary, hypothalamus, or surrounding structures. Suprasellar tumors such as
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craniopharyngioma and germinoma may present with diabetes insipidus. Surgical resec-
tion of pituitary or hypothalamic masses can cause temporary or permanent impairment
of vasopressin secretion if there is damage to the pituitary gland or stalk. Radiation of
the hypothalamus or pituitary can disrupt anterior pituitary function, but rarely has been
reported to cause vasopressin deficiency.

A wide variety of infiltrative and infectious disorders have been associated with the
development of central diabetes insipidus (12,21–25). Infiltration of the pituitary stalk
can disrupt transport of vasopressin to the posterior pituitary. Germinomas, sarcoidosis
and histiocytosis X are the most commonly reported causes of diabetes insipidus due to
disruption of the pituitary stalk. Acute bacterial meningitis and chronic meningeal pro-
cesses such as tuberculosis and CNS lymphoma also can lead to central diabetes insipi-
dus. “Idiopathic” central diabetes insipidus may represent a stalk lesion that is too small
to visualize by magnetic resonance imaging (MRI). Although more common in adults,
lymphocytic hypophysitis with involvement of the stalk of posterior pituitary has been
reported in children (26,27). One report has suggested a relationship between a prior
viral infection and the onset of idiopathic diabetes insipidus (23).

Diabetes insipidus occasionally may present during pregnancy, particularly in indi-
viduals with a pre-existing partial defect of vasopressin secretion. Circulating pepti-
dases, synthesized in the placenta can participate in the degradation of vasopressin (28).
If the pituitary is unable to respond with an appropriate increase in vasopressin produc-
tion and synthesis, the patient may develop diabetes insipidus. This syndrome should
resolve after delivery, but occurrence of DI during pregnancy may indicate a need for
further evaluation of water balance regulation and vasopressin action in the post-partum
period (29).

When the renal response to vasopressin is impaired, an individual develops nephro-
genic diabetes insipidus. Inherited defects associated with nephrogenic diabetes insipi-
dus have been identified in the V2 vasopressin receptor and in aquaporin 2, the water
channel regulated by vasopressin (30). Most mutations associated with abnormal V2
receptor function are inherited as X-linked recessive disorders and impair the receptor
response to vasopressin (31) by decreasing vasopressin binding or downstream signal-
ing (32). Mutations of aquaporin 2 that are associated with nephrogenic diabetes insipi-
dus are autosomal recessive. Most functional studies of these mutations have shown
them to impair intracellular transport and subsequent vasopressin-mediated transloca-
tion of the aquaporin into the apical membrane of the renal tubular cell (33,34). However,
some of these mutations may impair the water channel function of the aquaporin (35) or
prevent formation of aquaporin tetramers in the cell membrane (36).

Acquired nephrogenic diabetes insipidus typically is not as severe as inherited forms
and usually is related to underlying renal tubular or interstitial damage. Medullary or
interstitial damage may affect water balance, not by inhibiting vasopressin action, but
by disruption of the medullary gradient, which can prevent urinary concentration greater
than plasma osmolality. Thus, interstitial disease can produce a relative vasopressin
resistance (37). A wide variety of agents and processes have been associated with devel-
opment of nephrogenic diabetes insipidus (Table 2). The precise mechanism by which
most of these agents inhibit vasopressin action and exert their effect is not known. Some
drugs, such as demeclocycline, appear to impair post-receptor signaling of the V2 recep-
tor. Nearly half of all cases of drug-induced nephrogenic diabetes insipidus are related
to the long-term use of lithium salts (38), which may inhibit post-receptor activation and
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Table 2
Reported Causes of Nephrogenic Diabetes Insipidus

Congenital

Inherited genetic disorders: mutations in V2 receptor or aquaporin 2
Renal malformations: congenital hydronephrosis, polycystic kidney

Acquired Disorders

Electrolyte Disorders: hypokalemia, hypercalcemia
Renal Diseases: obstructive uropathy, chronic pyelonephritis, polycystic kidney disease
Systemic Diseases: sickle cell disease, amyloidosis, multiple myeloma, sarcoidosis

Drugs

Lithium salts
Methoxyflurane
Alcohol
Demeclocycline and other tetracyclines
Anti-infectious agents: foscarnet, amphotericin, methicillin, gentamicin
Anti-neoplastic agents: cyclophosphamide, isophosphamide, vinblastine, platinum
Other: phenytoin, acetohexamide, glyburide, tolazamide, colchicine, barbiturates

thereby decrease transcription of aquaporin mRNA, aquaporin synthesis, and transloca-
tion of aquaporin into the apical membrane of tubular cells. The reported prevalence of
lithium-induced diabetes insipidus varies between 20–70% and may depend upon the
dose and duration of therapy. The differentiation of acute and chronic lithium injury
remains unclear. Short term exposure to lithium may impair urine concentrating ability
in more than one-half of individuals. With discontinuation of lithium, renal function
returns to normal. However, with prolonged exposure to lithium, irreversible changes
occur with permanent renal tubule insensitivity to vasopressin and resulting impairment
of urine concentration and free water preservation (39).

DIAGNOSIS

The hallmarks of diabetes insipidus, polyuria, and hyperosmolality, can present with
varying degrees of severity, and each can be caused by a wide variety of other conditions.
Thus, the diagnosis of diabetes insipidus requires sufficient evaluation to characterize
the polyuria and hyperosmolarity and to rule out other conditions that could present with
similar findings. It is important to confirm the diagnosis of diabetes insipidus before
pursuing an extensive evaluation to determine the etiology or initiating therapy in an
individual patient.

The diagnosis of diabetes insipidus depends upon confirmation of disrupted free
water balance by characterizing polyuria and the potential hyperosmolar state. Other
causes of polyuria, such as primary polydipsia or an osmotic diuresis must be ruled out
by clinical evaluation and laboratory analysis. An osmotic diuresis can be identified by
the presence of non-dilute urine. An individual with polydipsia and plasma sodium level
that is low or low normal (and not near the upper range of normal) more likely has
primary polydipsia and does not have diabetes insipidus. Conversely, in an individual
with diabetes insipidus, polydipsia is driven by the free water deficit and resulting
hyperosmolality, and it is unlikely that plasma sodium levels will be low.
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The manner of diagnosing diabetes insipidus depends upon the presentation and
clinical setting. A patient that slowly develops diabetes insipidus as an outpatient may
be able to maintain sufficient oral intake of free water to maintain a normal plasma
osmolality. This individual may present with complaints of excessive thirst and frequent
urination. One clinical clue that these symptoms are not due to primary polydipsia may
be bedwetting or frequent nocturia with high levels of urine output occurring during
periods of decreased water intake. Patients with well-compensated DI are at risk for
decompensation if they develop an acute medical illness or are otherwise limited in free
water intake. In the same way, an individual developing acute DI after pituitary surgery
or head trauma may not be able to respond to the need for increased free water intake and
quickly will develop a hyperosmolar state.

The diagnosis of diabetes insipidus can be confirmed by observing the response to
water deprivation (Table 3). The normal response to a free water deficit and mild increase
in plasma osmolality is increased vasopressin secretion, which acts on the renal tubules
to conserve free water and maintain plasma osmolality in the normal range. In an indi-
vidual with diabetes insipidus, impaired free water conservation permits persistent
excretion of an inappropriate volume of dilute urine. In the absence of increased water
intake, this leads to a free water deficit and the development of hypernatremia.

The possibility of diabetes insipidus may be raised if a patient has a marked polyuria
after head trauma or a surgical procedure in which the pituitary could be damaged. If
access to ad libitium water intake is limited, excretion of inappropriately dilute urine
(urine osmolality less than plasma osmolality) will lead to continued free water loss
and development of hypernatremia. Careful assessment of documented fluid balance
(I + O’s) in the operating room and post-operative period and measurement of plasma
and urine concentration will help in determining if persistent polyuria is driven by prior
fluid overload or due to the development of diabetes insipidus. Development of
hypernatremia with inappropriately dilute urine should be confirmed with laboratory
measurement of plasma and urine osmolality. In the absence of hypernatremia, post-
operative polyuria is more likely to represent a diuresis in response to intravenous fluid
administered during or after surgery. Appropriate management of individuals with post-
operative diuresis and possible diabetes insipidus should include serial measurement of
plasma sodium and urine specific gravity every few hours until the diuresis resolves.

A clinical diagnosis of diabetes insipidus may be made in an individual with a likely
cause for DI and acute development of dilute polyuria and hypernatremia. If this patient
has hypernatremia in the presence of a dilute urine, then a formal water deprivation may
not be required for the diagnosis of diabetes insipidus. In subjects with a clinical diag-
nosis of acute central diabetes insipidus, a therapeutic trial of desmopressin may be an
appropriate diagnostic maneuver. However, pitfalls to this approach include the pres-
ence of a concurrent cause of polyuria and hypernatremia. For example, an osmotic
diuresis following administration of mannitol during a neurosurgical procedure may
produce polyuria and possibly mild hypernatremia if water access if impaired. Other
medical problems may obscure the diagnosis of diabetes insipidus. For example, in
patients with severe hypothalamic or pituitary destruction, centrally mediated cortisol or
thyroid hormone deficiency may impair free water clearance (10).

In individuals where the diagnosis of diabetes is not well documented, then a formal
diagnostic test must be performed. One of the most common tests to confirm the diag-
nosis of diabetes insipidus is the water deprivation test (5,12,24,40). As illustrated in
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Table 3
Diagnostic Testing for Diabetes Insipidus (Summary)

I. Basal Testing:

Diabetes Insipidus unlikely:
serum osmolality <270 mosm/kg, urine osmolality >600 mosm/kg,

or urine output <1 L/m2

Diabetes Insipidus likely:
serum osmolality >300 (or serum sodium >150 meq/L)

with urine osmolality <300 mosm/kg

II. Water Deprivation Study:

A. Water Deprivation:
1) Precede by overnight fast (if tolerated and if indicated by clinical circumstances)
2) Continue complete water deprivation until:

loss of >5% of basal body weight or
plasma osmolality >300 mosm/kg or
urine osmolality >600 mosm/kg

3) Also discontinue if signs of hemodynamic compromise (blood pressure, heart rate)
B. Vasopressin Administration:

1) Parenteral administration of vasopressin analog
Vasopressin (Pitressin) 1 U/m2

Desmopressin (DDAVP) 0.1 µg/kg (maximum 4 µg)
2) Differential response to vasopressin

Central Diabetes Insipidus:
decrease in hourly urine output
urine osmolality increases by 50%

Nephrogenic Diabetes Insipidus:
no decrease in urine output
no increase in urine osmolality

III. Saline Infusion:

1) Consider prior water load
2) 3% saline at 0.1 mL/kg/h for up to 3 h or until plasma osmolality >300 mosm/kg
3) Urine output decreases and urine osmolality increases when plasma osmolality

reaches vasopressin secretory threshhold
4) Analyze relationship between plasma osmolality, urine osmolality, and plasma/urine

vasopressin levels using appropriate nomograms (3,4,39,41)

Table 3, the goal of the water deprivation test is to deprive the individual of sufficient
free water so that vasopressin, if present, will be released and act on the kidney to
promote urinary concentration. In the absence of vasopressin, free water deprivation will
permit continued excretion of dilute urine, leading to a free water deficit and develop-
ment of hyperosmolality. Subjects can be prepared for the formal water deprivation test,
by an overnight fast. This decreases the osmotic load to the kidneys and begins the
process of water deprivation. However, depending upon the clinical circumstances and
age, some patients may require close observation during the entire period of deprivation.
Up to 14 h of water deprivation may be required to complete an informative study in a
patient with mild symptoms (12).

Once the diagnosis of diabetes insipidus is confirmed, the response to administration
of vasopressin (or a vasopressin analog such as desmopressin) demonstrates whether the
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DI is due to vasopressin deficiency or an impaired renal response to vasopressin
(5,12,24,40). Patients with complete central diabetes insipidus typically have a greater
than 50% increase in urinary osmolality. However, a urine osmolality greater than
600 mosm/kg is also an appropriate response and may be seen in cases of partial diabetes
insipidus. Individuals with primary polydipsia should retain the ability to concentrate
urine to greater than 600 mosm/kg even if little additional response is expected after
desmopressin administration. In cases of nephrogenic diabetes insipidus, there will be
less than 50% increase in urine osmolality. Urine osmolality will not increase greater
than 400 mosm/kg and usually remains less than plasma osmolality (24).

In some cases, the results of the formal water deprivation test may be inconclusive
(4,40). With a partial central deficiency of vasopressin, there may be some measurable
response to water deprivation, but urinary concentration may not be normal. In cases of
longstanding central DI, the response to exogenous vasopressin administration may be
impaired due to washout of the renal medullary gradient. Patients without diabetes
insipdus, including those with primary polydipsia, will maximally concentrate urine
with adequate water deprivation and thus will not have a significant additional response
to exogenous vasopressin. Therefore, endpoints need to be set for concluding a water
deprivation study (5,12,24,40). There are three: 1) persistent inappropriately low urinary
osmolality despite a 3% loss of body weight, 2) hyperosmolarity and hypernatremia with
an inappropriately low urinary osmolality, and 3) appropriate urinary concentration
(>600 mosm/kg). Urine osmolality may appear to plateau at a submaximal concentration
(<600 mosm/kg) without development of plasma hyperosmolarity. However, if the
patient shows no signs of volume deficiency, then the water deprivation should be
continued to determine if further concentration of urine to greater than 600 mosm/kg can
be achieved. In some cases, it may be appropriate to use a therapeutic trial of desmopressin
for a week. If the patient responds to therapy, this may confirm the diagnosis of central
diabetes insipidus. If further testing is desired, the week of therapy should facilitate
recovery of the concentrating gradient in the kidney, which may normalize the response
to a test dose of desmopressin.

Other diagnostic tests may be needed to confirm the diagnosis of diabetes insipidus.
Typically, urine or plasma vasopressin levels are not quickly available and usually are
not required for the diagnosis of diabetes insipidus. However, in selected clinical cir-
cumstances, a vasopressin level may be helpful (4,40,41). A plasma vasopressin level
obtained after water deprivation will distinguish between central and nephrogenic dia-
betes insipidus (41) particularly is cases where there is only a partial defect in vaso-
pressin secretion or action (4,40). To be most informative, plasma vasopressin must be
elevated as a function of plama osmolality (40). Concurrent plasma osmolality and
vasopressin levels obtained during a saline infusion also may help identify a partial
defect in vasopressin secretion or may be useful when trying to study a patient that has
a high likelihood of both central and nephrogenic diabetes insipidus. Vasopressin levels
can be increased by hypotension, smoking, and nausea and these stimuli should be
avoided during testing for diabetes insipidus (23,40).

The saline infusion test (4,23,42) may be useful in patients in whom water deprivation
can not be performed because of hemodynamic instability or in whom it would be
difficult to obtain cooperation with water deprivation (42). For example, infants can not
tolerate an extended fast. A solution of 3% sodium chloride infused over 2–3 h at a dose
of 0.1 mL/kg/h will provide a hyperosmolar stimulus to vasopressin secretion (4,42).
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When the threshold for vasopressin secretion is reached, urinary concentration will
increase abruptly in response to increased vasopressin action on the kidney. Some authors
suggest a water load (20 mL/kg of 5% dextrose intravenous over 2 h) prior to the saline
infusion to ensure that vasopressin levels are suppressed at the beginning of the saline
infusion test (42). Comparison of plasma vasopressin levels with corresponding plasma
osmolality can be used to determine if there is an appropriate relationship in the regu-
lation of vasopressin secretion (4,24,42). This test also is useful in identifying patients
with normal vasopressin secretory ability, but an altered osmotic threshold for the release
of vasopressin (24).

Interpretation of the saline infusion test may be complicated by a number of issues.
Vasopressin is highly labile and can degrade if the blood sample is not collected, pro-
cessed, and stored correctly. Blood samples should be kept on ice, carefully processed
immediately after the blood is obtained, and the plasma kept frozen until assayed (43).
Vasopressin levels rarely are assayed in hospital labs and require the sample to be sent
to a reference laboratory, which may delay receipt of the results. Clinical laboratories do
not always measure plasma osmolality with high precision and this may further compli-
cate the interpretation of the saline infusion test (4).

Once the diagnosis of diabetes insipidus is made, then efforts can be made to further
identify the underlying cause if it is not clear from the clinical presentation. Patients with
central diabetes insipidus should undergo imaging of the pituitary and hypothalamus.
Unless a large intracranial mass is suspected, computed tomography (CT) scanning is of
little use in determining the cause of diabetes insipidus. Magnetic resonance imaging
(MRI) allows a more detailed study of the neurohypophysis, including the pituitary and
the pituitary stalk (44). Anterior pituitary microadenomas do not cause diabetes insipidus.
The normal posterior pituitary typically has a characteristic bright spot on MRI and ab-
sence of this characteristic may suggest loss of vasopressin-secreting neurons or deficient
vasopressin production. However, a bright spot may not be seen in up to one-fifth of
normal individuals (43).

Careful attention to the pituitary stalk may reveal a lesion disrupting vasopressin
transport and secretion. Further evaluation of such a lesion will depend upon the clinical
history of the patient. The previous diagnosis of a process, such as sarcoidosis, that can
cause pituitary stalk infiltration may indicate that watchful observation while treating
the underlying process is appropriate. Other tests may be needed to identify a systemic
illness that may explain the infiltrative process. In rare circumstances, biopsy of the stalk
lesion may be needed to rule out a diagnosis such as central nervous system lymphoma.
However, this step should be undertaken with due consideration and guidance from
experienced endocrinological and neurosurgical consultants, as the biopsy is likely to
cause permanent damage to the pituitary stalk. If no lesion can be seen, then other causes,
such as an inherited disorder or hypophysitis should be considered. If no cause for
diabetes insipidus can be identified then the patient should be followed and re-assessed
regularly. For example, germinomas may disrupt pituitary function and cause diabetes
insipidus many years before they are apparent on MRI of the pituitary (22,25). Follow-
up should include periodic imaging for evidence of a growing mass and repeat assess-
ment of anterior pituitary function as stalk lesions also may disrupt anterior pituitary
function (23,24).
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Patients with nephrogenic diabetes insipidus should be evaluated to rule out an elec-
trolyte disorder, such as hypercalcemia or hypokalemia that may contribute to renal
insensitivity to vasopressin. Even in the absence mechanical urinary outlet obstruction,
diagnostic imaging may reveal hydronephrosis as a result of the high flow of urine in the
ureters. This seems to be more common in children and may represent functional urinary
obstruction as result of the high urinary flow rate compared to the relative size of the
urinary outflow system (45). Treatment of the diabetes insipidus should help reverse the
hydronephrosis.

With a family history of diabetes insipidus, genetic studies may be appropriate to
confirm the cause of diabetes insipidus in an individual patient. Genetic studies also
should be performed in an individual in whom there is no other apparent mechanism
to cause diabetes insipidus. Identification of a genetic cause will eliminate the need for
more invasive diagnostic evaluation and may be important if symptoms of diabetes
insipidus appear in other family members.

TREATMENT OF DIABETES INSIPIDUS
Adequate free water intake is the first line of therapy for all cases of diabetes insipidus.

Patients with an intact thirst mechanism will appropriately regulate plasma osmolality
if allowed free access to water. If the patient is unable to drink by mouth, then intravenous
administration of free water in the form of hypotonic fluids should be used to prevent
development of a hyperosmolar state. If the patient has severe hypernatremia, intrave-
nous administration of hypotonic fluid should be used to replenish the free water deficit.

Vasopressin and analogs such as desmopressin are the specific therapy for central
diabetes insipidus (46) (Table 4). Because vasopressin must be administered parenter-
ally and has a relatively short half-life, it is not an ideal drug for long-term treatment of
diabetes insipidus. However, these same characteristics occasionally make it useful for
short-term treatment of acute onset diabetes insipidus and for use in diagnostic testing.
Other formulations of vasopressin were used in the past in an effort to overcome these
two problems. An oil emulsion of vasopressin tannate (Pitressin Tannate) had a duration
of action of up to 72 h. Although this allowed less frequent administration, the daily
injections were painful and the bioavailability of vasopressin was variable. The unpre-
dictable and prolonged duration of action also increased the risk of hyponatremia if
combined with excessive fluid intake. This formulation is no longer marketed in the US.
Lysine vasopressin had the advantage of being available for nasal administration, but
still had a short half-life that required frequent dosing.

The synthetic vasopressin analog desmopressin (dDAVP) is now the standard therapy
for central diabetes insipidus (47,48). Desmopressin has two molecular alterations com-
pared to native vasopressin: de-amidation of the amino terminal cysteine and replace-
ment of arginine-8 with D-arginine. These two alterations result in a compound with a
prolonged half-life of anti-diuretic activity and elimination of the pressor activity found
in native vasopressin. Desmopressin can be administered parenterally, but also can be
given by the nasal or oral route. Because of diminished delivery through the nasal or
gastric mucosa and proteolysis by mucosal and gastric enzymes, these non-parenteral
routes require higher doses of desmopressin than required with iv or sc administration
(Table 4).



166
P

art II / G
rant

166

Table 4
Vasopressin Therapy for the Treatment of Central Diabetes Insipidus

Drug Route  Concentration Adult Dose Onset Duration

pitressin tannate in oil IM 5 U/mL 2.5.–5 U qod 24–72 h
(Pitressin tannate1)

lysine vasopressin nasal spray  50 U/mL 2 U 30 min 2–8 h
(Diapid2)

synthetic vasopressin SQ/IM 20 U/mL 2–10 U minutes 2–8 h
(Pitressin)

desmopressin acetate IV/SQ 4 µg/mL 1–4 µg/d minutes 6–12 h
(DDAVP) (divided doses)
(Desmopressin)

rhinal tube 100 µg/mL 5–40 µg/d 15–30 min 8–24 h

nasal spray 100 µg/mL 10–40 µg/d 15–30 min 8–24 h
(10 µg/spray)

oral 100 µg/tab 100–800 µg/d 1 h 8–12 h
(50–300 µg bid/tid)

1Production discontinued January, 1990
2Production discontinued June, 1999
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Nasal administration can be accomplished using a rhinal tube or nasal spray. To use the
rhinal tube, the patient draws the dose of desmopressin into the flexible plastic rhinal
tube, places one end of the tube into the nose, and uses the mouth to blow through the
tube to puff the medicine into the nose. Use of the rhinal tube requires that the patient
have the dexterity and understanding to follow this technique, although parents can assist
children with tube placement and providing the puff of air. Nasal administration of
desmopressin can also be performed with a spray pump that administers a premeasured
dose of 10 µg desmopressin per spray. However, utility of this form of nasal desmopressin
can be limited in some situations. The fixed dose of the spray precludes small adjust-
ments of dose and children may require doses smaller than 10 µg. Some authors suggest
diluting rhinal tube desmopressin 1:10 in saline to facilitate administration of small
doses by rhinal tube (21). Nasal absorption of desmopressin can be affected by upper
respiratory congestion.

Since 1995, an oral formulation of desmopressin has been marketed in the US. Because
of ease of use, most patients initiating long-term desmopressin therapy opt for this form
of administration. As most of an orally administered desmopressin dose is degraded
before it can be absorbed, the oral dose is 10- to 20-fold greater than an equivalent nasal
dose. Patients that previously have used the nasal formulation can be changed to the
oral form of desmopressin. However, some individuals have become accustomed to
rhinal tube administration and prefer to not change to the oral form of desmopressin.
They report that they like the ability to make small adjustments in dose in response to
changes in their daily routine and water intake. The duration of action of desmopressin
has some variation among individuals and the appropriate dose and frequency must be
determined for each individual patient. Although some patients may require only one
dose per day, most find management of polyuria and polydipsia easier with twice daily
nasal administration. Oral desmopressin usually requires administration two to three
times a day. When initiating desmopressin therapy, it may be useful to start with one
bedtime dose and then titrate the size and frequency of dosage based on the patient’s
response to therapy.

Administration of vasopressin or desmopressin requires careful attention to free water
intake to prevent the development of hyponatremia. Oral intake of fluids may be driven
by stimuli other than thirst, such as social cues and habitual drinking ingrained during
a period of untreated diabetes insipidus. Providing a daily period of “break-through”
with mild polyuria as the effect of the exogenous vasopressin decreases may be a con-
venient way to ensure that there is not excessive anti-diuresis with an accumulation of
excess free water and progressive development of hyponatremia (46).

In patients treated with diabetes insipidus, oral intake of fluids must be driven by and
regulated by thirst. Management of diabetes insipidus in patients with an impaired thirst
mechanism requires special attention to fluid balance. Daily measurement of intake and
output as well as body weight may be needed to maintain fluid balance. Frequent moni-
toring of plasma sodium levels should be used to provide early identification of problems
with water balance. However, management of diabetes insipidus in these individuals
requires vigilance by both the patient and physician.

Peri-operative management of diabetes insipidus requires careful attention to fluid
balance as assessed by intake and output, daily weight, and laboratory tests such as serum
sodium and urine osmolality (10,46). Careful measurement of urine volume and concen-
tration may be facilitated by continuing the use of an indwelling urinary catheter for the
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1–2 d after surgery. In patients with pre-existing diabetes insipidus, continuing
desmopressin therapy will help maintenance of water balance. Care must be coordinated
with other members of the healthcare team to ensure that fluid balance is carefully
managed to prevent hyponatremia due to excess intravenous fluid administration.

Many approaches have been suggested for the management of acute post-operative
diabetes insipidus. The first line of treatment remains adequate free water administration
to prevent hyponatremia. Some clinicians prefer to use only fluids, while others initiate
desmopressin therapy to help fluid balance and to improve patient comfort by decreasing
thirst and decreasing the need to void. In this circumstance, parenteral administration of
desmopressin is used because of the difficulty of nasal administration after trans-sphenoi-
dal pituitary surgery. Parenterally administered desmopressin also has a shorter duration
of action and decreases the chance of hyponatremia developing in response to excess
fluid intake. Other clinicians use an intravenous infusion of vasopressin at a low dose
(0.08–0.10 mU/kg) in the perioperative period or during other procedures, such as
administration of chemotherapy, that have potential disruption of free water balance (49).

Once a patient is taking oral fluids, fluid balance may be regulated by thirst. Depend-
ing upon the likely extent of pituitary and hypothalamic damage, the clinician must be
sure that thirst is intact and that the patient is not responding to other cues, such as mouth
dryness. Acute pituitary damage is likely to be accompanied by some or all of the classic
triphasic response (10). Patients are at risk for development of severe hyponatremia if
desmopressin is continued into the period of SIADH or if a patient drinks to excess
during therapy. Therefore, the decision as to whether to use desmopressin in the immediate
post-operative period may depend upon the clinician’s assessment as to the severity of
polyuria, the likelihood that the patient will have permanent diabetes insipidus, the
presence or absence of an intact thirst drive, other medical conditions that may be
affected by hypernatremia (or hyponatremia), and patient comfort and convenience.
Although symptoms may resolve, there should still be close monitoring of urine output
volume, urinary osmolality (or specific gravity, which can be performed at the bedside),
and plasma sodium levels to ensure that there is adequate, but not excessive, therapy.
When patients are receiving intermittent desmopressin therapy, the onset of polyuria of
dilute urine indicates the need for the next dose of desmopressin. Each subsequent dose
of desmopressin should not be delayed until the patient again develops hypernatremia.
However, patients should not be treated on an arbitrary fixed schedule, as the periodic
breakthrough prevents the development of hyponatremia that may result with accumu-
lation of excess free water (46).

Infants are a special challenge in the management of DI as fluid intake is linked to
caloric intake and usually is regulated by parents or other caregivers. Therefore, it is
rarely appropriate to treat infants with vasopressin analogs. Satisfactory treatment
requires that infants be given a combination of formula (or breast milk) and sufficient
free water to maintain a normo-osmolar state. This can be accomplished by careful
attention to intake and output and calculation of the volume of formula needed to meet
the infant’s caloric needs. If an infant is breastfeeding, it may be easier to have the mother
use a breast pump so that the volume of milk can be measured accurately. Additional free
water then is given to maintain water balance and normal plasma osmolality.

Other agents can have an anti-diuretic effect and could be used to treat diabetes
insipidus. These include chlorpropamide, carbemazepine, and clofibrate. For example,
chlorpropamide has been shown to be synergistic with vasopressin and has been pro-
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posed for use in the treatment of partial vasopressin deficiency. Chlorpropamide also has
been reported to improve thirst sensation in patients with impaired thirst (50). Clofibrate
(51) and carbamazepine (52) increase vasopressin release in patients with partial central
diabetes insipidus. However, each of these agents has other metabolic actions and, with
the availability of desmopressin, none is used for the routine treatment of central diabetes
insipidus.

Treatment of nephrogenic diabetes insipidus frequently is an unsatisfying endeavor.
Withdrawal of the precipitating drug may permit remission of the diabetes insipidus.
However, this must be done in consultation with appropriate specialists that can help in
management of the underlying disease and in identification of other agents that may be
used without the development of diabetes insipidus. For example, use of other neuro-
psychiatric agents, such as valproic acid or carbamazepine, may permit a dose reduction
or discontinuation of lithium. However, some clinical circumstances require continuation
of the causative agent and subsequent management of the resulting diabetes insipidus.

Decreasing the solute load to the kidney, such as a low salt and low protein diet, will
decrease the total urine volume and limit the degree of polyuria. Some patients with
partial nephrogenic diabetes insipidus may respond to high doses of desmopressin (4).
A variety of agents, including non-steroidal anti-inflammatory agents and diuretics,
have been reported to improve the symptoms of diabetes insipidus. Indomethacin can
decrease polyurina and polydipsia, while other agents such ibuprofen are much less
effective (53). Diuretics, such as hydrochlorothiazide and amiloride (Midamor) prob-
ably ameliorate diabetes insipidus by producing a mild chronic volume depletion that
leads to increased volume reabsorption in the proximal tubular of the kidney. With
decreased distal delivery of filtrate, there is an overall decrease in urine volume. Com-
bined therapy with hydrochlorothiazide and amiloride has been reported to be successful
(54). Amiloride may decrease entry of lithium into tubular cells and thereby decrease
the effect of lithium on vasopressin action, and sometimes amiloride therapy will pro-
vide complete resolution of lithium-induced nephrogenic diabetes insipidus (39).
Amiloride may not be available in many community pharmacies, but should be available
from a hospital pharmacy.

The use of diuretics for the treatment of nephrogenic diabetes insipidus is not risk-
free. The persistent decrease in extracellular volume caused by diuretic therapy puts the
patient at risk of hypovolemia and severe dehydration, particularly during an episode of
febrile illness or water deprivation. Thiazide diuretics may cause hypokalemia, which
can further impair renal responsiveness to vasopressin. Subjects with concurrent
lithium-induced diabetes insipidus and hyperparathyroidism are particularly suscep-
tible to water deprivation, as dehydration can precipitate hypercalcemia and the hyper-
calcemia can further exacerbate the diabetes insipidus. In patients treated with diuretics
for lithium-induced diabetes insipidus, the resulting volume depletion and the effects
on tubular function can decrease lithium clearance and may lead to increased plasma
lithium levels.

Management of possible drug-induced nephrogenic diabetes insipidus should begin
prior to the development of symptoms such as polyuria and polydipsia. When teenagers
and young adults start lithium therapy, they should be informed of the possible devel-
opment of diabetes insipidus and instructed to monitor urine volume. Progressive devel-
opment of polyuria may be one indication to re-evaluate the need for chronic lithium
therapy and consideration of substituting other therapies for lithium.
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With attention to water balance and appropriate therapy, diabetes insipidus can be
well controlled and have minimal impact on quality of life. Treatment of diabetes insipi-
dus decreases sleep disruption and facilitates full participation in school and daily activi-
ties. Treatment of diabetes insipidus has been reported to improve school performance
and behavior and allow normal growth (6,11). With appropriate treatment, diabetes
insipidus does not cause mental retardation (55). Patients and families should understand
that even short periods of non-compliance with therapy could lead to serious medical
complications. However, intercurrent illness or stress can disrupt management of diabe-
tes insipidus even in a well-controlled patient. Patients and caregivers should be
instructed to closely follow water intake and urine output and to obtain daily weights
during febrile or gastrointestinal illness. Evaluation of any change in mental status
should include measurement of serum sodium to rule out hypernatremia due to exacer-
bation of the diabetes insipidus or hyponatremia secondary to water intoxication. If a
patient or family is unable to communicate the history of diabetes insipidus, severe
derangement in water balance could occur before the diagnosis of diabetes insipidus is
recognized by emergency personnel or health providers unfamiliar with the patient.
Thus, patients should be encouraged to wear a medical alert bracelet or other form of
identification that provides a clear indication that they have diabetes insipidus.
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INTRODUCTION

Advances in modalities of treatment and improvements in long-term survival in
children with brain tumors have resulted in  a need to evaluate the late effects of cancer
therapy on endocrine function in children. Long-term impairment of growth and sexual
development are well-known complications of brain tumors and their treatments,
although multiple endocrine systems may be altered following surgery, radiotherapy,
and chemotherapy. In addition, co-morbidities of cancer therapy, such as nutritional
deficiencies, psychosocial dysfunction, and the disease process itself, may amplify the
deleterious effects of cancer treatment on the endocrine system. The aims of this review
are to summarize the effects of brain tumors and their treatments on the endocrine
system and to outline the management of endocrinopathies in survivors of childhood
brain tumors.

EFFECTS OF BRAIN TUMOR TREATMENT
ON ENDOCRINE SYSTEMS

Radiotherapy
Hypothalamic and pituitary hormone deficiencies are common after irradiation of the

central nervous system (CNS), occurring usually at the level of the hypothalamus (1,2).
In children who receive radiation to the hypothalamus, the most common hormonal
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dysfunction is growth hormone deficiency (GHD), followed by hypogonadism (3). The
effects of irradiation on the hypothalamus and pituitary have been demonstrated to be
dose-dependent. Above a dose of 18 Gy, the pubertal increase in spontaneous GH secre-
tion is diminished, while above 24 Gy all spontaneous GH secretion is decreased. Above
27 Gy the GH response to provocative stimuli is blunted (4). Production of adrenal
hormones, thyroid hormones, and prolactin are not affected until cumulative radiation
doses are above 30 Gy (5).

The frequency of GH deficiency following cranial irradiation is dependent not only
on cumulative dosage, but also on the fraction size, the age of the patient, and the interval
between treatment and evaluation of GH production. A larger fraction size of radiation
administered over a shorter time interval is more likely to cause GH deficiency than
smaller fraction sizes administered over longer periods of time (6). For example, Shalet
demonstrated subnormal GH responses to provocative stimulation in 14 of 17 children
treated with 25 Gy in 10 fractions over 2 wk, whereas only one of nine children treated
with 24 Gy in 20 fractions over 4 wk failed GH testing (7). Furthermore, in younger
children, the same doses of radiation are more likely to cause GH deficiency (8,9). The
frequency of GH deficiency progressively increases as the time interval increases fol-
lowing irradiation. Duffner evaluated children with brain tumors treated with radio-
therapy with serial provocative GH tests and demonstrated that within 3 mo of radiation,
28% failed provocative testing; at 6 mo, 82% failed, and at 1 yr, 88% failed (10).

As mentioned earlier, GH deficiency is the most common endocrine dysfunction
following radiotherapy, but in the doses commonly used to treat childhood brain tumors,
multiple endocrinopathies of the hypothalamus and pituitary are typical. In a survey of
32 children and adults who received an average of 54 Gy radiation to the hypothalamus
and pituitary as part of their brain tumor treatment, 28% had one hormone deficiency,
25% lacked two hormones, 25% lacked three hormones, and 12% lacked four hormones.
Less than 10% of the subjects had all the hormone systems intact (11). Gonadotropin
deficiency is rarely seen following radiation doses less than 40 Gy, (12,13), but increases
progressively when doses in excess of 50 Gy are used, and may be present in 20–50%
of patients over time (14,15). The incidence of thyrotropin deficiency is uncommon
(<10%) after radiation doses of less than 50 Gy (16), but increases markedly at higher
doses, approaching 65% in patients receiving a mean dose of 57 Gy (14). Clinical
adrenocorticotropin (ACTH) deficiency is uncommon in patients receiving less than
50 Gy to the hypothalamus and pituitary, but more subtle defects in the hypothalamic-
pituitary-adrenal axis may be seen with doses over 35 Gy (17). At doses greater than
50 Gy, ACTH deficiency has been reported in 18–35% of patients (14,15).

In addition to the neuroendocrine effects of cranial irradiation on the hypothalamic-
pituitary centers, radiotherapy also causes hormonal deficiency via direct cytotoxic
effects on the endocrine glands. Irradiation to the head and neck for treatment of brain
tumors produces permanent primary hypothyroidism in about 16–30% of patients re-
ceiving cranial or craniospinal irradiation (14,18,19), or 60–80% of patients receiving
direct neck irradiation (20–22). The effect appears to be dose-related, with a threshold
effect of approx 10 Gy (23) and clinically significant thyroid dysfunction at about 20 Gy
(12,24). The peak incidence of hypothyroidism following irradiation is about 2–4 yr, but
thyroid dysfunction may develop after as many as 25 yr following radiotherapy (25).
Complicating risk factors for the development of hypothyroidism include younger patient
age and the use of adjuvant chemotherapy (16,26).
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Although direct irradiation of the gonad is not a typical therapeutic modality of brain
tumor treatment, a brief discussion on the cytotoxic effects of irradiation on the gonad
follows. Direct gonadal irradiation typically results in permanent primary gonadal fail-
ure. In an ethically-questionable study on normal adult male incarcerated volunteers,
spermatogonia were damaged at radiation doses as low as 200 cGy (27). Prepubertal
gonads appear to be somewhat less radiosensitive; 11 of 31 boys and 16 of 16 girls who
received gonadal radiation in prepubertal years demonstrated normal sexual develop-
ment (28). However, even with doses less than 10 Gy, damage to testicular germ cells
and ovarian follicular cells occurs (29,30).

While most of the endocrine dysfunction following cranial irradiation may be char-
acterized as deficiency states, two forms of endocrine dysregulation manifest as exces-
sive hormone production in children: precocious puberty and hyperprolactinemia.
Precocious puberty may be seen as a complication of both low- and high-dose cranial
irradiation (31–33), or as a manifestation of the brain tumor itself (34). Elevations in
serum prolactin concentrations, due to the disruption of hypothalamic inhibitory centers,
have been demonstrated in as many as 82% of males and 50% females after cranial
radiotherapy with doses greater than 55 Gy (35).

Finally, radiotherapy may affect skeletal tissues directly and impair growth by a
mechanism independent of hormonal dysfunction. Irradiation of the skeletal tissues
causes arrest of chondrogenesis at the epiphyseal growth plate, impaired tubulation at the
metaphysis, and faulty bone modeling at the diaphysis (36). Furthermore, radiation-
induced damage of the blood vessels supplying the bones further impairs growth and
active bone metabolism. Spinal irradiation, commonly employed in the treatment of
some intracranial tumors to prevent metastasis, leads to loss of vertebral height, scolio-
sis, and muscle atrophy and produces disproportionate growth of the limbs relative to the
trunk. Affected children develop increased upper to lower segment ratios and reduced
sitting heights (37,38), particularly during puberty (39). The growth impairing effects of
spinal irradiation are resistant to growth hormone therapy: growth hormone treatment
failed to improve sitting height or promote catch-up growth in 19 children with growth
hormone deficiency following craniospinal irradiation for brain tumors (18).

Chemotherapy
Chemotherapy also contributes to the poor growth and endocrine dysfunction seen in

childhood survivors of brain tumors. Linear growth and skeletal maturation may arrest
completely. The experience in treatment for childhood leukemia illustrates the effects
of chemotherapy alone, without the confounding effects of intrinsic hypothalamic-pitu-
itary disease. Poor growth and delayed skeletal maturation were seen in 30% of 21
children treated with intrathecal chemotherapy alone for leukemia (40). In children
receiving both cranial irradiation and chemotherapy for leukemia, the greatest decline
in growth velocity was seen during the first year of therapy, and catch-up growth and
skeletal maturation did not occur until after the cessation of chemotherapy, independent
of the radiation schedule (16,41). Furthermore, the severity of the growth impairment
correlated with the intensity and duration of the chemotherapeutic regimen (42).

The deleterious effects of adjuvant chemotherapy on growth have been demonstrated
in childhood brain tumor survivors as well. Children with medulloblastoma treated with
chemotherapy in addition to craniospinal irradiation grew worse than similar patients
treated with identical doses of radiation alone. The growth deceleration was noted in the
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first year of treatment and persisted even after 4 yr (43) (Fig. 1). In a series of medullo-
blastoma survivors at the Children’s Hospital of Philadelphia, the appearance of growth
hormone deficiency after tumor treatment occurred earlier in patients who received both
chemotherapy and radiation (3.5 yr) than in those who received radiation (5.1 yr). Fur-
thermore, the spinal growth response to growth hormone treatment was attenuated in the
children who received adjuvant chemotherapy (44).

The growth failure seen during the acute phase of chemotherapy is related to the
nausea, vomiting, malaise, cachexia and resultant poor nutrition. The mechanisms behind
the prolonged deleterious effects of chemotherapy on growth are not well understood.
Malnutrition states are associated with growth hormone resistance, wherein decreased
circulating levels of insulin-like growth factors (IGF) and IGF binding proteins (IGFBP)
prevail despite normal or even elevated pituitary production of growth hormone (45).
IGF and IGFBP deficiency have been demonstrated to precede growth hormone defi-
ciency in children with medulloblastoma treated with craniospinal irradiation and che-
motherapy (46). Glucocorticoids and other chemotherapeutic agents have complex
effects on the growth hormone-IGF-IGFBP axis, reducing growth hormone-stimulated
IGF production and IGF responsiveness at the cartilage endplate (47,48).

Chemotherapeutic agents, particularly aklylating agents, are well known to cause
primary gonadal damage (49–51). As with radiotherapy, prepubertal gonads appear to
be somewhat more resistant to the damaging effects of chemotherapy than post-pubertal
gonads, and ovaries may be somewhat more resistant than testes (52).

Surgery
The nature and location of the brain tumor, as well as the need for direct surgical

resection, greatly affects the risk of post-treatment endocrine dysfunction. Tumors of the

Fig. 1. A comparison of growth velocity, expressed as a standard deviation score (SDS) in
children surviving medulloblastoma treated with craniospinal irradiation alone (CSI, gray bars)
or combination craniospinal irradiation plus adjuvant chemotherapy (CSI + Chemo, black bars).
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hypothalamus, optic chiasm, or pituitary gland may cause pituitary damage directly by
compression and invasion, and surgical resection may result in panhypopituitarism. In a
series of 68 children with hypothalamic-chiasmatic glioma, surgical resection was asso-
ciated with a twofold increase in growth hormone deficiency and five-fold increase in
thyrotropin (TSH), ACTH, and vasopressin deficiency (34). Transection of the
infundibular stalk, even without complete pituitary resection, may result in permanent
diabetes insipidus.

EVALUATION AND TREATMENT OF ENDOCRINE DISORDERS

It is critical that survivors of childhood brain tumors are monitored for the develop-
ment of endocrine dysfunction. As mentioned previously, the effects of radiotherapy
may not be evident initially; deficiencies may present years after initial treatment. The
following discussion provides guidelines for the clinical and laboratory assessment of
endocrine disorders and outlines basic treatment regimens. However, good clinical judge-
ment is obviously paramount, and long-term monitoring must be individualized.

Growth Failure / Growth Hormone Deficiency

Children and adolescents should be monitored closely for growth deceleration, as
growth failure is the most common endocrine complaint in this population (53). Accurate
determinations of standing height and weight should be made every 3–6 mo and plotted
on standard growth charts for easy visual review. Ideally, sitting height and arm span
measurements should be determined, and upper segment (sitting height) to lower segment
(standing height minus sitting height) ratios should be calculated, since disproportionate
growth frequently accompanies spinal irradiation (54). Retardation of sitting height greater
than standing height, decreasing upper segment to lower segment ratio, or decreasing
standing height to arm span all suggest spinal height loss. This component of growth
failure is resistant to growth hormone treatment, and families should be counseled that
permanent loss of height is likely to occur. Interval growth velocity should also be calcu-
lated at each visit, as growth deceleration is frequently an earlier sign of growth hormone
deficiency than short stature. It is important to consider the sexual development of the child
when determining the adequacy of growth, as the contribution of pubertal levels of gonadal
steroids may mask a true growth problem by maintaining a “normal” height or growth
velocity. Comparison of actual growth velocity to standard growth velocity charts and
attention to the timing and magnitude of the expected pubertal growth spurt are important
factors in the clinical assessment of growth in adolescent brain tumor survivors.

Children who demonstrate a true growth deceleration, or in the case of pubertal
children, who fail to mount a normal pubertal growth spurt in the presence of gonadal
steroids, should be further evaluated for growth hormone deficiency. Initial screen-
ing studies should aim to exclude other medical causes of growth failure and include
routine serum chemistry and hematologic profiles, erythrocyte sedimentation rate, thy-
roid function tests, and a hand and wrist radiograph for determination of skeletal age.
Testosterone and ultrasensitive gonadotropin levels (55) should also be followed in boys
and girls, respectively, of pubertal age or status. Assessment of growth hormone status
should of course be considered in any child who has undergone cranial irradiation or who
has had surgery directly to the hypothalamic-pituitary area.

The diagnosis of growth hormone deficiency is not straightforward; debate continues
as to the most sensitive, specific, and reproducible test (56). Reliance on purely anthro-
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pometric data ignores the multifactorial nature of growth failure in brain tumor survi-
vors. Pituitary growth hormone secretion is pulsatile, rendering random serum growth
hormone measurements useless for the evaluation of growth hormone deficiency.
Repeated measurements of serum growth hormone levels over a 12 or 24-mo period
increases the likelihood of “catching” peaks of growth hormone secretion but interpre-
tation of these serial sampling tests is hampered by the absence of clear objective criteria
for defining “normal” vs “growth hormone deficient” in terms of frequency and ampli-
tude of peaks and pooled growth hormone concentrations.

Provocative testing with growth hormone secretagogues has been the traditional means
of documenting growth hormone deficiency. The growth hormone secretagogues act to
acutely stimulate pituitary growth hormone production, which can be assessed by serial
serum measurements over a defined time period. Depending on the type of assay
employed to measure serum growth hormone levels, a peak growth hormone response
greater than 10 ng/mL is usually considered to be normal. Because many normally-
growing children may fail to mount a normal response to one GH provocative test (57),
and repeated tests may yield divergent results in up to 25% of children (58,59), a com-
bination of two tests is usually suggested to reduce false failures. Growth hormone
secretagogues include insulin, arginine, clonidine, L-Dopa, propranolol, glucagon, and
growth hormone releasing hormone. These tests are technically difficult, require mul-
tiple blood sampling over longer periods of time, and in the case of the insulin test, may
provoke dangerous side effects (60). These tests are also “non-physiologic,” in that
children who have hypothalamic dysregulation due to cranial irradiation may mount a
normal pituitary growth hormone response to these potent stimuli, but under normal
basal conditions have subnormal spontaneous growth hormone secretion (4).

In the last decade, measurement of the serum growth factors insulin-like growth
factor-I (IGF-I) and IGF-binding protein-3 (IGFBP-3) has become standard in the evalua-
tion of children with growth deceleration. Serum concentrations of IGF-I and IGFBP-3
exhibit little diurnal variation, accurately reflect spontaneous growth hormone secre-
tion, and have been reported to be up to 95% sensitive and specific for diagnosing growth
hormone deficiency in children (61,62). However, serum IGF-I levels are often reduced
in children with malnutrition and other catabolic diseases, and considerable overlap in
IGF-I levels exists between short normal children and children with true growth hor-
mone deficiency. Furthermore, we and others have demonstrated that IGF-I and
IGFBP-3 concentrations may be less accurate in predicting growth hormone deficiency
in children with brain tumors (63) and in children treated with cranial irradiation (64,65).
In our series of 72 children with brain tumors and growth hormone deficiency, normal
IGF-I levels were found in 27% of patients and normal IGFBP-3 levels were found in
50% (Fig. 2). IGF-I and IGFBP-3 levels were particularly ineffective in predicting
growth hormone deficiency in pubertal children and in children with hypothalamic-
chiasmatic glioma, of which 33% had precocious puberty. Puberty, whether normal or
precocious, may thus mask true growth hormone deficiency, because increased secretion
of gonadal steroids improves growth velocity and increases serum concentrations of
IGF-I and IGFBP-3 (66–70).

Ultimately, the diagnosis of growth hormone deficiency is a clinical one, taking into
account the location of the tumor, extent of pituitary resection or cranial irradiation,
growth velocity of the patient, pubertal stage, bone age, IGF-I and IGFBP-3 levels, and
response to one or more provocative stimuli. Brain tumor survivors should be monitored
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closely for deceleration in growth; accurate assessment of standing and sitting heights,
upper and lower segment lengths, arm span, and weight should be determined every
3–6 mo, and height and weight measurements should be accurately plotted on standard
growth curves. Pubertal stage should be recorded at each visit. Calculation of interval
growth velocity should be determined at each visit, and plotted on standard growth
velocity curves, particularly for adolescents, in whom a “normal” growth velocity may
actually be blunted compared to typical velocities seen during the pubertal growth spurt.
Children who demonstrate growth deceleration (or, for pubertal children, fail to demon-
strate adequate growth acceleration) should have further evaluation, including routine
blood chemistries and hematologic studies, thyroid function studies, and a radiograph of
the hand and wrist for determination of the skeletal age. Provocative growth hormone
testing should be considered if these preliminary studies do not identify another cause
for poor growth. Furthermore, the clinician should continue to consider later-onset
growth hormone deficiency in children who have received cranial irradiation, as the
incidence of growth hormone deficiency progressively increases over time following
irradiation (10).

Once the diagnosis of growth hormone deficiency has been established, the initiation
of replacement growth hormone therapy should proceed only after serial imaging stud-
ies, usually performed over 1–2 yr, demonstrate that there is no residual active tumor
growth. Treatment is typically initiated at a dose of 0.3 mg/kg/wk, given as nightly
subcutaneous injections. For families in whom adherence or needle phobia may be an
issue, a depot form of growth hormone, given once or twice monthly, is a viable alter-
native to daily dosing (71). Families should be counseled that although growth hormone
therapy has been successful in improving growth in growth hormone deficient children
following tumor treatment (72,73), final height is still likely to fall short of midparental

Fig. 2. Percentage of children with documented growth hormone deficiency (GHD) with normal
serum conentrations of IGF-I (gray bars) and IGFBP-3 (black bars), in a series of 72 brain tumor
survivors.
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target height (74). This is true especially for children who have received chemotherapy
in addition to cranial irradiation (43,44) or who have received radiation to the spine, in
whom direct skeletal injury is resistant to growth hormone therapy (18).

A thorough discussion with the family of the risks and benefits of growth hormone
therapy is critical before treatment is initiated. The potential mitogenic stimulation of
tumor recurrence by growth hormone is a realistic concern. In single-institution studies
(75–77) and in the two large international post-marketing surveillance databases
(National Cooperative Growth Study and Kabi International Growth Study) (78,79),
however, the outcomes have been favorable. For craniopharyngioma, medulloblastoma,
and hypothalamic glioma survivors, the three most common pediatric brain tumors, the
incidence of tumor recurrence is no greater in children receiving growth hormone than
in those who have not received growth hormone. Data is more limited on the less com-
mon tumors such as germinoma and ependymoma. Japanese investigators reported an
increased risk of leukemia in children receiving growth hormone treatment (80). How-
ever, a large international analysis demonstrated that the incidence of leukemia in chil-
dren receiving growth hormone was no greater than the expected rate of leukemia in the
population, when cases with known risk factors were excluded (81). The most current
data suggest that the increased frequency of leukemia in growth hormone treated patients
is limited to those patients with known risk factors. It should be noted that children with
prior tumors or radiation exposure do constitute a higher-risk group.

Ongoing surveillance of children receiving growth hormone for brain tumors nec-
essarily requires serial brain imaging, typically at 6–12 mo intervals for the first several
years. Quarterly clinical follow-up is recommended for assessment of growth, pubertal
development, and for the development of such growth hormone-associated complica-
tions as scoliosis, slipped capital femoral epiphysis, and benign intracranial hyperten-
sion (82).

There are currently no well-established criteria for titration of growth hormone dos-
age during therapy. Treatment is typically initiated with a standard dose based on weight,
and doses are increased at subsequent visits for weight gain. Recently, investigators have
promulgated the ideas of dose titration based on linear growth rate (the anthropometric
argument) or by IGF-I level (the biochemical argument), although outcome data using
these methods has yet to be collected and published. A recent study evaluated the use of
higher doses of growth hormone, up to 0.7 mg/kg/wk, in pubertal subjects, to mimic the
physiologic increase in growth hormone secretion during puberty, and demonstrated a
modest increase in growth rate (83).

Pubertal Disorders
As mentioned earlier, both delayed and precocious puberty may be seen in children

treated with cranial irradiation for brain tumors. Accurate assessment of the pubertal
stage should be made in all children at each visit to identify those with aberrant devel-
opmental patterns. Radiographs of the hand and wrist should be performed for the
determination of the skeletal age in children with evidence either of sexual precocity
(onset of breast budding in girls younger than 8-yr-old or testicular enlargement in boys
younger than 9) or delay (lack of signs of puberty by age 13 in girls or 14 in boys).

Lack of pubertal development may be due to simple constitutional delay, a normal
variant of growth frequently seen in children who have had a severe or chronic illness.
These “late bloomers” will typically begin puberty when their bone age reaches 11–12.
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No specific treatment is required other than reassurance, although treatment with short
courses of gonadal steroids may accelerate pubertal development and ease the psycho-
social adjustment of the adolescent.

True hypogonadism may be either primary (hypergonadotropic), due to radiation- or
chemotherapy-induced gonadal failure, or secondary (hypogonadotropic), from surgi-
cal or radiation-induced injury to the hypothalamus or pituitary. The conditions are
differentiated by the measurement of the gonadotropins lutenizing hormone (LH) and
follicle stimulating hormone (FSH). Children with true hypogonadism should receive
gonadal steroid replacement at an appropriate skeletal age. In children with co-existent
hypogonadotropic hypogonadism and growth hormone deficiency, however, a later
induction of puberty may provide a better final height outcome by delaying the closure
of the epiphyseal plates.

Male hormone replacement is usually accomplished through monthly doses of intra-
muscular injections of testosterone enanthate or cypionate, starting at 50 mg and increas-
ing gradually over 2–3 yr to 200 mg every 2–4 wk. Transdermal testosterone patches and
gels have recently become available, and may produce more consistent serum levels of
testosterone in the older adolescent on a stable replacement dose. Female hormone
replacement is usually initiated with low doses of conjugated estrogens (Premarin, 0.3 mg)
or ethinyl estradiol (20 µg) and increased over the next 1–2 yr, after which a progestin
(medroxyprogesterone acetate, Provera) is added to the last 5 d of the cycle to induce
bleeding. Once cycling has been induced, it is generally more convenient to use one of
the estrogen-progestin combination oral contraceptive pills. Monitoring of gonadal ste-
roid replacement is usually accomplished clinically, although mid-cycle or trough tes-
tosterone levels may provide useful information for dose titration in boys.

Precocious puberty in children with brain tumors is usually a complication of cranial
irradiation and is typically more common in girls than boys (33,84). However, preco-
cious puberty due to tumor location may be seen in hypothalamic glioma and is a com-
mon presenting feature in boys with this tumor even before treatment (34) (Fig. 3).
Sexual precocity further complicates the growth problems in children with brain tumor,
by masking coexistent growth hormone deficiency and also by advancing skeletal matu-
ration, reducing the time available for growth-promoting therapy. Treatment of sexual
precocity with long-acting synthetic gonadotropin-releasing hormone (GnRH) agonists
is effective in suppressing gonadal steroid production, and when initiated early, contrib-
utes to improvements in final height outcome (85–87).

In children with precocious puberty, or in children with growth hormone deficiency in
whom puberty will be delayed to maximize growth potential, treatment with GnRH agonists
is usually initiated with depot leuprolide, 0.05 mg/kg given as a monthly intramuscular
injection. Adequacy of suppression should be demonstrated by serial clinical assessment,
bone age radiographs, and in boys, the documentation of prepubertal serum testosterone
levels. In girls the LH level, as measured by a sensitive immunochemiluminometric assay
(55), should be suppressed to less than 0.3–0.5 mIU/mL (88). If this test is not available,
periodic documentation of a prepubertal LH response to GnRH during a standard GnRH
provocative test may be indicated.

Hypothyroidism
Many of the symptoms and signs of hypothyroidism are non-specific and overlap with

the side effects of cancer therapy, such as constipation, fatigue, increased sleep, and cold
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intolerance. Frank myxedema is a late finding. Therefore, thyroid function should be
monitored routinely. Primary hypothyroidism may occur following irradiation of the
neck, and secondary hypothyroidism may be a complication of surgery or radiation to
the pituitary. Children with a low T4 and elevated TSH obviously have primary hypothy-
roidism. However, in children who have received both cranial and neck irradiation and
who are at risk for both primary and secondary hypothyroidism, the finding of a low or
normal TSH does not preclude the existence of true hypothyroidism. In children who
have received cranial irradiation or surgery, measurement of thyroid function should
include not only T4 and TSH but also free T4 as well. Elevated TSH or depressed free
T4 levels are indications for thyroid hormone supplementation. Central hypothyroidism
may also be documented by a blunted or delayed response to TRH.

Treatment with levothyroxine is typically initiated at doses of 2–3 µg/kg/d, given as
a daily dose. Repeat thyroid studies should be obtained 8–12 wk after the initiation of
therapy or dose change, and in stable patients, once or twice yearly. Free and total T4
levels should be maintained in the upper half of the normal range. In children with
primary hypothyroidism, maintenance of TSH levels in the lower half of the normal
range is also sought.

Adrenal Insufficiency

Accurate assessment of adrenal function following brain tumor treatment is hampered
by the diagnostic difficulty in evaluating the hypothalamic-pituitary-adrenal axis and the
frequent use of high doses of glucocorticoids to reduce brain swelling in the immediate
post-operative course, possibly inducing adrenal suppression in patients with normal

Fig. 3. Frequency of endocrine abnormalities occurring in children with hypothalamic-chias-
matic glioma (HCG). GHD, growth hormone deficiency; HH, hypogonadotropic hypogonadism;
HT, hypothyroidism; PP, precocious puberty; HA, hypo-adrenalism; DI, diabetes insipidus.
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adrenal function. Clinical symptoms of adrenal insufficiency (lethargy, nausea, vomit-
ing, general malaise, and weight loss) may be attributed to surgery, chemotherapy, or
cranial irradiation. However, adrenal insufficiency is a potentially life-threatening com-
plication of cranial irradiation that should be investigated in all brain tumor survivors.

There is no clear consensus regarding the duration of adrenal suppression following
high-dose glucocorticoid therapy and optimal protocol for weaning of hydrocortisone
(89). Maintenance hydrocortisone treatment, 10–15 mg/m2 body surface area/d, should
be initiated in all children treated with perioperative high-dose glucocorticoids. Once the
high-potency glucocorticoids have been discontinued, the maintenance hydrocortisone
may also be weaned slowly. Weaning is often accomplished with a gradual tapering of
10–20% of the total daily dose over 5–10 wk. During this time, families should be
instructed to treat the appearance of symptoms of adrenal insufficiency or signs of
intercurrent stress or illness with “stress” doses of hydrocortisone, 3–5 times the main-
tenance dose.

Once the child has been successfully weaned off hydrocortisone, adequacy of hypo-
thalamic-pituitary-adrenal axis function may be tested. There are multiple tests of adre-
nal function, all with advantages and shortcomings (90,91). Fasting 8 AM cortisol levels
are generally neither sensitive nor specific for diagnosing adrenal insufficiency. Pro-
vocative testing, therefore, is indicated in most children. The “gold standard” test of
adrenal function, the insulin tolerance test, may precipitate hypoglycemia or adrenal
crisis and is generally avoided in this population. The metyrapone test is a very sensitive
test of adrenal reserve during stress (92), but is often limited in utility practically because
of the tendency of children to vomit after receiving the dose. The standard 250 µg ACTH
(Cortrosyn) stimulation test has been criticized as using an excessive “pharmacologic”
dose of ACTH that fails to identify milder forms of adrenal insufficiency or adrenal
insufficiency of recent onset. The low-dose (1 µg) ACTH stimulation test (93,94) may
be more sensitive to the more subtle disturbances in the HPA axis, and is free of danger-
ous or unpleasant side-effects. The corticotropin releasing hormone (CRH) test has also
demonstrated concordant results to insulin tolerance testing in 85% of patients tested for
adrenal insufficiency (95).

Patients who fail to demonstrate a cortisol response of at least 18 µg/dL on the low-
dose ACTH test or CRH test should be initiated on maintenance hydrocortisone replace-
ment and instructed for increasing the dose for periods of intercurrent illness or severe
stress. The starting dose of maintenance hydrocortisone should approximate normal
cortisol production rates in children, 6–8 mg/m2/d (96), although lower doses of hydro-
cortisone are frequently sufficient. Families should be instructed on techniques for
parenteral injections of hydrocortisone for emergencies. Children should be monitored
clinically for signs and symptoms of glucocorticoid excess as well as deficiency.

Disorders of Water Balance
Anti-diuretic hormone deficiency (diabetes insipidus) and excess (SIADH) are most

frequently seen in the immediate post-operative period when the pituitary gland has been
manipulated or resected. Diabetes insipidus unrelated to surgical trauma may also be a
complication of the tumor itself. Symptoms of diabetes insipidus include excessive thirst
and urination; the diagnosis is suggested by profuse dilute urine and elevated serum
sodium levels. Formal water deprivation testing, in which a dehydrating stress is
employed to stimulate the secretion of anti-diuretic hormone, is sometimes needed to
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confirm the diagnosis (97). Normal individuals are typically able to prevent serum
concentration to greater than 295 mOsm/L by concentrating the urine to greater than
800 mOsm/L (98). Affected patients cannot adequately conserve water and concentrate
the urine, and will thus continue to spill free water, reflected by an increase in the serum
sodium and osmolarity. SIADH is characterized by oliguria, fluid overload, and
hyponatremia. It is typically transient, occuring in the immediate post-operative period,
in the setting of increased intracranial pressure or injury to the infundibular stalk. Treat-
ment includes fluid restriction. Vigilant monitoring of fluid input and output and serum
sodium is necessary, as the resolution of SIADH is often followed by the onset of
diabetes insipidus.

Treatment of diabetes insipidus involves hormone replacement with long-acting syn-
thetic forms of anti-diuretic hormone, DDAVP, either with an intranasal spray or an oral
tablet. In patients with an intact thirst-sensing mechanism, the goal of treatment is to
reduce urinary volume and frequency so that the child need not wake multiple times
overnight to urinate or excuse him/herself from classes excessively. This is usually
accomplished with once nightly or twice daily dosing of intranasal or oral DDAVP.
Families are instructed to withhold subsequent dosing of DDAVP until the previous dose
has worn off, readily noted by an increase in urination. Laboratory monitoring of the
serum sodium and/or osmolarity is usually unnecessary. In infants, children with hypo-
thalamic damage to the thirst center, or other brain injury resulting in the inability to
communicate thirst, the management is more complex. Caregivers are typically asked
to keep a log of fluid input and urinary output. Base water replacement is calculated,
based on the child’s age, body surface area, and clinical requirements, and supplemental
water may is given for excessive urine output. Monitoring of the child’s weight and
serum sodium levels often aids in the clinical management.

An unusual but potentially dangerous water balance disorder in this population is
cerebral salt-wasting. In this condition, brain natriuretic peptide is released inappropri-
ately, resulting in excessive urinary losses of sodium and water, hyponatremia, and
dehydration (99,100). We have described coincident diabetes insipidus and cerebral
salt-wasting in childhood survivors of brain tumors (101). The danger of salt-wasting in
children with diabetes insipidus is that the condition may not be recognized. Continued
excessive urination may be interpreted as insufficient DDAVP replacement and repeated
doses may be given inappropriately, worsening the hyponatremia and increasing the risk
of hyponatremic seizures. A high index of suspicion must be maintained for salt-wasting,
especially in the context of polyuria resistant to supplemental DDAVP administration.
Urgent clinical and laboratory evaluation is indicated.

CONCLUSION

Children surviving brain tumor treatment are at a markedly increased risk of devel-
oping late endocrine complications. Regular evaluation is necessary to prevent hor-
monal disturbances that threaten the well being of these children. It is recommended that
a child surviving brain tumor treatment be assessed soon after cancer therapy is com-
pleted (or earlier if clinical findings so dictate). The children should have regular interval
(3–6 mo) visits, which include careful auxologic measurements as well as pubertal
assessments. We routinely (yearly intervals) monitor bone age, IGF-I and IGFBP-3, free
T4, TSH and morning cortisol concentrations. Clinical findings and symptoms dictate
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other tests, including gonadal steroids, or provocative tests, such as water deprivation,
CRH, GnRH or growth hormone testing. Regular screening for hormonal disturbances
and timely intervention has been successful in improving the general health and overall
quality of life for this high-risk population.
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INTRODUCTION

Anorexia nervosa (AN) is a severe psychiatric and medical condition once described
as the “relentless pursuit of thinness” (1). The disorder affects 0.48% of adolescent
females in the US (2), and represents the third most common chronic disease among
American females. The disorder is most commonly seen among adolescent girls, with
estimates of male-female prevalence ratio ranging from 1:6 to 1:10. However, 19–30%
of younger patients with AN are male, and the overall prevalence of this disorder among
adolescent boys appears to be increasing (3–5). 85% of these patients present between
the age of 13–20 yr-of-age during a critical period for growth, pubertal development, and
the maximal bone accretion that culminates in peak bone mass. The disorder can result
in a compromise in each of these important endocrinologic events. Patients with AN also
have a characteristic clinical picture of endocrine dysfunction, including amenorrhea,
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abnormal temperature regulation, elevated growth hormone (GH) levels, and abnormal
eating suggestive of hypothalamic or pituitary dysfunction. Therefore, endocrine func-
tion has been studied extensively in these patients. The multiple endocrine abnormalities
seen appear to represent an adaptation to the starvation state.

The primary clinical features of AN by Diagnostic and Statistical Manual of Mental
Disorders, 4th Edition (DSM-IV) criteria are shown in Table 1. Of note, pubertal ado-
lescent girls may fail to make normal weight gains and may gradually fall below the 85th
percentile of expected weight for height, or lose the equivalent of 15% of expected body
weight for height. Linear growth failure may also result from inadequate caloric intake
at a critical stage of puberty, while small amounts of gonadal steroids may continue to
be secreted, advancing bone age and resulting in the loss of final adult stature.

HYPOTHALAMIC-PITUITARY-ADRENAL AXIS IN AN

Patients with AN exhibit hyperactivity of their hypothalamic-pituitary-adrenal (HPA)
axis.6,7 These patients typically have elevated serum cortisol levels, accompanied by
increased corticotropin-releasing hormone (CRH) secretion and normal circulating lev-
els of adrenocorticotropic hormone (ACTH). The elevation in cortisol could be second-
ary to increased cortisol production, decreased clearance, or a combination of both
factors (7). Boyar and colleagues (8) were the first to report decreased cortisol metabo-
lism in AN, subsequently confirmed by other groups. Walsh and colleagues (9) noted
that when body size was taken into account (cortisol production/kg), cortisol secretion
was significantly increased.

Overactivity of the HPA axis appears to be largely secondary to increased CRH
production, but with circadian rhythmicity maintained. These patients may also exhibit
inadequate suppression of cortisol after an overnight oral dexamethasone challenge
(10–12) Estour and colleagues (13) administered dexamethasone intravenously to 15
patients with AN and observed nonsuppression in 93%. Results of those studies suggest
that hypercortisolism exists in AN that is not suppressible by exogenous glucocorticoid
during the most acute phase of illness. These findings appear to reverse on refeeding and
weight gain. Gold and colleagues (6) found increased cortisol response to CRH, while
Hotta and colleagues (14) showed a decreased response. Both groups interpret their
findings as an indication that there is increased HPA axis activity due to increased CRH
secretion in AN.

LEPTIN AND INSULIN ABNORMALITIES

Studies examining the question of insulin dynamics in AN have yielded contradictory
results (15). Both insulin resistance and insulin deficiency have been documented pre-

Table 1
DSM-IV Criteria for Anorexia Nervosa

1. An intense fear of gaining weight or becoming fat, even though underweight
2. A disturbance in body image such that the patient feels fat even when emaciated
3. Refusal to maintain body weight over a minimal normal weight (weight loss leading to

maintenance of body weight 15% below that expected for height)
4. Amenorrhea for three or more cycles
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viously in these patients. Low fasting glucose and insulin levels have been reported in
AN (15), as well as both normal (16) and increased insulin sensitivity (17). Our group
reported low baseline insulin levels, as well as subnormal insulin rises after oral glucose
in patients with AN compared to healthy, normal-weight controls (18). We concluded
that these results represent either an isolated resistance to glucocorticoid on a pancreatic
level or compromised pancreatic function after months of starvation, with less ability to
respond to a high-glucose challenge.

Subnormal plasma leptin levels are seen in AN (19), and likely reflect the decreased
fat mass in these subjects. The low leptin in these patients may play a role in modulating
the HPA axis. In the animal model, administration of leptin to calorically-deprived rats
blunts the starvation-induced rises in cortisol and ACTH (20). Overactivation of the
HPA axis in patients with AN may thus be secondary to a leptin-deficient state. Subnor-
mal leptin levels in these amenorrheic patients support previous suggestions that this
hormone may serve as a metabolic signal to the reproductive axis (20–22)

GROWTH HORMONE ABNORMALITIES

Elevated serum growth hormone (GH) levels are found in at least one-half of emaci-
ated anorexic patients (23,24) and return to normal with treatment and weight gain (25).
Whereas increased basal levels of GH are a reasonably constant finding in emaciated
patients with AN, GH responses to provocative tests have been less consistent (26).
Patients with AN exhibit impaired GH responses to L-Dopa and apomorphine adminis-
tration, and two reports have demonstrated that these findings persist even after nutri-
tional rehabilitation (27,28). The GH response to arginine has been reported as normal
in one study (29). A paradoxical increase in GH secretion following a glucose load has
been reported by some investigators (30,31). Thyrotropin-releasing hormone adminis-
tration also parodoxically stimulates GH secretion in both underweight and weight-
restored patients with AN (32,33). Serum levels of insulin-like growth factor-I (IGF-I)
are suppressed, which normalize with nutritional therapy (26). These findings have been
attributed to consequences of starvation, but conflicting data exist as to the relative
contributions of severity of weight loss and caloric deprivation.

THYROID HORMONE ABNORMALITIES

Thyroid function tests are abnormal in many patients with AN and likely reflect an
adaptive response to permit conservation of energy. Serum levels of T4 and T3 in these
patients are significantly lower than in normal individuals. In AN, as in starvation,
peripheral deiodination of T4 is diverted from formation of active T3 to production of
reverse T3 (rT3), an inactive metabolite (34). Levels of T3 correlate linearly with body
weight, expressed as a percentage of ideal (35), and normalize with weight gain (36).
Higher levels of rT3, the less active form of the hormone, may explain the occurrence
of hypothyroid symptoms, such as fatigue, constipation, and hypothermia that occur
commonly in these patients despite the normal to slightly subnormal T4 levels seen.
Levels of thyroid-stimulating hormone (TSH) are within normal limits (36,37) and are
not related to body weight (36). However, peak TSH response to thyroid-releasing
hormone (TRH) stimulation appears to be delayed (e.g., to 120 min) (38) and may be
augmented (35), suggestive of a hypothalamic defect.



192 Part II / Gordon and Grace

HYPOTHALAMIC-PITUITARY-OVARIAN
AXIS ABNORMALITIES

Amenorrhea is one of the cardinal features of AN and is due to hypogonadotropic
hypogonadism. Studies in markedly underweight patients with AN show low plasma
gonadotropin levels (39). A positive relationship between resting luteinizing hormone
(LH) levels and body weight has been shown, and LH levels normalize with weight gain
(40). Studies of 24-h secretory patterns of gonadotropins demonstrate that significant
weight loss induces a pattern of follicle stimulating hormone (FSH) and LH secretion
resembling that of prepubertal girls (41). The pattern is characterized by either low LH
levels throughout the day or decreased LH secretory episodes during waking hours. The
LH response to gonadotropin releasing hormone (GnRH) may also be significantly
reduced in these patients. This response is correlated with body weight, so that patients
with the greatest weight loss have the smallest rise in LH in response to GnRH (40).

Weight loss itself does not appear to explain the relationship between nutritional
deprivation and disturbances in menstrual function, as amenorrhea precedes significant
weight loss in half to two-thirds of patients (39) and may persist despite weight resto-
ration (42). Return of menstruation in patients with AN correlates with regaining weight,
although not all patients recover menses (43). A number of investigators have identified
mean thresholds associated with reestablishment of menses in girls with AN based on
estimates of percentages of body fat using height and weight measurements (44), per-
centage of ideal body weight (45), and body mass index (BMI) (46). However, it has been
shown that return of menses does not show a simple relationship to weight or fatness
(47). The majority of patients resume menstruation when weight has returned to at least
90% of ideal (25). These findings are in accord with the work of Frisch and colleagues
(48) indicating that the onset and continuation of regular menstrual function in women
are dependent on the maintenance of a minimal weight for height. This threshold has
been proposed to represent a critical level of percentage body fat (44) and implies that
body composition may be an important determinant of reproductive fitness in the human
female (48). Following weight restoration and resumption of menses, patients with AN
appear to have normal fertility (43), although this has not been well-studied.

PROLACTIN

Fasting morning levels of prolactin are normal (49,50) and there is no relationship
between basal prolactin and body weight, estradiol, or gonadotropins (50). Prolactin
responses to L-Dopa and chlorpromazine are also normal. The prolactin response to TRH
is normal in magnitude, but delayed (51). Nighttime prolactin levels are reduced (52),
possibly secondary to dietary factors as nocturnal prolactin is reduced by a vegetarian
diet in healthy, normal-weight subjects (53).

VASOPRESSIN

Partial diabetes insipidus has been reported in AN (49,51). Increased CSF arginine
vasopressin (AVP) levels and an increased cerebrospinal fluid (CSF) to plasma ratio of
AVP have been reported in AN with a further increase noted immediately following
weight restoration (54). These findings appear to reverse with weight gain.



Chapter 11 / Endocrinologic Sequelae of Anorexia Nervosa 193

OSTEOPENIA AND ABNORMALITIES IN SKELETAL
DYNAMICS IN AN

The amenorrhea that accompanies AN in adolescence and young adulthood appears
to have permanent effects on bone density, since rapid bone accretion occurs during
puberty (55–57). A serious complication of AN is profound osteopenia of both trabecu-
lar and cortical bone compartments (58–62) with spinal bone density reported to be
greater than 2 SD below normal in 50% of young women with this disease (59). The
osteopenia is so severe that clinical fractures at multiple sites have been documented in
women during late adolescence and young adulthood (60,61,63).

The mechanisms of the bone loss in AN appear to be multi-factorial. Although estro-
gen deficiency is characteristic, estrogen therapy alone does not result in significant
increases in bone density (64). Klibanski and colleagues reported a positive effect of
estrogen/progestin therapy on bone density only in young women who were <70% of
ideal body weight (64). There also appear to be direct effects of undernutrition on bone,
as IGF-I levels are subnormal and correlate with markers of bone formation (65,66).
Grinspoon and colleagues have studied parenteral IGF-I therapy for its potential effect
on bone density (65). Deficiencies of androgens, most notably dehydroepiandro-
steredione (DHEA) , have also been noted (67,68) which may be significant as DHEA
appears to have both anabolic and antiosteolytic effects on bone (66,69). Gordon and
colleagues have shown that short-term oral DHEA has promising effects on bone turn-
over markers (66). Its long-term effects on BMD are currently under study.

Fig. 1. Multifactorial etiology of bone loss in AN. Mechanisms behind the bone loss of anorexia
nervosa are outlined.
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PATIENT EVALUATION

Patients in whom AN is suspected should undergo a careful patient and family history,
physical examination, laboratory tests, and mental health and nutritional assessment.
The patient history should focus on weight changes, self-perception of weight and desired
weight, a history of bingeing and out of control cycles of eating and purging, and use of
laxatives, ipecac, and diet pills. Purging can include hyperexercising. Triggers for the
weight loss should also be investigated, such as teasing at school or comments about
weight that occurred either in the home or school setting. A careful history around the
issues of growth, pubertal progression or delay, and a menstrual history is critical as girls
with AN may have delayed puberty, impaired growth, delayed menarche, amenorrhea,
or oligomenorrhea. A family history should include information about eating disorders,
obesity, thyroid disease, depression, alcoholism, substance use, or other evidence of
mental illness.

A review of systems should include questions about abdominal pain, bloating, con-
stipation, esophagitis associated with bulimia, hair loss or texture change associated
with AN, cold intolerance, fatigue, weakness, fainting, substance use, and depression.
The level of athletic participation and hours per day of physical exercise should be
obtained. Special note should be made of previous stress fractures that may allude to
osteopenia. One should consider that it is often difficult to distinguish classic AN from
the “female athlete triad” which includes osteoporosis, amenorrhea, and eating disorders
(70). Adolescent girls with this triad are at increased risk for developing stress fractures
not only because of the osteopenia, but also because of an altered pain threshold, includ-
ing an inability to stop exercising and rest with the onset of pain.

A dietary history should include a 24-h recall of intake. The amounts may be inaccu-
rate because teenagers with AN often overreport their intake. Triggers of bingeing such
as stress are important to address. The calcium intake should be estimated by determin-
ing the number of servings of dairy products per day or the use of calcium supplements.
This assessment is helpful in planning treatment interventions to assure adequate cal-
cium and vitamin D intake because of the increased risk of osteoporosis in patients with
AN. It is also important to ask about consumption of caffeine-containing beverages
which may decrease a patient’s appetite and increase heartrate at the time of medical
evaluations. Documentation of soda consumption is also important as recent reports
have suggested an association between consumption of these beverages and fractures in
healthy adolescent girls (71–73).

The physical examination should include vital signs to assess bradycardia, hypoten-
sion, orthostasis, and hypothermia. The weight and height should be recorded in a gown,
after urination, so that measurements are consistent between visits. Heights and weights
should be plotted on age-appropriate growth charts to determine the patient’s weight for
height. The urine specific gravity should be measured since these patients often water
load, and abnormalities of vasopressin (e.g., partial diabetes insipidus) have been reported
(49,51). During the skin examination, the clinician should assess for lanugo hair, dry
skin, hypercarotenemia, hair changes, and calluses on the dorsum of the hand (the latter
indicative of bulimic behaviors). On the abdominal exam, the abdomen is typically
scaffoid with palpable stool. Other findings include breast atrophy, hypoestrogenic
vaginal mucosa, and cool and wasted extremities. The cardiac examination should
include an assessment for bradycardia, arrhythmias, and mitral valve prolapse. From
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chronic vomiting, there may be dental caries or acid erosion of the anterior teeth, and
parotid hypertrophy.

In assessing the history and physical examination of an adolescent with suspected AN,
the possibility of other diagnoses must be entertained: malignancy, central nervous
system tumor, inflammatory bowel disease, celiac disease and other causes of malab-
sorption, diabetes mellitus, hypothyroidism, hypopituitarism, primary adrenal insuffi-
ciency, primary depression (with secondary anorexia), and human immunodeficiency
virus (HIV) infection, among others. The typical laboratory evaluation obtained at the
initial visit includes: complete blood count, differential, sedimentation rate, urinalysis,
electrolytes, glucose, calcium, magnesium, phosphorus, blood urea nitrogen (BUN),
creatinine, and thyroid function tests. If persistent or unexplained amenorrhea is present,
serum levels of FSH and prolactin are obtained before initiation of hormonal replace-
ment therapy. If a patient is sexually active, a urine pregnancy test is obtained. An
electrocardiogram is also obtained if the patient is bradycardic or will be using medica-
tion with cardiac effects. CNS imaging should be considered in a patient with an early
or unusual presentation of an eating disorder, growth failure, pubertal arrest, or neuro-
logical signs and symptoms. Other tests, including endocrinologic assessments, may be
considered depending on the patient’s presentation.

MANAGEMENT

The treatment of an adolescent with AN requires a multidisciplinary team approach.
A physician typically assumes the role as manager of the team, performing vital sign and
weight checks and coordinating the overall communication with the family. An endo-
crinologist can either assume the role of manager or can help to address specific endo-
crinologic issues, such as the amenorrhea and bone loss commonly seen in these patients.
A nutritionist works with the adolescent and family around meal planning and recom-
mendations for caloric requirements and calcium intake. A psychotherapist provides
individual and/or family therapy.

The indications for hospitalization include unstable vital signs, hypotension,
orthostasis, bradycardia, severe malnutrition (75–80% of ideal body weight), dehydra-
tion, abnormal electrolytes, arrythmias, acute food refusal, uncontrollable bingeing and
purging, suicidality, and failure of outpatient therapy. Treatment options include medi-
cal hospitalization, psychiatric hospitalization, and day treatment psychiatric programs.

Osteoporosis is a significant health risk for adolescents with AN and often becomes
a longterm follow-up issue for an endocrinologist. The bone loss and resulting low bone
density are often irreversible and may be a source of both short- and long-term morbidity.
The degree of osteoporosis has been associated with duration of both disease and amen-
orrhea. As short a period as 6 mo of estrogen deficiency may have a negative impact on
bone density. Other factors to consider include inadequate calcium and vitamin D intake,
hypercortisolism, and adrenal androgen deficiency. The most important approach to the
prevention and treatment of low bone mass in AN is the restoration of a normal body
weight. Hotta and colleagues (46) found that a BMI >16.4 ± 0.3 kg/m2 was associated
with an improvement in bone density. Shomento and Kreipe (45) have found that a mean
of >92 ± 7% of ideal body weight was associated with the return of menses. Golden and
colleagues have noted that even with restoration of normal body weight, persistent
amenorrhea has been associated with low leptin levels (74). Return of menses is an
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important milestone implying the provision of normal estrogen levels to all tissues,
including the potential to improve bone mass. Hormonal therapies have been tested with
mixed results. Estrogen/progestin replacement has been subjected to only a few trials.
Replacement therapy with estrogen/progestin, DHEA and IGF-I are presently under
study. Calcium and vitamin D supplements are important during the critical period for
bone accretion. These patients should receive 1300–1500 mg of elemental calcium and
400 international units of vitamin D daily. Physical activity is associated with increased
bone formation (75). Exercise regimens should be tailored individually for a given
patient that take into account hemodynamic stability, level of fitness and extent of
bone loss.

CONCLUSION

Clinical investigators who study patients with AN are faced with multiple endocrino-
logic abnormalities. Most of the abnormalities noted are an adaptive response to
starvation and reverse with weight restoration. Bone loss with potential osteoporosis
appears to be the only irreversible endocrinologic abnormality cited to date. Research is
clearly needed to understand the multifactorial etiology of disordered eating in adoles-
cents and to develop strategies to promote healthy eating patterns in young people. In
addition, given that the bone loss seen is often irreversible, future research will hopefully
elucidate mechanisms behind this complication and provide guidance as to new treat-
ment strategies.
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INTRODUCTION

Disorders of adrenal function have long been known to cause clinically significant,
often fatal, human disease. The initial description of anatomical abnormality of the
adrenals in patients succumbing to a process manifest by progressive weakness, pallor,
and overall physical decline was provided in 1849 by Thomas Addison (1). While these
initial cases may not have discerned the coincident sequelae of pernicious anemia and
primary adrenal failure (2), Addison’s continued efforts clarified the association between
abnormal adrenals and systemic pathology (3). The first experimental verification of the
importance of the adrenals in animal systems was provided shortly thereafter by Brown-
Sequard (4). Despite recognition of the importance of the adrenal and adrenal hormones
in human health and disease during the 19th century, the prognosis for patients diagnosed
with primary adrenal insufficiency remained very poor until scientists and physicians
developed the capacity to chemically synthesize and replace these hormones in the
1940s. The experience of Dunlop, who detailed the outcome of 86 individuals diagnosed
with adrenal insufficiency over the period 1929–1958, is particularly instructive (5). He
found that the average life expectancy following diagnosis in 1929–1938, a time during
which only salt supplementation and crude adrenal extracts were available, was approx
1 yr. With the ability to administer deoxycorticosterone, a mineralocorticoid, during the
interval 1939–1948, the life expectancy for patients with primary adrenal insufficiency
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improved marginally to approx 3 yr following diagnosis. Not until the ability to specifi-
cally replace glucocorticoids in the 1950s did the prognosis for those individuals with
primary adrenal failure considerably improve, such that the average life expectancy
exceeded 10 yr.

Primary adrenal insufficiency often combines defects in mineralocorticoid and glu-
cocorticoid production. Glucocorticoid deficiency alone, however, can produce serious
health risks as well. Patients treated with prolonged supraphysiological glucocorticoid
doses for management of rheumatological disease were found to be at risk for sudden
death during surgical stress if glucocorticoids had been recently terminated (6,7).
Functions such as regulation of carbohydrate metabolism (8,9), free water excretion
(10–13), vascular tone (14), and the inflammatory response (15) have been ascribed to
glucocorticoids. The truly essential aspect(s) of glucocorticoid action, however, remain
uncertain.

Cortisol, the primary glucocorticoid in humans, exerts its effects by diffusion from the
blood stream across cell membranes where it binds high affinity glucocorticoid receptors
(GRs) in the cytoplasm (Fig. 1). Two distinct gene products exhibit high-affinity
glucocorticoid (GC) binding, the mineralocorticoid (type I) receptor and the glucocor-
ticoid (type II) receptor. Similar to some other members of the nuclear hormone super-

Fig. 1. Mechanism of glucocorticoid action. Glucocorticoids (G; small circles) circulate in the blood-
stream primarily bound to corticosteroid binding globulin (CBG). Glucocorticoid dissociates from
CBG, diffuses across cellular membranes, and binds the cytosolic, heat shock protein (hsp)-
complexed, glucocorticoid receptor (GR; ovals). Upon ligand binding, the GR undergoes a confor-
mational change resulting in dissociation from its molecular chaperones, such as hsp90 (black squares),
dimerization, and exposure of nuclear targeting sequences. The dimerized GR enters the nucleus
(large circle) to alter transcription of chromatin-packaged genes by direct binding of glucocorticoid
response elements, recruitment of co-activators, or heterodimerization with other transcription factor
partners.
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family of receptors, in the non-ligand-bound state, GR exists in a cytoplasmic complex
with heat shock proteins and immunophilins (16,17). These GR “chaperones” serve to
mask the GR nuclear translocation sequence, abrogating modulation of gene transcrip-
tion by preventing access of GR to glucocorticoid response elements (GREs) or
heterodimer partners. When ligand is bound, GR undergoes a conformational change
such that the heat shock proteins dissociate, the nuclear translocation sequence is
exposed, and GR dimers enter the nucleus where specific genes are either activated or
repressed. GR-mediated changes in gene transcription occur by many mechanisms,
some only beginning to be elucidated. One mechanism, for example, is that upon GR
binding of GREs in nucleosome-packaged chromatin, co-activators (such as SRC-1/
NcoA-1, TIF2/GRIP1, or p300/CBP) are recruited (18). These GR-co-activator com-
plexes are histone acetylases, serving to “open” DNA-histone complexes for more
efficient transcription by the basal transcription machinery, in addition to exposing sites
for other transcription activators to bind. Conversely, while not yet demonstrated for GR,
other members of the nuclear hormone receptor superfamily can also recruit co-repres-
sors (such as SMRT and TIF1) with histone deacetylase activity that serve to “close”
chromatin conformation and impede access of the basal transcription machinery (19,20).
Alternatively, GR actions at composite GREs, consisting of a low affinity GRE and a
binding site for another type of transcription factor can differentially modulate transcrip-
tion depending upon the relative abundance of each monomeric component (21). Finally,
GR can modulate transcription of genes which do not contain GREs. For instance, GR
has the capacity to directly interact with the p65 subunit of transcription factor nuclear
factor κB (NFκB) to block NFκB-mediated gene induction (22,23). GR also induces
transcription of a functional inhibitor of NFκB, IκBα, which then may serve to block
NFκB-mediated gene activation (24,25).

Considerable insight into the regulation of the hypothalamic-pituitary-adrenal (HPA)
axis and the control of glucocorticoid release has been obtained through both human and
animal studies (Fig. 2). Stress and circadian stimuli induce the release of hypothalamic
neuropeptides, the most important of which are corticotropin-releasing hormone (CRH)
and arginine vasopressin, into the hypophysial portal circulation (26–29). These neu-
ropeptides then stimulate release of adrenocorticotropin (ACTH) from anterior pituitary
corticotrophs. ACTH released into the systemic circulation augments adrenocortical
release of cortisol by acting upon specific G-protein coupled receptors on steroidogenic
cells of the zona fasciculata and zona reticularis (Fig. 3) (30,31). Cortisol then acts in a
negative feedback manner at central nervous system and pituitary sites to decrease
excessive release of hypothalamic neuropeptides and ACTH. Conversely, when insuf-
ficient glucocorticoid is present in the circulation, neuropeptide and ACTH release are
augmented. In contrast, the control of mineralocorticoid (aldosterone) release by the
zona glomerulosa of the adrenal is primarily determined by the renin-angiotensin sys-
tem, with a smaller contribution from short-term changes in ACTH (32,33). Changes in
vascular volume sensed by the renal juxtaglomelar apparatus result in increased secre-
tion of renin, a proteolytic enzyme that cleaves angiotensinogen to angiotensin I. Angio-
tensin I is then activated through further cleavage by angiotensin-converting enzyme to
angiotensin II in the lung and other peripheral sites. Angiotensin II and its metabolite
angiotensin III demonstrate vasopressor and potent aldosterone secretory activity.

Adrenal insufficiency can result from impaired function at each level of the HPA axis.
Direct involvement of the pathologic process at the level of the adrenal, or primary
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adrenal insufficiency, often causes both mineralocorticoid and glucocorticoid insuffi-
ciency by destruction of both glomerulosa and fasciculata/reticularis cells, repectively.
Pituitary or hypothalamic defects result in secondary or tertiary adrenal insufficiency,
respectively, manifest as isolated glucocorticoid insufficiency.

ETIOLOGIES OF ADRENAL INSUFFICIENCY

Primary Adrenal Insufficiency
The most common cause of primary adrenal insufficiency, or Addison’s disease, is

autoimmune adrenalitis (Table 1). Antibodies that react to all 3 zones of the adrenal
cortex can be found in 60–75% of patients with autoimmune adrenal insufficiency
(34–37). After the onset of adrenal insufficiency, the titers decrease and sometimes
completely disappear. Autoimmune adrenal insufficiency may occur as an isolated
endocrinopathy or in association with other endocrinopathies (36,37). Addison’s disease
in association with other endocrinopathies can be subdivided into two groups; polyglan-
dular autoimmune disease type I and type II (38). Polyglandular autoimmune disease III
is diagnosed when autoimmune thyroid disease is present with another autoimmune

Fig. 2. Hypothalamic-pituitary-adrenal axis regulation. Stress, circadian stimuli, and glucocorticoid
withdrawal stimulate cortical, hippocampal, and other higher neural centers to activate corticotropin-
releasing hormone (CRH) and vasopressin (AVP) parvocellular neurons in the hypothalamic
paraventricular nucleus (shaded triangles). These parvocellular neurons release CRH and AVP into
the hypophysial portal circulation, augmenting release of ACTH from anterior pituitary corticotroph
cells. ACTH directly stimulates adrenal cortisol release. Cortisol acts in a classical negative feedback
manner (dotted arrows) to down-regulate excessive release of hypothalamic and pituitary mediators.
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endocrinopathy without adrenal disease. The presence of adrenal antibodies in patients
with other autoimmune diseases may precede the development of adrenal insufficiency
by several years (39,40).

Polyglandular autoimmune disease type I or autoimmune polyendocrinopathy can-
didiasis ectodermal dystrophy (APECED) is a rare autosomal recessive syndrome that
usually presents in early childhood (41). APECED is diagnosed when 2 of the following
3 diseases are present for at least 3 mo: hypoparathyroidism, chronic mucocutaneous
candidiasis, and Addison’s disease. Gonadal failure, enamel hypoplasia, and nail dys-
trophy are other common manifestations of this syndrome. Associated conditions include
malabsorption syndromes, alopecia totalis or areata, pernicious anemia, autoimmune
thyroid disease, chronic active hepatitis, vitiligo, type I diabetes mellitus, anterior
hypophysitis, and diabetes insipidus (41–43). Recently, the gene responsible for
APECED has been characterized (44). This gene encodes the autoimmune regulator
protein (AIRE), a zinc finger protein with possible transcription factor function.

Polyglandular autoimmune disease type II is much more common than type I and
usually presents in adulthood or late childhood. Polyglandular autoimmune disease II is
diagnosed when adrenal failure and autoimmune thyroid disease or type I diabetes
mellitus are present without hypoparathyroidism or candidiasis. Other diseases associ-
ated with this disorder include: gonadal failure, vitiligo, diabetes insipidus, alopecia,

Fig. 3. Adrenal histology. Shown is a hematoxylin and eosin-stained section of a normal human
adrenal. Relative sizes and positions of the zona glomerulosa, fasciculata, and reticularis are indicated
(X40 magnification). Reproduced with permission from ref. 162.
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Table 1
Causes of Adrenal Insufficiency

Primary adrenal insufficiency

Autoimmune Adrenal Hemorrhage
Isolated Adrenal Insufficiency Birth Trauma

Polyglandular Autoimmune Diseases I and II Sepsis (Waterhouse-Friderichsen Syndrome)
Shock

Inborn Errors of Metabolism Coagulopathy
Congenital Adrenal Hypoplasia Ischemia

StAR Deficiency
Smith-Lemli-Opitz Syndrome Infection

X-linked Adrenoleukodystrophy Tuberculosis
DAX-1 Mutation (adrenal hypoplasia) Amyloidosis

Familial Glucocorticoid Deficiency Hemochromatosis
Wolman’s Disease Sarcoid

SF-1 Mutation HIV/AIDS
Hisotplasmosis

Drugs Blastomycosis
Aminoglutethimide Crypotcoccus

Etomidate Coccidomycosis
Ketoconazole
Metyrapone

Suramin
Phenytoin

Barbituates
Rifampicin
Mitotane

Secondary adrenal insufficiency

CNS Lesions Abnormalities in Neuropeptides
Hypothalamic/Pituitary/Suprasellar Tumors POMC

Trauma/hemorrhage CRH
Hemochromatosis

Sarcoidosis, Tuberculosis, Fungal Infection Abnormalities in Pituitary Development
Empty Sella Syndrome de Morsier Syndrome

Hydrancephaly/Anencephaly
Cushing’s Syndrome Pituitary Aplasia/Hypoplasia

Iatrogenic
(supraphysiologic glucocorticoids)
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pernicious anemia, myasthenia gravis, immune thrombocytopenia purpura, Sjögren’s
syndrome, rheumatoid arthritis, and celiac disease (37,42,43).

Inborn errors of steroid metabolism provide another common cause of adrenal insuf-
ficiency. Congenital adrenal hyperplasia (CAH) is an inborn error of steroid metabolism
resulting from defects in enzymes involved in the biosynthesis of cortisol from choles-
terol (Fig. 4). Patients with congenital adrenal hyperplasia are cortisol deficient.
Depending on the nature of enzyme deficiency, they may also be aldosterone deficient
and require mineralocorticoid replacement and salt supplementation. The most common
enzyme defects, 21-hydroxylase, 11β-hydroxylase or 3β-hydroxysteroid dehydroge-
nase lead to increased levels of the adrenal androgens androstenedione and/or
dihydroepiandrosteredione (DHEA) (45). These increases in adrenal androgens cause
virilization of females, one of the primary clinical symptoms of congenital adrenal
hyperplasia. Males with 21-hydroxylase or 11β-hydroxylase deficiency do not manifest
genital ambiguity, while those with 3β-hydroxysteroid dehydrogenase deficiency dem-
onstrate under-virilization since testosterone production is diminished.

Congenital lipoid adrenal hyperplasia (StAR, or steroidogenic acute regulatory pro-
tein deficiency) is a rare autosomal recessive condition that results in deficiency of all
adrenal and gonadal steroid hormones (46). Males with this condition usually have
female external genitalia. The defective gene is on chromosome 8 and encodes the StAR
protein. The StAR protein mediates cholesterol transport from the outer to inner mito-
chondrial membrane (47).

Smith-Lemli-Opitz syndrome results from a deficiency of 7-dehydrocholesterol C-7
reductase. Individuals with this syndrome have low cholesterol and high 7-dehydrocho-
lesterol (48) which may result in adrenal insufficiency and 46, XY gonadal dysgenesis
(49). Associated symptoms of this disorder include moderate to severe mental retarda-
tion, failure-to-thrive, altered muscle tone, microcephaly, dysmorphic facies, genito-
urinary anomalies, and limb anomalies (50).

X-linked adrenoleukodystrophy (X-ALD) is a sex-linked, recessively inherited defect
in a peroxisomal membrane protein, the adrenoleukodystrophy protein (ALDP), which
belongs to the ATP-binding cassette superfamily of transmembrane transporters (51,52).
Defective ALDP function results in accumulation of very long chain fatty acids
(VLCFA), demyelination in cerebral white matter, and destruction of the adrenal cortex
(53). Approximately 25% of patients with X-ALD develop adrenal insufficiency. Any
male who presents with primary adrenal insufficiency should be screened for X-ALD by
measuring serum VLCFA levels.

Genes affecting adrenal development in addition to those encoding steroid metabolic
enzymes have also been found to cause congenital adrenal failure. X-linked adrenal
hypoplasia congenita (AHC) with hypogonadotropic hypogonadism is a rare X-linked
recessive disorder due to a deletion or mutation of the AHC (or DAX-1 [dosage-sensitive
sex reversal-adrenal hypoplasia congenita gene on the X-chromosome-1]) gene. Patients
with this disorder have severe glucocorticoid, mineralocorticoid, and androgen deficiency
(54–56). In this disorder, the adrenal cortex resembles the fetal adrenal with large vacuolated
cells. The miniature form of adrenal hypoplasia is a sporadic form associated with pituitary
hypoplasia. More recently, heterozygous mutation of the autosomal steroidogenic factor-1
(SF-1) gene has been found to result in adrenal failure and 46, XY sex reversal in humans
(57). Homozygous SF-1 deficiency has not been found in humans, though completely
SF-1 deficient mice demonstrate agenesis of the adrenal cortex, testes, and ovaries (58).
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Familial glucocorticoid deficiency is a rare autosomal recessive disorder. Patients
with this disorder present in childhood with hyperpigmentation, muscle weakness, hy-
poglycemia, and seizures because of low cortisol and elevated ACTH levels. Some
families have been shown to have a defect in the ACTH receptor, while other families
are thought to have a post-receptor defect (59–61). Patients that also have achalasia and
alacrima are classified as having Allgrove’s or Triple-A syndrome.

Wolman’s disease, a rare autosomal recessive disease that results from complete
deficiency of lysosomal esterase, is usually fatal in the first year of life (62). Features of
this disease include mild mental retardation, hepatosplenomegaly, vomiting, diarrhea,
growth failure, and adrenal calcifications. Calcifications that delineate the outline of
both adrenals are pathognomonic for this disease and the less severe form of this disease,
cholesterol ester storage disease (63).

Fig. 4. Cortisol biosynthetic pathway. The enzymatic steps leading to mineralocorticoid, gluco-
corticoid, and adrenal androgen production are shown. Reproduced with permission from ref. 162.
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Birth trauma may cause adrenal hemorrhage and should be considered in a newborn
presenting with signs and symptoms of adrenal insufficiency. Adrenal hemorrhage has
also been reported as a sequelae of sepsis, traumatic shock, coagulopathies, or ischemic
disorders. Adrenal hemorrhage in association with fulminant septicemia caused by
Neisseria meningitides is known as the Waterhouse-Friderichsen syndrome.

Infiltrative disease of the adrenal due to tuberculosis had been a frequent cause of
adrenal failure when Addison first described adrenal insufficiency. Today, tuberculosis
is a rare cause of adrenal insufficiency, especially in children. Amyloidosis, hemochro-
matosis, and sarcoidosis have all been reported to cause primary adrenal insufficiency
by invasion of the adrenal gland.

Patients with acquired immunodeficiency syndrome (AIDS) or who are human
immunodeficiency virus (HIV) positive may acquire adrenal insufficiency. In patients
with HIV, cytomegalovirus infection can cause necrotizing adrenalitis. Infection with
Mycobacterium avium-intracellulare, or cryptococcus, or involvement of the adrenal
gland by Kaposi’s sarcoma also are significant causes of primary adrenal insufficiency
in HIV positive patients (64). In addition, most patients with AIDS have decreased
adrenal reserves as measured by prolonged ACTH stimulation (65).

Fungal disease has also been shown to cause primary adrenal insufficiency. Dissemi-
nated infection with histoplasmosis or blastomycosis may invade and destroy the adrenal
glands (66,67). Cryptococcus and coccidomycosis are rarer causes of adrenal insuffi-
ciency (68,69).

Several drugs have been associated with the induction of adrenal insufficiency.
Aminoglutethimide (70), etomidate (71), ketoconazole (72), metyrapone (73), and
suramin (74) are drugs that may cause adrenal insufficiency by inhibiting cortisol syn-
thesis. In most patients, an increase in ACTH will over-ride the enzyme block, but in
patients with limited reserve, adrenal insufficiency may ensue. Drugs that accelerate
metabolism of cortisol and synthetic steroids such as phenytoin (75,76), barbiturates,
and rifampicin (76) also may cause adrenal insufficiency in patients with limited reserve.
Mitotane accelerates the metabolism of halogenated synthetic steroids (dexamethasone
and fludrocortisone (Florinef)) and may precipitate an adrenal crisis in patients taking
both drugs (77).

Secondary and Tertiary Adrenal Insufficiency
With the widespread use of supraphysiological doses of glucocorticoids for the treat-

ment of atopic, autoimmune, inflammatory, and neoplastic diseases, iatrogenic suppres-
sion of corticotroph ACTH release with secondary adrenocortical atrophy is a frequent,
often unrecognized precipitant of adrenal insufficiency. Prolonged (greater than 7–10 d)
supraphysiological glucocorticoid replacement places children and adults at risk for
consequences of secondary/tertiary adrenal insufficiency (78). Similarly, sustained,
excessive glucocorticoid production in Cushing syndrome suppresses normal
corticotroph responses. The duration of recovery of corticotroph function from iatro-
genic adrenal suppression once pharmacological administration of glucocorticoids is
discontinued, or Cushing syndrome after tumor resection, is quite variable, with evi-
dence of suppression of the HPA axis evident in some patients for more than one year
(79).

Several acquired and congenital lesions of the hypothalamus and pituitary are also
causes of secondary/tertiary adrenal insufficiency (Table 1). Disruption of corticotroph
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function commonly occurs by hypothalamic and pituitary tumors, or as a result of treat-
ment of these tumors. In children, the most common tumors include craniopharyngio-
mas, dysgerminomas, and pituitary adenomas. Trauma to the hypothalamus, pituitary,
or hypophysial portal circulation from significant head injury, cerebrovascular accident,
Sheehan syndrome, or hydrocephalus/increased intracranial pressure provide additional
etiologies of central adrenal insufficiency. Infiltrative diseases of the hypothalamus and
pituitary such as autoimmune hypophysitis, sarcoidosis, tuberculosis, leukemia, and
fungal infections also may result in adrenal insufficiency, often in the context of panhy-
popituitarism. Abnormalities in development of the hypothalamus and pituitary associ-
ated with adrenal insufficiency include de Morsier syndrome (septo-optic dysplasia)
(80,81), hydrancephaly/anencephaly, and pituitary hypoplasia/aplasia. Secondary adre-
nal insufficiency together with diabetes insipidus is particularly ominous in these
patients, as sudden death during childhood has been found (82).

Least commonly, inherited abnormalities of neuropeptides involved in HPA axis
regulation have recently been reported. Deficiency of proopiomelanocortin results in
adrenal insufficiency, pigmentary abnormalities, and obesity (83,84). One kindred with
suspected CRH deficiency and Arnold-Chiari type I malformation has been described
(85). While the mutation in this kindred is linked to the CRH locus, a specific mutation
in CRH gene has not yet been defined.

CLINICAL PRESENTATION

Primary Adrenal Failure

 Primary adrenal failure may present as acute, rapidly progressive deterioration or an
insidious, chronic process. In infants with congenital adrenal hyperplasia, the first sus-
picion of adrenal insufficiency may be imparted by the observation of ambiguous geni-
talia in the delivery room. In caucasian infants, physical examination may additionally
reveal hyperpigmentation of the labioscrotal folds, areolae, and buccal mucosa due to
excessive propiomelanocortin synthesis and processing to ACTH and melanocyte-stimu-
lating hormone (MSH). If of a salt-wasting variety, untreated CAH commonly causes
hyponatremia, hyperkalemia, acidosis, and shock at 7–14 d-of-age. Infants with the rarer
adrenal hypoplasia congenita do not manifest genital ambiguity, but may present with
a similar adrenal crisis (86).

Children and adults with primary adrenal insufficiency demonstrate a similar spec-
trum of signs and symptoms, whether of a gradual or sudden onset. The most common
symptoms such as weakness, fatiguability, anorexia, vomiting, constipation or diarrhea,
and depression are non-specific and do not immediately implicate adrenal insufficiency
(35). While salt-craving is highly suggestive of adrenal insufficiency, this symptom may
not be elicited at presentation. Weight loss is another very common finding with adrenal
insufficiency, though again does not strongly indicate the diagnosis. More specific signs
such as hyperpigmentation of skin folds, gingiva, and non-sun exposed areas, hyponatre-
mia with hyperkalemia, hypoglycemia, and hypotension often points toward the correct
diagnosis. Hypercalcemia is sometimes found at presentation due to volume depletion
and associated increased intravascular protein concentration (87). In children with
polyglandular autoimmune syndrome type I, mucocutaneous candidiasis and hypopar-
athyroidism ususally precede the appearance of adrenal insufficiency (41). In X-linked
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adrenoleukodystrophy, neurological manifestations may either precede or follow the
evolution of adrenal insufficiency (88,89).

Secondary Adrenal Failure
The findings of secondary adrenal failure in large part recapitulate the consequences

of isolated glucocorticoid deficiency in primary adrenal insufficiency, such as weak-
ness, fatiguability, and an increased tendency toward hypoglycemia. Of note, salt-wast-
ing does not occur because the renin-angiotensin-aldosterone system remains intact.
Because glucocorticoids are required for appropriate renal free water clearance (13),
secondary adrenal insufficiency is associated with hyponatremia without hyperkalemia
or volume depletion. Additionally, since ACTH production and secretion are the pri-
mary defects in secondary disease, skin hyperpigmentation does not occur unless as a
manifestation of recently treated Cushing’s Disease. Signs and symptoms of a central
nervous system tumor such as headaches, vomiting, or visual disturbances, should be
sought. Infants with congenital central nervous system malformations, physical evi-
dence for possible hypopituitarism such as midline facial defects or microphallus, or
optic nerve atrophy should be evaluated for adrenal deficiency. Individuals at risk for
iatrogenic adrenal insufficiency will often appear Cushingoid on examination, with
round facies, thinned skin, striae, and a buffalo hump due to prior glucocorticoid therapy.

DIAGNOSIS

Baseline Hormone Measurements
To verify suspected primary adrenal insufficiency in the patient presenting with classic

signs and symptoms of Addison’s disease, often little more is necessary than measurement
of plasma ACTH, cortisol, renin activity, and aldosterone. Elevated ACTH and plasma
renin activity together with low plasma cortisol and/or aldosterone confirms primary
adrenal failure. In patients more than 6 mo-of-age, the age at which the circadian pattern
of glucocorticoid production has been established (90), not presenting in fulminant
adrenal crisis, morning (approx 8 AM) ACTH and cortisol levels, along with electrolytes,
plasma renin activity, and aldosterone, may establish the diagnosis. A morning cortisol
of less than 3 µg/dL is indicative of adrenal insufficiency, while concentrations exceed-
ing 20 µg/dL make adrenal failure quite unlikely (91). Those with early adrenal failure,
or secondary disease, will often require additional provocative testing as described
below. Adrenal autoantibodies can be used to further establish the etiology of adrenal
insufficiency as autoimmune (34,36). All males diagnosed with primary adrenal failure
without evidence of other autoimmune pathology should have plasma very long chain
fatty acids measured to exclude X-linked adrenoleukodystrophy.

In newborns with ambiguous genitalia or a salt-wasting crisis where CAH is being
considered, random measurement of cortisol precursors and precursor by products usu-
ally establishes or excludes the diagnosis. For a virilized female, where 21-hydroxylase,
11β-hydroxylase, or 3β-hydroxysteroid dehydrogenase deficiencies are possible, a typical
hormone profile consists of measuring 17-hydroxypregnenolone, 17-hydroxypro-
gestone, dehydroepiandrosterone, androstenedione, testosterone, cortisol, plasma renin
activity, and aldosterone. Males with under-virilization should be evaluated for
3β-hydroxysteroid dehydrogenase, 17-hydroxylase, or StAR deficiency, as well as non-
adrenal etiologies of genital ambiguity, while normally virilized males with salt-wasting
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should be evaluated for 21-hydroxylase deficiency and aldosterone biosynthetic defects.
In 11β-hydroxylase deficiency, hypertension, hypokalemia, and/or a suppressed plasma
renin are found in normally virilized males, or virilized females. Since salt-wasting due
to CAH does not typically occur within the first 3 d after birth, and adrenal hormone
levels change dramatically in normal infants within this period (92–94), random adrenal
hormone measurements should be obtained on d of life 2 to 3. Additionally, the normal
range of adrenal hormones differs for term and preterm infants and should be accounted
for in interpretation of results (95–97). Late-onset forms of CAH, and proximal lesions
in the cortisol biosynthetic pathway, such as StAR deficiency or adrenal hypoplasia,
often require cosyntropin stimulation testing, as described below, with cortisol precur-
sors measured in addition to cortisol.

Cosyntropin Stimulation Test
Direct stimulation of adrenal cortisol release by admininstration of cosyntropin

(1–24 ACTH; Cortrosyn) is the most commonly used diagnostic tool in evaluation of
adrenal function (91,98). In the standard cosyntropin test, baseline ACTH and cortisol
samples are obtained and then 250 µg of cosyntropin is administered intravenously. If
mineralocorticoid deficiency is also suspected, plasma renin activity, aldosterone, and
electrolytes should be obtained with the baseline laboratories. 30 and/or 60 min follow-
ing cosyntropin administration, a second plasma sample is obtained for cortisol deter-
mination. Plasma cortisol concentration ≥20 µg/dL, along with a normal baseline ACTH
level rules out primary adrenal insufficiency. In addition, a normal response to this
standard stimulation test also rules out long standing, severe secondary adrenal insuffi-
ciency. To evaluate recent onset, secondary adrenal insufficiency or milder forms of
secondary adrenal insufficiency, a more sensitive stimulation test employing a lower
dose of cosyntropin has been devised (99–102). In this case, 1 µg, or 0.5 µg/m2 of body
surface area, of cosyntropin is administered intravenously, with cortisol measured at
baseline and 20–60 min after administration. Plasma cortisol concentration above
18 µg/dL is considered a normal response.

Insulin-Induced Hypoglycemia
The response to hypoglycemia (blood glucose <40 mg/dL) requires the integrity of the

entire HPA axis. After an overnight fast, 0.10–0.15 U/kg of regular insulin is adminis-
tered intravenously. Blood glucose and cortisol are measured prior to, then 15, 30, 45,
60, 75, 90, and 120 min following insulin injection. Patients will experience some degree
of discomfort during the hypoglycemic phase of this test due to neuroglycopenia and the
consequences of catecholamine release, such as tachycardia, diaphoresis, anxiety, and
tremulousness. A plasma cortisol of above 20 µg/dL is considered a normal response
(91,103). This test should be avoided in patients with a history of seizures or significant
cardiovascular disease, and dextrose for intravenous rescue should be immediately
accessible in the event of sustained severe hypoglycemia or a seizure.

Corticotropin-Releasing Hormone Stimulation Test
To directly assess corticotroph function, ovine corticotropin-releasing hormone can

be administered intravenously at a dose of 1 µg/kg or 100 µg, followed by measurement
of plasma ACTH and cortisol levels over the next 2 h (104–106). Flushing occurs in some
patients after administration. Peripheral CRH administration provides a less robust stimu-
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lus for ACTH release than hypoglycemia, and the normal range is less well established.
However, studies directly comparing the responses to CRH and insulin-induced
hypoglycemia have demonstrated good concordance in definition of adrenal status. In
normal subjects, plasma ACTH peaks rapidly (15–30 min) following administration and
remains at an elevated level. Cortisol peaks slightly later, at 30–60 min following injec-
tion, and also persists at an elevated level for 2 h. In patients with hypothalamic lesions,
an exaggerated ACTH response is often obtained with an even longer prolongation in the
duration of elevation. In contrast, patients with pituitary lesions do not respond to CRH
administration with increases in either ACTH or cortisol.

Glucagon Stimulation Test
The glucagon stimulation test provides an alternative to insulin-induced hypoglyce-

mia in evaluating central adrenal insufficiency as it requires endogenous ACTH secre-
tion to cause cortisol release (107,108). While glucagon doses of 0.03 mg/kg have been
routinely used as a provocative test for growth hormone assessment, studies evaluating
adrenal function have employed somewhat higher doses (0.1 mg/kg im; maximum 1.0 mg
in children; in adult studies 1.0 mg if <90 kg and 1.5 mg if >90 kg) (109–111). After an
overnight fast, plasma is obtained at baseline, then 30, 60, 90, 120, 150, and 180 min
following injection. A normal response is achieved if peak cortisol exceeds 20 µg/dL.

Metyrapone Test
Metyrapone inhibits the activity of the enzyme 11-β-hydroxylase, blocking the con-

version of 11-deoxycortisol to cortisol. Thus, cortisol is unable to provide negative
feedback at central nervous system and pituitary sites, increasing ACTH secretion. The
increased plasma ACTH concentration stimulates increased production of 11-deoxy-
cortisol and its urinary metabolites. Two general forms of the metyrapone test have been
standardized: an overnight, single dose test (112), and a multiple dose form (113).
Because of convenience, the single dose test is the more commonly performed. For the
single dose test, 30 mg/kg to a maximum of 3.0 g is given at midnight with a snack to
decrease the nausea associated with metyrapone ingestion. Cortisol, 11-deoxycortisol,
and ACTH are measured at 8 AM following the dose. A normal response is the increase
in plasma 11-deoxycortisol to more the 7 µg/dL (114). Cortisol levels above 5 µg/dL
imply inadequate suppression of enzyme activity such that low 11-deoxycortisol levels
can not be taken as an index of inadequate hypothalamic or pituitary function.

Radiological Tests
In general, imaging studies should be utilized after the diagnosis of adrenal insuffi-

ciency is established by biochemical methods. The obvious exception to this rule is the
patient presenting with symptoms suggesting an intracranial mass lesion. The resolution
of magnetic resonance imaging (MRI) of the hypothalamus and pituitary in general
exceeds that of computed tomography (CT) (115), and is the initial imaging study of
choice for evaluation of documented central adrenal insufficiency. If a mass is found,
computed tomography may be performed to establish whether the tumor has calcifica-
tions characteristic of a craniopharyngioma.

In patients with primary adrenal insufficiency with positive adrenal autoantibodies or
elevated VLCFA, establishing autoimmune adrenalitis or X-ALD as the etiology,
respectively, adrenal imaging is not required. If these entities are not established as the
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diagnosis, CT or MRI of the adrenal should be performed (116–119). Observation of
calcifications in an older child is suggestive of tuberculous or other granulomatous
disease, while in an infant, the diagnosis of Wolman disease should also be entertained.
In a limited number of cases, CT-assisted needle biopsy for pathological diagnosis may
be required.

THERAPY

Primary Adrenal Failure
CHRONIC REPLACEMENT

The daily cortisol production rate in man is 5.7–7 mg/m2/d (120–122). Since the
bioavailability of oral steroids is approx 50% (but varies from individual to individual),
the recommended dose for replacement hydrocortisone therapy is 10–15 mg/m2/d divided
2–3× per day (123,124) (Table 2). It has been shown that twice-daily hydrocortisone
produces a non-physiological low cortisol level 2–4 h prior to the next dose (125,126).
Therefore, younger children, who are more prone to hypoglycemia when cortisol levels
are low, or children with CAH, where efficient suppression of adrenal androgens is
required, should receive hydrocortisone divided 3× per day. Although steroids other than
hydrocortisone may be used, hydrocortisone is preferred in children since it has less
growth suppressive effects than synthetic steroids (127–129).

Patients with primary adrenal insufficiency often do not produce adequate aldoster-
one. Although hydrocortisone has some mineralocorticoid activity, physiologic doses
do not usually provide enough mineralocorticoid activity to prevent salt-wasting in
children with primary adrenal insufficiency. Thus, children with mineralocorticoid
deficiency are also treated with 0.05–0.2 mg/d of Florinef. Since the aldosterone secre-
tion rate after the first week of life does not increase from infancy to adulthood, miner-
alocorticoid doses do not vary significantly with body size (130). Because infant formulas
are low in salt, infants are treated with 1–4g/d of NaCl supplementation (131). Older
children and adults usually have enough salt in their diet without additional salt supple-
mentation to maintain normal electrolytes with the use of Florinef.

It is important that treatment adequacy be monitored on a regular basis. Growth
velocity, weight gain, blood pressure, serum electrolytes, and plasma renin activity are
the most useful tests every 3–6 mo. Hyperpigmentation in non-sun exposed areas is also
an important sign that indicates inadequate therapy. Some physicians also like to monitor
ACTH levels and maintain these in the high normal to mildly elevated range. Special
considerations for children with CAH are discussed below.

Stress Replacement
 In normal individuals, plasma ACTH and cortisol levels increase in response to

surgery, trauma, and critical illness. Many researchers have measured plasma or urinary-
free cortisol in healthy adults undergoing surgery or in acutely ill individuals and have
found that the daily secretion rate of cortisol is proportional to the degree of stress
(132–137). Estimates of the daily cortisol secretory rate in adults after surgery range from
60–167 mg/24 h. Based on repeated cortisol measurements, it has been estimated that
adults undergoing minor surgery secrete 50 mg/d of cortisol (138,139) and 75–150 mg/d
after major surgery (132). One comprehensive review of the literature (140) recommends
that adults receive 25 mg for minor stress, 50–75 mg for minor surgery and 100–150 mg
hydrocortisone per day for major surgery for 1–3 d.
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Based on data from adults, children should receive 30–100 mg/m2/d of hydrocorti-
sone with the onset of fever, gastrointestinal, or other significant illness and continued
for 24 h after symptoms resolve (45,141,142) (Table 2). If the child has emesis within
1 h of the dose, it should be repeated and if emesis occurs again, an intramuscular
injection of 30–100 mg/m2/d hydrocortisone or its equivalent should be given. The night
prior to surgery, children should be given triple their normal dose of hydrocortisone. On
the day of surgery, on-call to the operating room prior to anesthesia administration, they
should be given an intravenous dose of 30–100 mg/m2 of hydrocortisone, then continued
on 30–100 mg/m2/d divided every 6–8 h for the next 24–48 h post-operatively. There is
no need to give extra Florinef for stress. However, salt intake must be maintained to
prevent electrolyte imbalance.

During a suspected adrenal crisis, electrolytes, cortisol and ACTH levels should
be drawn and treatment begun before lab values are available. Normal saline with 5%
dextrose at a volume of 500 mL/m2 should be infused over the first hour. Initially

Table 2
Management of Adrenal Insufficiency

Management of adrenal crisis

Obtain Blood for:
Electrolytes
Cortisol
ACTH

Intravenous Fluid Administration
500 mL/m2 of D5NS over first 30–60 min to restore cardiovascular stability
Correct sodium at a maximal rate of 0.5 mEq/L to prevent central pontine myelinolysis

Stress Dose Steroid
Intravenous 100 mg/m2 hydrocortisone, or if a new presentation, use 2.5 mg/m2 of
dexamethasone until ACTH stimulation test is done
Continue 100 mg/m2/d hydrocortisone divided q 6–8 h (or 2.5 mg/m2/d dexamethasone)

until stable for 24 h
If a new presentation, perform ACTH stimulation test
Frequent assessment of electrolytes, blood glucose, and vital signs

Chronic replacement

Glucocorticoid Replacement
10–15 mg/m2/d of hydrocortisone divided BID-TID
Monitor clinical symptoms and morning plasma ACTH (Addison’disease)

or adrenal androgens/cortisol precursors (congenital adrenal hyperplasia)
Mineralocorticoid Replacement

Florinef 0.5–2.0 mg QD
Infants need 1–4 g NaCl added to their formula divided QID
Monitor blood pressure, plasma renin activity, and electrolytes

Treatment of Minor Febrile Illness or Stress
Increase steroid dose to 30–100 mg/m2/d until 24 hours after symptoms resolve
Do not alter Florinef dose
If unable to tolerate oral intake, administer 30–100 mg/m2 of hydrocortisone acetate

or 1–2.5 mg/m2 of dexamethasone IM
Obtain Medical Alert Bracelet
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100 mg/m2 of hydrocortisone can be given intravenously and then 100 mg/m2/d divided
every 6–8 h. In order to confirm a suspected diagnosis of adrenal insufficiency, equiva-
lent doses of dexamethasone (2.5 mg/m2/d) should be given instead of hydrocortisone.
Dexamethasone does not cross-react in standard cortisol assays, and allows cosyntropin
stimulation testing to be performed shortly after the initiation of therapy. Once a
cosyntropin stimulation test has been performed, children should be changed to the less
growth-suppressive hydrocortisone. After re-expansion of vascular volume with normal
saline to restore cardiovascular stability, hyponatremia should be corrected at a maximal
rate of 0.5 mEq/L/h to minimize the risk for central pontine myelinolysis. Additionally,
a glucose infusion should be continued during re-hydration to avoid hypoglycemia.

Central Adrenal Failure
ACTH or CRH deficiency is treated in much the same as primary adrenal insuffi-

ciency. The major difference is that while these patients do not require mineralocorticoid
replacement, they do require evaluation for deficiency of other pituitary hormones. In
addition, when first diagnosed, a head MRI, with special attention to views of the pitu-
itary and hypothalamus, should be performed to look for a tumor or other anomalies.

Special Considerations for Virilizing Forms of CAH
STANDARD THERAPY

Treatment of all forms of CAH consists of replacement and, when indicated, stress
doses of cortisol. Treatment of virilizing forms of CAH requires more than replacement
doses of hydrocortisone to prevent further virilization and rapid fusion of the growth
plates. The dose required varies from individual to individual but averages 10–20 mg/
m2/d in 2–3 divided doses (45,143,144).

Patients with CAH, with or without salt-wasting, may benefit from mineralocorticoid
therapy. In the salt-losing forms of CAH with elevation in plasma renin activity, the
addition of Florinef at 0.05–0.2 mg/d is required. In patients with mildly elevated plasma
renin activity without overt salt wasting, the addition of Florinef often helps to suppress
excess adrenal androgen production. Depending on the degree of enzyme deficiency,
children with CAH may also have aldosterone deficiency or increased levels of antago-
nists of aldosterone action (145,146). Aldosterone deficiency causes hyperkalemia,
hyponatremia, and volume depletion. Hyponatremia and volume depletion lead to
increased renin and angiotensin II. Angiotensin II not only stimulates aldosterone
secretion directly at the level of the adrenal cortex, it also stimulates ACTH secretion
(147–149). Therefore, by suppressing plasma renin activity with the use of Florinef,
patients may require a lower dose of glucocorticoid. Infants with CAH also require
approx 1–4 g/d of salt added to their formula or as supplementation to breast feeding (131).

Follow-up evaluation should occur every 2–4 mo to monitor electrolytes, plasma
renin activity, growth velocity, 17-hydroxyprogesterone and androstenedione. Suppres-
sion of 17-hydroxyprogesterone and androstenedione into the normal range may com-
promise growth (150,151). In any patient where normal levels of these precursors
suppress growth, steroid doses should be reduced to maintain levels in the slightly
elevated range. A bone age should be monitored yearly to ensure that skeletal maturation
is not advancing faster than the chronological age.
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NEWER THERAPIES: CAH
A major shortcoming in the therapy of CAH is compromised final adult height

(152–155). Inadequate suppression of 17-hydroxyprogesterone leads to relative
advancement of bone age and ultimately short stature. Too much glucocorticoid also
results in suppression of growth. One ongoing study is using 10 mg/kg/d of flutamide
divided twice daily and 40 mg/kg/d testolactone divided three times daily to reduce the
dose of glucocorticoid needed to prevent rapid advancement of the bone age (156–158).
The daily hydrocortisone dose for children in this study has been reduced to 8.6 ± 0.6 mg/
m2/d with maintenance of normal growth velocity and bone maturation.

X-LINKED LEUKODYSTROPHY

Conventional therapy consists of replacement and stress doses of cortisol, if indi-
cated. Restriction of VLCFA intake and supplementation with glycerol trioleate and
glycerol trierucate (Lorenzo’s oil) has very little benefit (159). In animal studies,
4-phenylbutyrate promotes the expression of a peroxisomal protein that corrects the
metabolism of VLCFA and prevents the accumulation in the brain and adrenal glands
(53). Bone marrow transplantation has shown some success when performed before
significant cognitive changes have occurred (160,161). However, bone marrow trans-
plantation does not reverse damage that has already occurred.

PSYCHOSOCIAL/QUALITY OF LIFE

Children with adrenal insufficiency generally lead normal lives. However, glucocor-
ticoid deficiency places them at increased risk for usual illnesses becoming life-threat-
ening. If appropriate stress steroid coverage is not given during an illness, these children
have the potential of dying. Therefore, for both the child and the entire family, reinforce-
ment of stress steroid administration during illness is essential. If oral intake of medica-
tions and salt is not possible due to gastrointestinal disease or mental status changes,
further instruction for emergency assistance is important. All children with adrenal
insufficiency should be provided with a medical alert bracelet stating their diagnosis to
facilitate urgent therapy if required. Other factors affecting quality of life are determined
by the etiology of adrenal failure.

Polyglandular Autoimmune Syndromes

Children with adrenal insufficiency in the context of one of the polyglandular autoim-
mune syndromes must contend with other endocrinopathies, or the anticipation of devel-
oping other endocrinopathies. Often, complicated, multi-drug therapeutic regimens
develop with significant financial and emotional cost to the families. The development
of type 1 diabetes mellitus, especially, places added demands on daily life. Additionally,
enamel hypoplasia, nail dystrophy, vitiligo, and alopecia may be considered disfiguring
by the patients with these disorders.

Central Adrenal Insufficiency

Secondary or tertiary adrenal insufficiency may be associated with insufficiency of
other pituitary hormones. Similar to patients with polyglandular autoimmunes syn-
dromes, multi-hormone deficiency states are common and require frequent medication
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administration and dosage adjustment. Long-term issues with decreased fertility and
excessive weight gain due to hypothalamic damage pose the most challenging concerns.

Congenital Adrenal Hyperplasia
Determining the etiology of ambiguous genitalia is an endocrine emergency. Sex

assignment of a newborn has obvious long-term implications, with optimization of adult
sexual and emotional function being the primary goal. Recently, there has been contro-
versy regarding the timing for sex assignment and reconstructive surgery. Members of
the Intersex Society of North America (ISNA) propose that no reconstructive genital
surgery should be performed on children before they are old enough to consent. In
general though, 46,XX patients with CAH, if treated adequately, may be fertile as adult
females. Therefore, the recommendation that 46,XX patients with CAH be raised as
females, with prompt reconstructive surgery if needed, has been the standard of care.
Management of all forms of genital ambiguity benefit from a multi-disciplinary approach
with input from endocrinologists, surgeons, geneticists, and psychologists, allowing
formulation of a consistent long-term plan for the child and family.

Adrenoleukodystrophy

The phenotype of X-ALD is variable with at least 7 clinical subtypes: childhood
cerebral ALD, adolescent ALD, adult cerebral ALD, adrenomyeloneuropathy, Addison’s
disease only, asymptomatic, and heterozygote women. All of these subtypes can be
present within the same family (89). In 6–8% of cases, Addison’s disease is the only
manifestation of ALD. Any male sibling of an affected patient has a 50% chance of also
being affected. Therefore, all male siblings should be screened and if positive, evaluated
for adrenal insufficiency. Any female sibling of a patient has a 50% chance of being a
carrier. Screening should be offered to any female siblings to evaluate the risk of disease
to their children. The major psychosocial consideration in this disease is the anticipation
of progressive neurological deterioration, with limited interventions of proven efficacy.
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INTRODUCTION

Congenital adrenal hyperplasia (CAH) is a family of autosomal recessive disorders
in which there is a deficiency of one of the enzymes necessary for cortisol synthesis (1)
(see Fig. 1). An abnormality in each of the enzymatic activities required for cortisol
synthesis has been described. As a result of the disordered enzymatic step, there is
decreased cortisol synthesis, increased ACTH via the negative feedback system, over-
production of the hormones prior to the enzymatic step or not requiring the deficient
enzyme, and deficiency of the hormones distal to the disordered enzymatic step. Since
certain of the enzymatic steps are required for sex hormone synthesis by the gonad, a
disordered enzymatic step in the gonad, resulting in gonadal steroid hormone deficiency,
may also be present (2).

The symptoms of the disorder depend upon which hormones are overproduced and
which are deficient. As a result, CAH may present with virilization of the affected female
infant and subsequent signs of androgen excess in both males and females, incomplete
virilization of the male and signs of sex hormone deficiency at puberty in both males and
females, salt-wasting crisis secondary to aldosterone deficiency, or hormonal hyperten-
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sion secondary to increased deoxycorticosterone (DOC), a mineralocorticoid (1–6). The
enzymes of adrenal steroidogenesis, their cellular location, the genes encoding the
enzymes, and their chromosomal locations are presented in Table 1. The clinical presen-
tations of this family of disorders is presented in Table 2. This chapter will present an
overview of all of the enzymatic deficiencies resulting in CAH with the most extensive
review of 21-hydroxylase deficiency, the most common, first described, and the most
intensively studied of the enzymatic disorders.

LIPOID ADRENAL HYPERPLASIA

Lipoid adrenal hyperplasia is due to a deficiency of cholesterol desmolase activity. As
a result, there is a deficiency in all of the adrenal hormones: glucocorticoids (cortisol),
mineralocorticoids (aldosterone), and the sex steroids (Fig. 1). In addition, since this
enzymatic activity is necessary for sex hormone synthesis in the gonad, there is also
deficiency of gonadal steroids. Affected infants usually present early in life with salt-
wasting crisis manifested by cardiovascular collapse, hyponatremia, and hyperkalemia.
Males have phenotypically female external genitalia. Females exhibit no genital abnor-
malities. Increased pigmentation, secondary to increased ACTH, may be of such a degree
as to produce “bronzing” in the newborn. Occasionally, infants have been reported to

Fig. 1. Simplified scheme of adrenal steroidogenesis. Two reactions (dotted arrows) occur primarily
in gonads, not in adrenal gland. Chemical names for enzymes shown above or to right of arrows;
circled numbers refer to traditional names: 1) 20,22-desmolase; 2) 3β−hydroxysteroid dehydroge-
nase/isomerase; 3) 21-hydroxylase; 4) 11β−hydroxylase; 5) 17α-hydroxylase; 6) 17,20-lyase; 7)
18-hydroxylase; 8) 18-oxidase; 9) 17β−hydroxysteroid dehydrogenase; 10) aromatase; StAR = ste-
roidogenic acute regulatory protein; DOC = 11-deoxycorticosterone.
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Table 1
Enzymes and Genes of Adrenal Steroidogenesisa

Chromosomal
Enzymatic Activity Enzyme Cellular Location Gene Location

Cholesterol Desmolase P450scc mitochondrion CYP11A1 15q23–q24
(side chain cleavage) (CYP11A1)
3β-Hydroxysteroid 3βHSD endoplasmic HSD3B2 1p13.1
Dehydrogenase (3βHSDII) reticulum
17α-Hydroxylase/17,20 lyase P450c17 endoplasmic CYP17 10q24.3

(CYP17) reticulum
21α-Hydroxylase P450c21 endoplasmic CYP21A2 6p21.3

(CYP21A2) reticulum
11β-Hydroxylase P450c11 mitochondrion CYP11B1 8q21–22

(CYP11B1)
Aldosterone synthase P450c18 mitochondrion CYP11B2 8q21–22
(corticosterone 18- (CYP11B2)
methylcorticosterone
oxidase/lyase)

aAdapted with permission from ref. (1).

present with salt-wasting crisis beyond the newborn period. Because of the gonadal sex
steroid deficiency, males are unable to produce gonadal steroids at the time of puberty.
Affected females may have sufficient gonadal function remaining at puberty to begin
feminization and progress to menarche, but gonadal failure ultimately ensues (Table 2).
Laboratory evaluation in patients with lipoid adrenal hyperplasia reveals low levels of
all steroid hormones, with no response to ACTH or human chorionic gonadotropin
(HCG) administration. ACTH and plasma renin activity (PRA) are very elevated. Imag-
ing studies of the adrenal gland will reveal marked enlargement of the adrenals second-
ary to the accumulation of lipoid droplets. Females with this disorder have normal
internal and external genitalia.

Males, as noted above, are phenotypically female. Males incorrectly diagnosed as
females with adrenal insufficiency have been noted subsequently to have inguinal
gonads, which has led to the correct diagnosis.

Lipoid adrenal hyperplasia is rare. It has been reported in approx 100 patients, the
majority of whom are Japanese. In this disorder, the gene coding for P450 SCC, a
mitochondrial enzyme, has been normal in almost all cases studied  (Table 1). It has now
been established that congenital lipoid adrenal hyperplasia is most often due to a muta-
tion in the gene for steroidogenic acute regulatory protein (StAR). The StAR gene is
located on chromosome 8p11.2 and is expressed in adrenals and gonads. StAR is a
mitochondrial protein that promotes the movement of cholesterol from the outer to the
inner mitochondrial membrane. Recently, mutations in the P450scc gene were described
in two patients with lipoid adrenal hyperplasia: a 46XY patient with a heterozygous
mutation, and a 46XX patient with compound heterozygous mutations. Thus, lipoid
adrenal hyperplasia is the only form of CAH which is not usually caused by a mutation
in a gene coding for a steroidogenic enzyme (7–10).
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Table 2
Clinical and Hormonal Data

Enzymatic deficiency  Signs and symptoms  Laboratory findings  Therapeutic measures

Lipoid CAH Salt-wasting crisis Low levels of all steroid Glucocorticoid and
(Cholesterol desmolase Male hormones, with mineralocorticoid
deficiency) pseudohermaphoditism decreased/absent response to administration

ACTH Sodium chloride
Decreased/absent response to supplementation
HCG in male Gonadectomy of male
pseudohermaphroditism pseudohermaphrodite
↑ACTH Sex hormone replacement
↑PRA consonent with sex of rearing

3β-HSD deficiency Classic form: ↑↑Baseline and ACTH- Glucocorticoid and
Salt-wasting crisis stimulated mineralocorticoid
Male and female ∆5 steroids (pregnenolone, administration
pseudohermaphroditism 17-OH pregnenolone, Sodium chloride
Precocious pubarche DHEA, and their urinary supplementation
Disordered puberty  metabolites) Surgical correction of

↑↑∆5/∆4 serum genitalia and sex hormone
and urinary steroids replacement as necessary
↑ACTH consonent with sex of rearing
↑PRA
Suppression of elevated
adrenal steroids after
glucocorticoid administration

3β-HSD deficiency Nonclassic form: ↑Baseline and ACTH- Glucocorticoid administration
Precocious pubarche, stimulated
disordered puberty, ∆5 steroids (pregnenolone,
menstrual irregularity, 17-OH pregnenolone,
hirsutism, acne, infertility DHEA, and their urinary

metabolites)
↑∆5/∆4 serum and urinary steroids
Suppression of elevated
adrenal steroids after
glucocorticoid administration
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21-OH deficiency Classic form: ↑↑Baseline and ACTH- Glucocorticoid and
Salt-wasting crisis stimulated 17-OH mineralocorticoid replacement
Female  progesterone and Sodium chloride
pseudohermaphroditism pregnanetriol supplementation
Postnatal virilization ↑↑Serum androgens and Vaginoplasty and clitoral

urinary metabolites recession in female
↑ACTH pseudohermaphroditism
↑PRA
Suppression of elevated
adrenal steroids after
glucocorticoid administration

21-OH deficiency Nonclassic form: ↑Baseline and ACTH- Glucocorticoid administration
Precocious pubarche, stimulated 17-OH
disordered puberty, progesterone and
menstrual irregularity, pregnanetriol
hirsutism, acne, infertility ↑Serum androgens and

urinary metabolites
Suppression of elevated
adrenal steroids after
glucocorticoid administration

11β-Hydroxylase Classic Form: ↑↑Baseline and ACTH- Glucocorticoid
deficiency Female stimulated compound S administration

pseudohermaphroditism and DOC and their Vaginoplasty and
Postnatal virilization urinary metabolites clitoral recession
in males and females ↑↑Serum androgens and in female
Hypertension their urinary metabolites pseudo-

↑ACTH hermaphroditism
↓PRA
 Hypokalemia
Suppression of elevated
steroids after glucocorticoid
administration

(continued)
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Table 2 (continued)
Clinical and Hormonal Data

Enzymatic deficiency  Signs and symptoms  Laboratory findings  Therapeutic measures

17α-OH/17,20 Male ↑↑DOC, 18-OH DOC, Glucocorticoid
lyase deficiency pseudohermaphroditism corticosterone administration

Sexual infantilism 18-hydroxycorticosterone Surgical correction
Hypertension Low 17α-hydroxylated of genitalia and sex

steroids and poor response hormone
to ACTH replacement in male
Poor response to HCG pseudohermaphro-
in male ditism consonant
pseudohermaphrod- with sex or rearing
itism Sex hormone
↓PRA replacement in
↑ACTH female
Hypokalemia
Suppression of elevated
adrenal steroids after
glucocorticoid
administration

Adapted with permission from ref. (83).
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3β HYDROXYSTEROID (3β HSD)/∆4,5-ISOMERASE DEFICIENCY

3β HSD/∆4,5-Isomerase deficiency is also a rare form of CAH occurring in fewer than
5% of patients. As can be seen in Figure 1, 3β HSD/∆4,5-Isomerase is necessary for the
conversion of pregnenolone to progesterone, 17-hydroxypregnenelone to 17-hydroxy-
progesterone, and dehydroepiandrosterone (DHEA) to ∆4-androstenedione. Decreased
ability to convert these ∆5 steroids to ∆4 steroids results in decreased synthesis of
cortisol, aldosterone, and androstenedione. In the testes, it results in decreased ability to
form testosterone. The deficiency of cortisol results in increased ACTH with over-
production of ∆5 steroids, including DHEA. The increased level of DHEA is sufficient
to result in some virilization of the external genitalia in affected females, although the
virilization is not as marked as in the other forms of virilizing CAH, 21-hydroxylase defi-
ciency and 11-hydroxylase deficiency. Female infants with 3β HSD/∆4,5-Isomerase
deficiency may have clitoromegaly and partial fusion of the labial folds. Males with this
disorder manifest a deficiency of prenatal testosterone and are born with varying degrees
of ambiguity of the external genitalia ranging from hypospadius to more significant
degrees of incomplete virilization with partial fusion of the scrotal folds. Most infants
with 3β HSD/∆4,5-Isomerase deficiency have aldosterone deficiency and present in the
newborn period with salt-wasting crisis. Postnatally there is continued excessive DHEA
secretion with growth acceleration and the early onset of pubic and/or axillary hair.
Symptoms of ongoing excessive adrenal androgens include hirsutism, acne, menstrual
irregularity or amenorrhea, and infertility. Increased pigmentation of skin creases occurs
secondary to increased ACTH. Laboratory evaluation reveals elevation of the ∆5 ste-
roids, specifically the diagnostic hormone 17-hydroxypregnenolone, and DHEA, with
a further rise following ACTH stimulation, to levels of 10,000–60,000 ng/dL and 3000–
12,000 ng/dL, respectively. The ratios of ∆5 to ∆4 steroids (17-hydroxypregnenolone/
17-hydroxyprogesterone and DHEA/androstenedione) post ACTH stimulation have
been reported to reach 18–25 and 18–30, respectively. Males with this disorder have
been reported to undergo normal male puberty. However, this occurs with marked eleva-
tion of the ∆5 steroids sufficient to produce adequate levels of testosterone. ACTH levels
are increased, and in those with aldosterone deficiency, plasma renin activity is mark-
edly elevated as well. Glucocorticoid administration results in a decrease in ACTH
followed by a decrease in the overproduced adrenal androgens (Table 2).

The 3β HSD enzyme, located in the endoplasmic reticulum, mediates both 3β HSD
and isomerase activities. (Table 1) 3β HSD/∆4,5-Isomerase deficiency is due to a mu-
tation in the HSD3β2 gene, located on chromosome 1. A number of mutations in this
gene have been described. In the past, signs of mild androgen excess in children and
adults (precocious pubarche, acne, hirsutism, menstrual problems) have been attributed
to a non-classic form of 3β HSD deficiency in which a less severe enzymatic deficiency
results in lesser elevations of the ∆5 steroids and ∆5/∆4 ratios. Although mutations in the
3β HSD gene have been described in premature pubarche, a number of children and
adults thought to have non-classic 3β HSD deficiency have been demonstrated to have
normal 3β HSD genes, bringing into question the diagnosis and suggesting that hor-
monal criteria remain to be established for the diagnosis of the non-classic or mild form
of the disease (11–16).
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17-HYDROXYLASE/17,20 LYASE DEFICIENCY

17-hydroxylase/17,20 lyase deficiency is another relatively rare form of CAH,
described in 125 to 150 patients. In this disorder, there is a deficiency of 17-hydroxyla-
tion by which pregnenolone and progesterone are converted to 17-hydroxypregnenolone
and 17-hydroxyprogesterone, and deficiency as well in the 17,20 lyase reaction resulting
in the conversion of 17-hydroxypregnenolone and 17-hydroxyprogesterone to DHEA
and ∆4-androstenedione, respectively (Fig. 1). Similar to other forms of CAH, the
deficiency in cortisol results in increased ACTH. Overproduction of DOC, a mineralo-
corticoid, ensues, producing hypertension and hypokalemia that may be the presenting
symptoms. Because this enzymatic deficiency is present also in the gonad, there is a
deficiency of sex steroids as well, so that affected males are incompletely virilized and
are phenotypically female or ambiguous. These males are unable to undergo normal
male puberty due to testosterone deficiency. Affected females have normal female
external genitalia and may present with failure of sexual development at adolescence
(Table 2). Rarely, patients have been described with isolated 17,20 lyase deficiency.
17-hydroxylase/17,20 lyase deficiency is diagnosed by the presence of low levels of all
17-hydroxylated steroids, with a poor response to ACTH and HCG administration.
Levels of DOC (10–40×), 18-OH DOC (30–60×), corticosterone (B) (30–100×) and
18-OHB (10×) are markedly elevated and PRA and aldosterone are suppressed. Gluco-
corticoid administration results in suppression of the overproduced hormones. As DOC
is suppressed, there is resolution of the volume expansion and PRA increases, thus
stimulating aldosterone secretion.

P450c17, found in the endoplasmic reticulum, is responsible for catalyzing steroid
17-hydroxylation and 17,20 lyase reactions. It is coded for by a gene located on chromo-
some 10 expressed both in the adrenal cortex and in the gonads (Table 1). Approximately
20 different genetic lesions have been documented in these patients. The molecular basis
for isolated 17,20 lyase deficiency has been elucidated (17–19).

21-HYDROXYLASE DEFICIENCY

21-hydroxylase deficiency is the most common form of CAH, affecting approx 90%
of individuals with CAH. It occurs with a world-wide frequency of approx 1:15,000
newborns, with increased frequency among certain ethnic groups (Yupik Eskimos;
LaReunion, France). In this disorder, there is decreased ability to 21-hydroxylate proges-
terone and 17-hydroxyprogesterone to DOC and 11-deoxycortisol (S), respectively
(Fig. 1). As a result, there is decreased cortisol secretion, increased ACTH, adrenal
hyperplasia, and overproduction of the steroids prior to 21-hydroxylation. 17-hydroxy-
progesterone is the most elevated and is the diagnostic hormone in this disorder. There
is overproduction of the adrenal androgens, especially ∆4-androstenedione, and by
peripheral conversion, testosterone, resulting in virilization, the hallmark of this disorder.

In addition, approx 2/3 of these patients will have aldosterone deficiency presenting
with salt-wasting crisis in the newborn period, most often between 1 wk and 1 mo of-age.
Salt-wasting may become manifest later in infancy and occasionally beyond the time of
infancy, often in the setting of an intercurrent illness. Because this disorder begins in
utero, the female fetus is exposed to excessive adrenal androgens resulting in virilization
of the external genitalia ranging from clitoromegaly, with or without mild degrees of
labial fusion, to marked virilization of the external genitalia such that the female infant
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appears to be a male infant with hypospadius (occasionally with the appearance of a
penile urethra) and undescended testes. There is a urogenital sinus with one outflow track
to the perineum. As with all forms of CAH, a female infant will have normal ovaries,
fallopian tubes, uterus, and proximal vagina.

Post-natally, there is continued virilization with progressive clitoromegaly and penile
enlargement, rapid growth, and premature development of pubic and/or axillary hair.
Additionally, signs of androgen excess secondary to late or inadequate treatment include
acne, delayed menarche or primary amenorrhea, menstrual irregularity, hirsutism, and
infertility. Although rapid growth and tall stature are present in early childhood, bone age
advancement is greater than height advancement, resulting in short final height in late
or poorly treated patients. True precocious puberty may occur with bone age advance-
ment to 10 yr or older, contributing to short final height. Increased ACTH secretion
results in increased pigmentation of skin creases, nipples, and genitalia. Unilateral tes-
ticular enlargement may occur secondary to stimulation of adrenal rest tissue and forma-
tion of adrenal rest tumors (Table 2).

A milder non-classic form of 21-hydroxylase deficiency is well recognized. It occurs
most commonly in Ashkenazi Jews with an estimated frequency of 0.1%. There is no
salt-wasting in the non-classic disorder and female genitalia are normal at birth. Signs
of androgen excess may appear in childhood; premature pubarche, acne, hirsutism,
menstrual irregularity, and infertility may be presenting symptoms. Males with this
disorder may also present with unilateral testicular enlargement similar to males with the
classical disorder (Table 2).

The diagnostic hormone in 21-hydroxylase deficiency is 17-OH progesterone. Levels
in the classic form are markedly elevated throughout the day in the range of 10,000–
100,000 ng/dL and rise to levels of 25,000–100,000 ng/dL or greater following ACTH
stimulation. Androstenedione levels are also elevated and may be in the range of 250 ng/dL
to greater than 1000 ng/dL. Testosterone levels are elevated to a variable degree and
range from an early male pubertal level to levels in the adult male range (350–1000 ng/dL).
The 24-h urinary excretion of pregnanetriol and 17-ketosteroids, the metabolic products
of 17-hydroxyprogesterone and androgens, respectively, are also elevated. The elevated
serum and urinary hormones promptly decrease following glucocorticoid administra-
tion. ACTH levels are increased throughout the day in classic 21-OH deficiency and
PRA and PRA/aldosterone are increased in overt or subtle salt-wasting. Salt-wasting
crisis presents with hyponatremia, hyperkalemia, acidosis, and azotemia. Hypoglyce-
mia may also be present. Cortisol levels may be decreased or in the normal range but
usually do not increase with ACTH, indicating that the adrenal gland has maximally
compensated for the enzymatic deficiency. Laboratory findings are less marked in the
non-classic form. 17-hydroxyprogesterone may be only mildly elevated particularly if
drawn in late morning or afternoon, paralleling the diurnal pattern of ACTH. Following
ACTH administration, 17-hydroxyprogesterone rises to levels of 2000-10,000 ng/dL.
Serum androgens are also less elevated compared to the classic form. Glucocorticoid
administration results in a prompt decrease in the elevated hormones. Basal cortisol
levels are normal and usually increase normally in response to ACTH administration
(Table 2).

21-hydroxylation is mediated by P450c21, found in the endoplasmic reticulum
(Table 1). The gene for P450c21 was initially mapped to within the HLA complex on
the short arm of chromosome 6 between the genes for HLA-B and DR, by HLA studies



236 Part III / Levine and Oberfield

of families with classic CAH. In these studies, it was demonstrated that within a family,
all affected siblings were HLA-B identical and different from their unaffected siblings.
Family members sharing one HLA-B antigen with the affected index case were predicted
to be heterozygote carriers of the CAH gene and family members sharing no HLA-B
antigen with the affected index case were predicted to be homozygous normal. Subse-
quently, molecular genetic analysis demonstrated that there are two highly homologous
human P450c21 genes - one active (CYP21B, CYP 21A2) and one inactive (CYP21P,
CYP21A). The two genes are located in tandem with two highly homologous genes for
the fourth component of complement (C4A, C4B). A number of other genes of known
and unknown function are also located in this cluster.

The genetic mutations in patients with 21-OH deficiency have been extensively stud-
ied. Most patients are compound heterozygotes, having a different mutation on each
allele. The severity of the disease is determined by the less severely affected allele.
Approximately 75% of mutations are recombinations between the inactive CYP21A
gene and the active CYP21A2 gene, resulting in microconversions. Large gene conver-
sions and gene deletions also occur.

The classic form of the disorder results from the combination of two severe deficiency
genes, while the non-classic form of the disease results from a combination of a severe
CYP21A2 deficiency gene (found in the classic form of the disease) and a mild CYP21A2
deficiency gene or a combination of two mild deficiency genes. Point mutations, gene
conversions, and gene duplications have been found in the mild CYP21A2 deficiency
genes. A valine to leucine substitution in codon 281 is a frequently found point mutation
and is highly associated with HLA-B14DR1 (1–6).

11β-HYDROXYLASE DEFICIENCY

CAH due to 11β-hydroxylase deficiency accounts for approx 5% of reported cases of
CAH. It occurs in approximately 1:100,000 births in a diverse Caucasian population but
is more common in Jews of North African origin. In this disorder, the enzymatic defi-
ciency results in a block in 11-hydroxylation of 11-deoxycortisol (compound S) to
cortisol and 11-deoxycorticosterone (DOC) to corticosterone (B). Decreased cortisol
results in increased ACTH and adrenal hyperplasia and overproduction of 11-deoxy-
cortisol and DOC. As in 21-hydroxylase deficiency, there is shunting into the androgen
pathway with overproduction of adrenal androgens, especially androstenedione, and by
peripheral conversion, testosterone (Fig. 1).

This results in virilization, similar to 21-hydroxylase deficiency, with prenatal viril-
ization of the female fetus, and postnatal virilization of affected males and females. The
excessive DOC secretion results in sodium and water retention and plasma volume
expansion. Hypertension and hypokalemia may ensue.

The diagnosis of 11β-hydroxylase deficiency is based upon marked elevation of
serum 11-deoxycortisol (1400–4300 ng/dL) and DOC (183–2050 ng/dL). Increased
excretion of their metabolites tetrahydro-11-deoxycortisol (THS) and tetrahydro-
11-deoxycorticosterone (TH-DOC)in a 24-h urine can confirm the diagnosis. Serum
androstenedione and testosterone and urinary ketosteroids are also elevated. PRA and
aldosterone are suppressed secondary to the volume expansion mediated by the exces-
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sive DOC, and hypokalemia may also be present. Glucocorticoid therapy results in
suppression of the excessive S, DOC, and androgens. As DOC is suppressed, there is
remission of the volume expansion, PRA and aldosterone rise and hypokalemia reverses.
A milder form of 11-hydroxylase deficiency has also been reported, presenting in later
childhood, adolescence, or adulthood with signs of androgen excess: premature pubarche,
acne, hirsutism, menstrual irregularity, and infertility (Table 2).

P450c11β, a mitochondrial enzyme, is coded for by CYP11B1. It mediates
11β-hydroxylation in the zona fasciculata leading to cortisol synthesis. P450c18, also
located in the mitochondria and coded for by CYP11B2, mediates 11β-hydroxylase,
18-hydroxylase, and 18-oxidase activities in the zona glomerulosa leading to aldoster-
one synthesis. These genes lie on chromosome 8q21–22 (Table 1). CAH due to
11β-hydroxylase deficiency results from a mutation in the CYP11B1 gene. A number of
mutations in this gene have been reported in patients with 11β-hydroxylase deficiency.
Almost all Moroccan Jewish patients with this disorder have a point mutation in codon
448 in CYP11B1, resulting in an arginine→histidine substitution (20–23).

THERAPY, MONITORING, AND OUTCOME

The principle of therapy of CAH is to replace the hormones that are deficient and to
decrease the hormones that are overproduced. Glucocorticoids have been the mainstay
of treatment for over 50 yr. As noted previously, administration of glucocorticoid reduces
ACTH overproduction, reverses adrenal hyperplasia, and reduces the levels of hormones
that are overproduced—androgens in the virilizing disorders (21-hydroxylase,
11-hydroxylase, 3β HSD/∆4,5 Isomerase deficiencies) and DOC in the hypertensive
disorders (11-hydroxylase, 17-hydroxylase). In the salt-wasting disorders (Lipoid
Adrenal Hyperplasia, 3β HSD/∆4,5 Isomerase, 21-Hydroxylase), mineralocorticoid
and sodium supplementation are provided. In disorders with sex steroid deficiency
(Lipoid Adrenal Hyperplasia, 17-Hydroxylase, 3βHSD/∆4,5 Isomerase) sex hormone
replacement consonant with the sex of assignment is necessary. Surgical correction of
ambiguous genitalia may also be necessary.

The objective of therapy is to achieve normal growth and pubertal development,
normal sexual function and normal reproductive function, in those disorders with poten-
tial fertility. Therapy must be individualized according to the clinical course and
hormonal levels.

Glucocorticoid
Hydrocortisone is most commonly used in childhood. Because of the short half life,

3 daily divided doses are generally recommended. The dose of hydrocortisone is usually
in the range of 10–20 mg/m2/d. Lower doses can often be used in the non-classical
disorders. Whether the dose should be equally divided or a higher dose given in the
morning or in the evening is controversial. Some pediatric endocrinologists prefer cor-
tisone acetate intramuscularly 15–20 mg every 3 d for the first 2 yr of life. Equivalent
doses of longer acting steroids, such as prednisone or dexamethasone, may be used in the
older adolescent/young adult, allowing for less frequent dosing. The longer acting ste-
roids are used less frequently in the growing child because of concern in regard to
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overtreatment, although there are reports of successful treatment with the more potent
steroids in childhood (1–6,24).

Mineralocorticoid and Salt
In the presence of aldosterone deficiency, florinef, a synthetic mineralocorticoid is

administered. The dose is usually between 0.1–0.3 mg daily. Sodium chloride supple-
mentation, 1–3 g daily is necessary, especially in the infant and young child. As sodium
chloride in the diet increases, it may be possible to decrease and ultimately discontinue
sodium supplementation. Similarly, there may be a decreasing dose requirement for
florinef.

Sex Steroids
In those conditions with sex steroid deficiency (Lipoid Adrenal Hyperplasia, 17-

hydroxylase, 3β HSD/∆4,5 Isomerase), sex hormone replacement therapy to induce or
maintain normal secondary sexual characteristics may often be required. Therapy is
begun at an age appropriate for puberty and the achievement of a satisfactory final
height. Estrogen therapy to induce breast development is often begun with premarin. A
progestational agent is added to induce menses in the genetic female, and therapy is often
subsequently changed to an oral contraceptive agent. Testosterone enanthate is used to
induce male pubertal changes. The newer testosterone patches may also be used. Men-
strual irregularity or amenorrhea may occur in females with the virilizing disorders. Oral
contraceptives may also be used in these patients.

Genitalia Surgery

In females with virilizing forms of CAH, surgical correction of the genitalia may be
necessary depending on the degree of virilization. If significant clitoromegaly is present
but not marked, clitoral recession may be possible. The clitoris is freed and repositioned
beneath the pubis, with preservation of the glans, corporal components, and all neural
and vascular elements. If there is marked clitoromegaly, the clitoris is reduced, with
partial excision of the corporal bodies and preservation of the neurovascular bundle.
Vaginoplasty and correction of the urogenital sinus is usually performed at the time of
clitoral surgery. This initial surgery most often is performed within the first year of life;
later revision may be necessary.

In conditions with gonadal sex hormone deficiency resulting in incomplete viriliza-
tion of the external genitalia in the genetic male, surgical correction to conform with the
sex of rearing is often necessary. Males with lipoid adrenal hyperplasia have phenotypi-
cally normal female genitalia and are raised as females. A gonadectomy is performed to
avoid the risk of gonadal malignancy. The degree of genital ambiguity in males with 3β
HSD/∆4,5 Isomerase or 17-hydroxylase deficiencies is variable and ranges from pheno-
typically female to male with hypospadius. In those given a female sex assignment,
gonadectomy and surgery to create normal female appearing external genitalia are per-
formed. In incompletely virilized males given a male sex assignment, corrective surgery
may include repair of hypospadius, orchiopexy, and phalloplasty.

Our present practices in regard to genital surgery in infants with intersex problems are
currently undergoing intensive re-examination and re-evaluation. It has been suggested
by some patient groups and professionals that surgery should not be performed until the
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child can participate in the decision. The need for better education of parents, more
attention to psychosocial issues, and better communication between all the involved
professionals, parents, and patients is clearly demonstrated in reports of problematic
psychosocial outcome in intersex patients. Many groups are exploring methods to
improve outcome but there is, at the present time, no clear consensus how this can be
achieved (25–28).

LHRH Agonists

Precocious puberty may occur in late diagnosed or poorly controlled children whose
bone ages are advanced to 10 yr or more. Lutenizing hormone releasing hormone (LHRH)
agonists have been used to delay puberty, retard bone age advancement, and prolong the
time available for continued growth. The dose of Lupron Depot-Ped, commonly used
in the US, is similar to that used in non-CAH children with precocious puberty, approx
0.3 mg/kg im every 28 d (29).

Other Treatments
Use of a combination of an anti-androgen (to block androgen effect) and an aromatase

inhibitor (to block conversion of androgen to estrogen) with reduced hydrocortisone
dose has been reported in a 2-yr study. The preliminary report suggests this regimen is
efficacious, resulting in normal growth and normal bone age advancement (30,31).

There have been preliminary reports of growth hormone treatment, with or without
LHRH agonists, in children with CAH. Initial data suggests improvement in predicted
adult height but long-term results and final heights have not been reported (32,33).

Adrenalectomy has been reported in children with salt-wasting 21-OH deficiency and
11-OH deficiency who could not be well controlled medically (34–37).

Long-term studies of these new treatment regimens are required to determine if they
result in better final outcome.

Monitoring
Therapy is evaluated by clinical course and appropriate hormonal levels. Normal gain

in height and weight, normal onset and progress of puberty, absence of signs of androgen
excess in virilizing disorders (rapid growth, acne, hirsutism, phallic enlargement),
normotension in the hypertensive disorders and in patients on mineralocorticoid and/or
salt replacement are goals of therapy. Glucocorticoid excess results in poor growth,
excess weight gain  and Cushingoid appearance. Inadequate sodium repletion may result
in poor growth and worsening of hormonal control while inadequate androgen suppres-
sion results in rapid growth and bone age advancement. Hormonal monitoring includes
measurement of adrenal androgens in the virilizing disorders, PRA in the salt-losing
disorders, and PRA and DOC in the hypertensive disorders.

Measurement of the precursor hormones, such as 17-OH progesterone in 21-hydroxy-
lase deficiency, compound S in 11-OH deficiency, and 17-OH pregnenolone in 3β HSD/
∆4,5 Isomerase deficiency should also be performed (Table 2).

The aim of therapy is to keep the precursor hormones in a range sufficiently low to
maintain adrenal androgens in the normal range in the virilizing disorders. PRA should
be in the high normal range in the salt-wasting disorders. PRA and DOC should be in the
normal range in the hypertensive disorders.
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The optimal time and relationship to dose for the hormonal measurements are not
established. Early morning bloods before the morning glucocorticoid dose and ran-
dom bloods drawn while on the usual therapeutic regimen are utilized. Measurement
of 24-h excretion of urinary metabolites can provide an additional measure of
control (1–6).

Outcome
The outcome of treatment of CAH due to 21-hydroxylase deficiency has been the most

extensively reported. Normal final height and normal pubertal development, sexual
function, and fertility have been reported. However, there have been frequent reports of
short stature, disordered puberty, menstrual irregularity, infertility, inadequate vaginal
reconstruction, and lack of sexual function. Cross-gender development and gender
change from female to male have occurred (1–6,26,28,38–50). Recently, decreased bone
mineral density in adult women with CAH has been reported (51).

It is hoped that earlier diagnosis by newborn screening, the development of improved
methods to monitor these patients, improved surgical techniques, and new therapies will
result in better outcome.

The increased awareness of psychosocial issues and the need for extensive psycho-
logic support for patients and families as well as the current re-examination and discus-
sion of issues relating to genital surgery should contribute to the development of more
successful therapy and better outcome.

PRENATAL DIAGNOSIS AND TREATMENT OF CAH

Prenatal Diagnosis of CAH
There have been numerous reports of the prenatal diagnosis and treatment of CAH due

to 21-hydroxylase deficiency. Initially, the prenatal diagnosis of CAH due to 21-OH
deficiency was based upon elevated levels of 17-hydroxyprogesterone and androstene-
dione (and testosterone in females) in amniotic fluid of a pregnancy at risk. The demon-
stration of genetic linkage between CAH due to 21-OH deficiency and HLA made
possible the prenatal prediction of the disorder by HLA genotyping of cultured amniotic
fluid cells and cultured chorionic villous cells. A fetus HLA identical to the affected
index case would be predicted to be affected. The fetus that has one HLA haplotype in
common with the index case would be predicted to be a heterozygous carrier, and the
fetus in which both HLA haplotypes are different from the index case would be predicted
to be homozygous normal. Molecular genetic analysis of DNA extracted from chorionic
villous cells or amniocytes for P450c21B, C4, HLA class I and II genes has largely
replaced hormonal evaluation and HLA genotyping in the prenatal diagnosis of CAH due
to 21-hydroxylase deficiency. Causative mutations can now be identified in 95% of
chromosomes by 21B gene analysis. A newly developed, rapid allele-specific poly-
merase chain reaction has recently been used for prenatal diagnosis. Determination of
satellite markers may also be informative. Mutations not detected by this approach can
be characterized by Southern blot analysis or direct sequencing of CYP21B genes. De
novo mutations, found in patients with CAH but not in parents, are found in 1% of
disease-causing CYP21B mutations (1–6,52,53).
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Prenatal diagnosis of 11β-hydroxylase deficiency has been made utilizing measure-
ment of amniotic fluid 11-deoxycortisol and THS and DNA analysis of chorionic villus
cells (51,52). Lipoid adrenal hyperplasia has also been diagnosed prenatally using ultra-
sonography, amniotic fluid hormone levels and maternal plasma and urinary hormone
measurements (56,57). Theoretically, all forms of CAH can now be diagnosed prenatally
by DNA analysis of chorionic villus cells.

Prenatal Treatment of CAH
Successful prenatal treatment of CAH due to 21-OH deficiency to prevent virilization

of a female fetus was first reported in 1984. In a pregnancy at risk, dexamethasone 0.5 mg
twice daily was administered to the mother from 5 wk of fetal age. The fetus was identified
as an affected female by karyotyping and HLA genotyping of amniotic cells, and dexam-
ethasone was continued to term. The infant had normal genitalia at birth and was con-
firmed to be affected. In a second pregnancy in this report, administration of hydrocortisone
to the mother resulted in an affected female with minimally virilized genitalia (58).

Since this initial report, there have been at least 88 CAH female infants treated prena-
tally. Dexamethasone, in doses as low as 0.5 mg to as high as 2 mg/d, has been admin-
istered in 1–4 divided doses. In some cases, treatment was interrupted for 5–7 d before
amniocentesis, and in a few cases treatment was discontinued at 21–26 wk.

All newborns in whom treatment was initiated after 10 wk of fetal age or in whom
treatment was discontinued by the end of the second trimester were severely virilized.
In those treated from early in the first trimester to birth, treatment was considered suc-
cessful and surgical correction unnecessary in 83% and not effective in 17%. Variability
in maternal metabolic clearance and placental metabolism may contribute to the vari-
ability of results in addition to inadequate dosing and interruption or delay in treatment.

Spontaneous abortion, late pregnancy fetal demise, intrauterine growth retardation,
liver steatosis, hydrocephalus, agenesis of the corpus callosum, and hypospadius with
unilateral cryptochidism occasionally have occurred in short-term treated unaffected
pregnancies or longer treated affected pregnancies. These events have not been consid-
ered to be related to the treatment. In long-term follow-up of most infants treated pre-
natally until midgestation or throughout the pregnancy, development seems to be normal,
and growth has been consistent with the family pattern and the other affected siblings.
However, the long-term follow-up is limited and most infants have been followed only
for a brief period of time. Detailed neuropsychologic evaluations have not been reported.
Rare adverse events including failure to thrive and psychomotor and psychosocial delay
in development have been observed but cannot be definitively ascribed to the prenatal
therapy (52,53,59–62).

In a recent preliminary report, cognitive and behavioral development of young chil-
dren aged 6 mo to 5 yr treated prenatally with dexamethasone (DEX) because of CAH
risk was assessed by mother-completed standard questionnaires and compared with
development of children from untreated CAH at risk pregnancies. No significant differ-
ences in cognitive abilities or behavior problems were identified. Dex-exposed children
were reported to demonstrate more shyness, emotionality and avoidance, and less socia-
bility than unexposed children (63).

Successful prenatal treatment has also been reported in 11β-hydroxylase deficiency (55).
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Maternal Complications of Prenatal Treatment of CAH
There have been a number of reports of maternal adverse effects of prenatal dexam-

ethasone treatment. The frequency of adverse effects has varied from approx 1/3 to 100%
in mothers treated until delivery. The most common problem reported has been marked
weight gain, found in 1/4 to 100% of mothers in various reports. Other side effects
include edema, irritability, nervousness, mood swings, hypertension, glucose intoler-
ance, epigastric pain, gastroenteritis, Cushingoid facial features, increased facial hair
growth, and severe striae with permanent scarring. Studies of possible long term mater-
nal adverse effects have not been reported (60,62,64).

The maternal effects have prompted decreasing the dose or discontinuing the treat-
ment. Non-compliance and unsatisfactory genital outcome may have resulted. Symp-
toms of glucocorticoid deficiency following tapering or discontinuing treatment have
been rarely observed (59).

Maternal anxiety about short and long term side effects of prenatal dexamethasone
treatment on the fetus and child and on the mother has been documented (65). In one
report, 1/3 of all dexamethasone treated mothers stated they would not undergo prenatal
treatment again (62).

Protocol for Prenatal Treatment of CAH
Prenatal treatment of CAH due to 21-OH deficiency appears to be effective in ame-

liorating the virilization of the affected female fetus. However at present, the short and
long-term complications to the fetus and mother are not fully defined. Therefore, parents
seeking genetic counseling should be fully informed of the presently unknown long term
side effects on treated mothers and prenatally treated children, the known possible
maternal side effects, and the variable genital outcome (66).

Treatment should be offered only to patients who have a clear understanding of the
possible risks and benefits and who are able to comply with the need for very close
monitoring throughoutpregnancy and, postnatally, continued follow-up of the prena-
tally treated child. In the presence of maternal medical or mental conditions that may
be worsened by dexamethasone treatment, such as hypertension, overt gestational dia-
betes, or toxemia, treatment should not be undertaken or undertaken only with extreme
caution (59).

Maternal monitoring for physical, hormonal, and metabolic changes should begin at
the initiation of treatment and should be continued throughout the pregnancy. Treatment
should be initiated in the 5th to 7th wk of gestation with dexamethasone, at a dose of
approx 20–25 µg/kg/d, given in two–three divided doses. Chorionic villus sampling in the
9  wk for prenatal diagnosis should be performed with karyotyping and HLA/21B/C4 gene
analysis (HLA typing if gene analysis is not available) of chorionic villus cells. If chori-
onic villus sampling is performed in the 10th to 11th wk, a small amount of amniotic fluid
can be obtained for hormonal analysis as well, to obtain some measure of fetal adrenal
suppression. If the fetus is a male or an unaffected female, treatment is discontinued. If
the fetus is an affected female, or if prenatal diagnosis by chorionic villus sampling is
unsuccessful or not performed, treatment is continued. If necessary, amniocentesis is
performed at 15 wk with genetic analysis of amniocytes and hormonal determination in
amniotic fluid. If the fetus is an affected female, treatment is continued to term.

It is important to note that if the mother is receiving treatment with dexamethasone,
hormonal analysis of amniotic fluid cannot be relied on for prenatal diagnosis.
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Serum estriol level to evaluate adequacy of fetal adrenal suppression and fasting
blood sugar should be determined monthly, and an oral glucose tolerance test should be
performed during the second and third trimesters. Prompt intervention in the presence
of excessive weight gain, increased blood pressure, and glucose intolerance or other
side effects should be instituted. Consideration should be given to reducing the dose of
dexamethasone during the second and third trimesters (52,53,59).

NEWBORN SCREENING FOR CAH

The development in 1977 of the methodology to measure 17-hydroxyprogesterone in
a heel stick capillary blood specimen on filter paper made possible newborn screening for
CAH due to 21-OH deficiency (67). Shortly thereafter, a pilot newborn screening pro-
gram was developed in Alaska (68). Screening programs have been developed world-
wide in various countries including Brazil, Canada, France, Germany, Israel, Japan, New
Zealand, Portugal, Saudi Arabia, Scotland, Spain, Sweden, and Switzerland. More than
20 states in the US include CAH due to 21-OH deficiency in their screening programs.

All CAH newborn screening programs employ the measurement of 17-OH progester-
one in a filter paper blood spot sample obtained by the heel prick technique concurrently
with samples collected for newborn screening of other disorders. Data on more than 17
million neonates screened is available. The disorder occurs in 1 of 21,000 newborns in
Japan, 1 of 10,000-16,000 in Europe and North America, 1 in 5000 in La Reunion, France,
and 1 of 300 in Yupik Eskimos of Alaska. About 75% of affected infants have the salt-
losing form and 25% have the simple virilizing form of the disorder. The non-classic form
is not reliably detected by newborn screening and its frequency remains to be established.
Almost all of the screening programs use a single sample screening test, although a number
of programs perform a second test on the initial sample in the presence of a borderline level
on the initial screening, and a few programs utilize two sample screenings. Accurate
measurement of serum 17-hydroxyprogesterone requires an assay with high specificity
with an extraction step because of the many cross reacting steroids present. Cut-off levels
of 17-OH progesterone have been established by each screening laboratory. The majority
of false-positive results have occurred in low birth weight and premature births since 17-
OH progesterone levels are generally higher in premature infants. Separate normative
reference levels based on birth weight or gestational age have been developed, which
have minimized the false positive rates among this population of newborns. The false
negative rate for screening is very low (67–82).

CONCLUSION

Our understanding of the pathophysiology of the disorders of adrenal steroidogenesis
which result in Congenital Adrenal Hyperplasia expanded markedly in the second half
of the twentieth century. The clinical spectrum of these disorders and their biochemical
basis; the cellular locations, function, and abnormalities of the affected enzymes; and the
genes encoding these enzymes and the molecular mutations resulting in CAH have been
elucidated. Prenatal diagnosis and treatment and newborn screening are now possible.
Despite 50 yr of treatment however, the optimal therapy eludes us and efforts must
continue in the 21st century to develop better treatment protocols to achieve more suc-
cessful outcomes in these disorders.
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INTRODUCTION

Although the initial description of the adrenal glands was made by Eustachio in 1563,
it wasn’t until 1912 that Harvey Cushing first described the classical Cushing syndrome.
At that time, he thought that the syndrome that later bore his name could only result from
tumors of the anterior pituitary or adrenal cortex. It was not until 1962 that the first case
of ectopic Cushing syndrome was described. Over the last 3 decades, significant advances
in the nosology and therapy of Cushing syndrome have been made.

Cushing syndrome is a multisystem disorder resulting from the body’s prolonged
exposure to excess production of glucocorticoids. It is characterized by truncal obesity,
growth deceleration, characteristic skin changes, muscle weakness, and hypertension
(1). Most commonly, Cushing syndrome in childhood results from the exogenous
administration of glucocorticoids. However, in this chapter, we will only analyze the
causes and discuss the treatment of endogenous Cushing syndrome.

NORMAL HYPOTHALAMIC-PITUITARY-ADRENAL AXIS

Corticotropin releasing hormone (CRH) is synthesized in the hypothalamus and car-
ried to the anterior pituitary in the portal system. CRH stimulates corticotropin (ACTH)
release from the anterior pituitary, which in turn stimulates the adrenal cortex to secrete
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cortisol (hypothalamic-pituitary-adrenal or HPA axis) (2,3). Cortisol inhibits the syn-
thesis and secretion of both CRH and ACTH in a negative feedback regulation system
(Fig. 1A). In Cushing syndrome, the HPA axis has lost its ability for self-regulation,
because of excessive secretion of either ACTH or cortisol and the loss of the negative
feedback function (Fig. 1B). Diagnostic tests, on the other hand, take advantage of the
tight regulation of the HPA axis in the normal state and its disturbance in Cushing
syndrome to guide therapy towards the primary cause of this disorder.

EPIDEMIOLOGY AND ETIOLOGY

Cushing syndrome is a rare entity, especially in children (1). The overall incidence of
Cushing syndrome is approx 2–5 new cases per million people per year. Only approx 10%
of new cases each year occur in children. As in adult patients, there is a female to male
predominance in children, that decreases with younger age; there may even be a male to
female predominance in infants and young toddlers with Cushing syndrome (1–3).

The most common cause of Cushing syndrome in children is exogenous or iatrogenic
Cushing syndrome. This is the result of chronic administration of glucocorticoids or
ACTH. Glucocorticoids are being used frequently for the treatment of many non-endo-
crine diseases including pulmonary, autoimmune, hematologic and neoplastic disorders.
In addition, ACTH is being used for the treatment of certain seizure disorders.

Fig. 1. (A) (Left panel) Physiologic regulation of cortisol secretion (Abbreviations : CRH = corti-
cotropin-releasing hormone, AVP = arginine-vasopressin, ACTH = adrenocorticotropin). (B) (right
panel) Causes of Cushing syndrome; adrenal neoplasms include PPNAD, benign tumors and adreno-
cortical carcinomas. Straight arrows represent stimulation, whereas dotted lines represent inhibition.
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The most common cause of endogenous Cushing syndrome in children is ACTH
overproduction from the pituitary; this is called Cushing’s disease. It is usually caused
by an ACTH-secreting pituitary microadenoma or, rarely, a macroadenoma. ACTH
secretion occurs in a semiautonomous manner, maintaining some of the feedback of the
HPA axis. Cushing’s disease accounts for approximately 75% of all cases of Cushing’s
syndrome in children over 7 yr. In children under 7 yr, Cushing disease is less frequent;
adrenal causes of Cushing syndrome (adenoma, carcinoma, or bilateral hyperplasia) are
the most common causes of the condition in infants and young toddlers. Ectopic ACTH
production is almost unheard of in young children; it also accounts for less than 1% of
the cases of Cushing syndrome in adolescents. Sources of ectopic ACTH include small
cell carcinoma of the lungs; carcinoid tumors in the bronchus, pancreas, or thymus;
medullary carcinomas of the thyroid; pheochromocytomas; and other neuroendocrine
tumors.

Rarely, ACTH overproduction by the pituitary may be the result of CRH oversecretion
by the hypothalamus or by an ectopic CRH source. However, this cause of Cushing
syndrome has only been described in a small number of cases, and never in young
children. Its significance lies in the fact that diagnostic tests usually used for the exclu-
sion of ectopic sources of Cushing syndrome have frequently misleading results in the
case of CRH-induced ACTH oversecretion.

Autonomous secretion of cortisol from the adrenal glands, or ACTH-independent
Cushing syndrome, accounts for approx 15% of all the cases of Cushing syndrome in
childhood. However, although adrenocortical tumors are rare in older children, in
younger children they are more frequent.

Adrenocortical neoplasms account for 0.6% of all childhood tumors; Cushing syn-
drome is a manifestation of approximately one third of all adrenal tumors (2–4). In
children, most adrenal tumors presenting with Cushing’s syndrome (70%) are malig-
nant. The majority of patients present under age 5, contributing thus to the first peak of
the known bimodal distribution of adrenal cancer across the life span. As in adults, there
is a female to male predominance. The tumors usually occur unilaterally; however, in
2–10% of patients they occur bilaterally.

Bilateral nodular adrenal disease has been appreciated more recently as a rare cause
of Cushing syndrome (4). Primary pigmented adrenocortical nodular disease (PPNAD)
is a genetic disorder with the majority of cases associated with Carney complex, a
syndrome of multiple endocrine gland abnormalities in addition to lentigines and myxo-
mas. The adrenal glands in PPNAD are most commonly normal or even small in size with
multiple pigmented nodules surrounded by an atrophic cortex. The nodules are autono-
mously functioning resulting in the surrounding atrophy of the cortex. Children and
adolescents with PPNAD frequently have periodic Cushing’s syndrome.

Massive macronodular adrenal hyperplasia (MMAD) is another rare disease, which
leads to Cushing’s syndrome (4). The adrenal glands are massively enlarged with mul-
tiple, huge nodules that are typical, yellow-to-brown cortisol-producing adenomas. Most
cases of MMAD are sporadic, although few familial cases have been described; in those,
the disease appears in children. In some patients with MMAD, cortisol levels appear to
increase with food ingestion (food-dependent Cushing syndrome). These patients have
an aberrant expression of the GIP receptor (GIPR) in the adrenal glands. In the majority
of patients with MMAD, however, the disease does not appear to be GIPR-dependent;
aberrant expression of other receptors might be responsible.
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Bilateral macronodular adrenal hyperplasia can also be seen in McCune Albright
syndrome (MAS) (5). In this syndrome there is a somatic mutation of the GNAS1 gene
leading to constitutive activation of the Gsα protein and continuous, non-ACTH-depen-
dent stimulation of the adrenal cortex. Cushing syndrome in MAS is rare and usually
presents in the infantile period (before 6 mo-of-age); interestingly, a few children have
had spontaneous resolution of their Cushing syndrome.

CLINICAL PRESENTATION

In most children, the onset of Cushing’s syndrome is rather insidious (1–3,7). The
most common presenting symptom of the syndrome is weight gain (Table 1). In child-
hood, a unique frequently encountered feature of Cushing syndrome is growth retarda-
tion. Other common problems reported in children include facial plethora, headaches,
hypertension, hirsutism, amenorrhea, and delayed sexual development. Pubertal chil-
dren may present with virilization. Skin manifestations, including acne, violaceous striae,
and bruising and acanthosis nigricans are also common (Fig. 2). In comparison to adult
patients with Cushing syndrome, symptoms that are less commonly seen in children
include sleep disruption, weakness, and mental changes.

Table 1
Clinical Presentation of CS in Pediatric Patientsa

Symptoms/signs Frequency (Percent)

Weight gain 90
Growth retardation 83
Menstrual irregularities 81
Hirsutism 81
Obesity (Body Mass Index > 85 percentile) 73
Violaceous skin striae 63
Acne 52
Hypertension 51
Fatigue-weakness 45
Precocious puberty 41
Bruising 27
Mental changes 18
Delayed bone age 14
Hyperpigmentation 13
Muscle weakness 13
Acanthosis nigricans 10
Accelerated bone age 10
Sleep disturbances 7
Pubertal delay 7
Hypercalcemia 6
Alkalosis 6
Hypokalemia 2
Slipped femoral capital epiphysis 2

aNational Institutes of Health series-modified from Ref. 1.
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DIAGNOSTIC GUIDELINES

The appropriate therapeutic interventions in Cushing syndrome depend on accurate
diagnosis and classification of the disease. The history and clinical evaluation, including
growth charts, are important the initial diagnosis of Cushing syndrome. Upon suspicion
of the syndrome, laboratory and imaging confirmations are necessary. An algorithm of
the diagnostic process is presented in Fig. 3.

The first step in the diagnosis of Cushing syndrome is to document hypercortisolism
(6). This step is usually done in the outpatient setting. Because of the circadian nature
of cortisol and ACTH, isolated cortisol and ACTH measurements are not of great value
in diagnosis. One excellent screening test for hypercortisolism is a 24 h urinary free cortisol
(UFC) excretion corrected for body surface area. A normal 24-h UFC value is <70 µg/
m2/d. A 24-h urine collection is often difficult for parents to perform with children and
may be done incorrectly, especially in the outpatient setting. Falsely high UFC may be
obtained because of physical and emotional stress, chronic and severe obesity, preg-
nancy, chronic exercise, depression, alcoholism, anorexia, narcotic withdrawal, anxiety,

Fig. 2. Striae caused by endogenous Cushing syndrome in a 18-yr-old girl (A and B); acanthosis
nigricans and ringworm (tinea corporis) lesions in a 9-yr-old; (C), and hypertrichosis in a teenager
girl; (D) both patients had long-standing Cushing disease.
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malnutrition, and high water intake. These conditions may cause sufficiently high UFC
to cause what is known as pseudo-Cushing syndrome. On the other hand, falsely low
UFC may be obtained mostly with inadequate collection.

Another baseline test for the establishment of the diagnosis of Cushing’s syndrome
is a low-dose dexamethasone suppression test. This test involves giving a 1 mg of
Dexamethasone at 11 PM and measuring a serum cortisol level the following morning at
8 AM. The cortisol level should be <5 ug/dL. If it is greater than 5 µg/dL, further evalu-
ation is necessary. This test has a low percentage of false normal suppression; however,
the percentage of false positives is higher (approx 15–20%). It should be remembered
that the 1-mg overnight test, like the 24-h UFC, does not distinguish between
hypercortisolism from Cushing’s syndrome and other hypercortisolemic states.

If the response to both the 1 mg dexamethasone overnight suppression test and the
24-h urinary free cortisol are both normal, a diagnosis of Cushing syndrome may be
excluded with the following caveat: 5–10% of patients may have intermittent or periodic

Fig. 3. Suggested diagnostic algorithm for the work up of suspected Cushing syndrome or
hypercortisolemia. The details are discussed in the text; see also ref. 6.
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cortisol hypersecretion and may not manifest abnormal results to either test. If periodic
or intermittent Cushing syndrome is suspected, continuous follow-up of the patients is
recommended.

If one of the tests suggests Cushing syndrome or if there is any question about the
diagnosis, tests that distinguish between pseudo-Cushing syndrome states and Cushing
syndrome may be obtained. One such test is the combined dexamethasone-CRH test (8).
In this test, the patient is treated with low dose dexamethasone (0.5 mg adjusted for
weight for children <70 kg) every 6 h for 8 doses prior to the administration of CRH
(ovine CRH [oCRH]) the following morning. ACTH and cortisol levels are measured at
baseline and every 15 min for 1 h after the administration of oCRH. The patient with
pseudo-Cushing syndrome will exhibit low or undetectable basal plasma cortisol and
ACTH, and have a diminished or no response to oCRH stimulation. Patients with Cushing
syndrome will have higher basal cortisol and ACTH levels and will also have a greater
peak value with oCRH stimulation. The criterion used for the diagnosis of Cushing’s
disease is a cortisol level of greater than 38 nmol/L 15 min after oCRH administration.

Once the diagnosis of Cushing’s syndrome is confirmed, there are several tests to
distinguish ACTH-dependent disease from the ACTH-independent syndrome. A spot
plasma ACTH may be measured; if this measurement is <5ng/L it is indicative of ACTH-
independent Cushing syndrome, although the sensitivity and specificity of this one
ACTH measurement are not high because of the great variability in plasma ACTH levels
and the instability of the molecule after sample collection. The standard high dose
dexamethasone suppression test (Liddle’s test) is used to differentiate Cushing disease
from ectopic ACTH secretion and adrenal causes of Cushing syndrome. In the classic
form of this test, a 2 mg dose of dexamethasone (adjusted per weight for children <70kg,
120 µg/kg/dose) is given every 6 h for 8 doses. Urinary free cortisol and 17-hydroxy-
steroid excretion are measured at baseline and after dexamethasone administration.
Approximately 85% of patients with Cushing disease will have suppression of cortisol
and 17-hydroxysteroid values, whereas less than 10% of patients with ectopic ACTH
secretion will have suppression. Urinary free cortisol values should suppress to 90% of
baseline value and 17-hydroxysteroid excretion should suppress to less than 50% of
baseline value. The Liddle test has been modified to giving a high dose of dexamethasone
(8 mg, in children adjusted for weight <70 kg) at 11 PM and measuring the plasma cortisol
level the following morning. This overnight, high-dose dexamethasone test has sensitiv-
ity and specificity values similar to those of the classic Liddle’s test.

An oCRH stimulation test may also be obtained for the differentiation of Cushing
disease from ectopic ACTH secretion (9). In this test, 85% of patients with Cushing
disease respond to oCRH with increased plasma ACTH and cortisol production. 95% of
patients with ectopic ACTH production do not respond to administration of oCRH. The
criterion for diagnosis of Cushing’s disease is a mean increase of 20% above baseline
for cortisol values at 30 and 45 min, and an increase in the mean corticotropin concen-
trations of at least 35% over basal value at 15 and 30 min after CRH administration.
When the oCRH and high-dose dexamethasone (Liddle or overnight) tests are used
together, diagnostic accuracy improves to 98%.

Another important tool in the localization and characterization of Cushing syndrome
is diagnostic imaging. The most important initial imaging when Cushing disease is
suspected is pituitary magnetic resonance imaging (MRI). The MRI should be done in
thin sections with high resolution and always with contrast (gadolinium). The latter is
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important since only macroadenomas will be detectable without contrast; after contrast,
an otherwise normal-looking pituitary MRI might show a hypoenhancing lesion, usually
a microadenoma. More than 90% of ACTH-producing tumors are hypoenhancing,
whereas only about 5% are hyperenhancing after contrast infusion. However, even with
the use of contrast material, pituitary MRI may detect only up to approx 50% of ACTH-
producing pituitary tumors.

Computed tomography (CT) (more preferable than MRI) of the adrenal glands is
useful in the distinction between Cushing disease and adrenal causes of Cushing syn-
drome, mainly unilateral adrenal tumors. The distinction is harder in the presence of
bilateral hyperplasia (MMAD or PPNAD) or bilateral adrenal carcinoma, which, how-
ever, are rare. Most patients with Cushing disease have ACTH-driven bilateral hyper-
plasia, and both adrenal glands will appear enlarged and nodular on CT or MRI. Most
adrenocortical carcinomas are unilateral and quite large by the time they are detected.
Adrenocortical adenomas are usually small, less than 5 cm in diameter and, like most
carcinomas, they involve one adrenal gland. MMAD presents with massive enlargement
of both adrenal glands, whereas PPNAD is more difficult to diagnose radiologically
because it is usually associated with normal or small-sized adrenal glands, despite the
histologic presence of hyperplasia.

Ultrasound may also be used to image the adrenal glands, but its sensitivity and
accuracy is much less than CT or MRI. A CT or MRI scan of the neck, chest, abdomen,
and pelvis may be used for the detection of an ectopic source of ACTH production.
Labeled octreotide scanning and venous sampling may also help in the localization of
an ectopic ACTH source.

Since up to 50% of pituitary ACTH secreting tumors and many ectopic ACTH tumors
can not be detected on routine imaging, and often laboratory diagnosis is not completely
clear, catheterization studies must be used to confirm the source of ACTH secretion in
ACTH-dependent Cushing syndrome. Bilateral inferior petrosal sinus sampling (IPSS)
is used for the confirmation of a pituitary microadenoma (10). In brief, sampling from
each inferior petrosal sinuses is taken for measurement of ACTH concentration simul-
taneously with peripheral venous sampling. ACTH is measured at baseline and at 3, 5,
and 10 min after oCRH administration. Patients with ectopic ACTH secretion have no
gradient between either sinus and the peripheral sample. On the other hand, patients with
an ACTH-secreting pituitary adenoma have at least a 2-to-1 central-to-peripheral gra-
dient at baseline or 3- to -1 after stimulation with oCRH. IPSS is an excellent test for the
differential diagnosis between ACTH-dependent forms of Cushing syndrome with a
diagnostic accuracy that approximates 100%, as long as it is performed in an experienced
clinical center. IPSS, however, may not lead to the correct diagnosis, if obtained when
the patient is not sufficiently hypercortisolemic or, if venous drainage of the pituitary
gland does not follow the expected, normal anatomy.

TREATMENT

The treatment of choice for almost all patients with an ACTH-secreting pituitary
adenoma (Cushing disease) is transsphenoidal surgery (TSS). In most specialized cen-
ters with experienced neurosurgeons the success rate of the first TSS is close to, or even
higher than 90%. Treatment failures are most commonly the result of a macroadenoma
or a small tumor invading the cavernous sinus. The success rate of repeat TSS is lower,



Chapter 14 / Cushing Syndrome 257

closer to 60%. Post-operative complications include transient diabetes insipidus (DI)
and, occasionally, syndrome of inappropriate antidiuretic hormone secretion (SIADH),
central hypothyroidism, growth hormone deficiency, hypogonadism, bleeding, infec-
tion (meningitis), and pituitary apoplexy. The mortality rate is extremely low (<1%).
Permanent pituitary dysfunction (partial or pan-hypopituitarism) and DI are rare, but
more likely after repeat TSS or larger adenomas.

Pituitary irradiation is considered an appropriate treatment in patients with Cushing
disease, following a failed TSS. Up to 80% of patients will have remission after irradia-
tion of the pituitary gland. Hypopituitarism is the most common side effect and is more
frequent when surgery precedes the radiotherapy. The recommended dosage is 4500/
5000 cGy total, usually given over a period of 6 wk. Newer forms of stereotactic radio-
therapy are now available as options for treatment of ACTH-secreting pituitary tumors.
The photon knife (computer assisted linear accelerator) or the gamma knife (Cobalt-60)
are now available; however, experience with these techniques is limited, especially in
children. These modalities may be attractive because of the smaller amount of time
required and the possibility for fewer side effects.

The treatment of choice for benign adrenal tumors is surgical resection. This procedure
can be done by both transperitoneal and retroperitoneal approaches. In addition,
laparoscopic adrenalectomy is also available at many institutions. Adrenal carcinomas
may also be surgically resected, unless at later stages. Solitary metastases should also be
removed, if possible. Therapy with mitotane, which is an adrenocytolytic agent, can be
used as an adjuvant therapy or if the tumor is inoperable.  Other chemotherapeutic options
include cisplatin, 5-flurouracil, suramin, doxorubicin, and etoposide. Occasionally, glu-
cocorticoid antagonists and steroid synthesis inhibitors are needed to correct the
hypercortisolism. Radiotherapy can also be used in the case of metastases. The prognosis
for adrenal carcinoma is poor, but usually children have a better prognosis than adults do.

Bilateral total adrenalectomy is usually the treatment of choice in bilateral micro- or
macronodular adrenal disease, such as PPNAD and MMAD. In addition, adrenalectomy
may be considered as a treatment for those patients with Cushing disease or ectopic
ACTH-dependent Cushing syndrome who have either failed surgery or radiotherapy, or
their tumor has not been localized, respectively. Nelson syndrome, which describes
increased pigmentation, elevated ACTH levels, and a growing ACTH-producing pitu-
itary tumor, may develop in up to 15% of patients with Cushing disease treated with
bilateral adrenalectomy. It is possible that children with untreated Cushing disease are
especially vulnerable to Nelson syndrome after bilateral adrenalectomy.

Pharmacotherapy is an option in the case of failure of surgery for Cushing’s disease
or in ectopic ACTH secretion where the source can not be identified. Mitotane is an
inhibitor of the biosynthesis of corticosteroids by blocking the action of 11-β-hydroxy-
lase and cholesterol side chain cleavage enzymes. It also acts by destroying adrenocortical
cells that secrete cortisol. Other adrenal enzyme inhibitors, such as aminoglutethimide,
metyrapone, trilostane, and ketoconazole may also be used alone or in combinations to
control hypercortisolism. Aminoglutethimide blocks the conversion of cholesterol to
pregnenolone in the adrenal cortex inhibiting the synthesis of cortisol, aldosterone, and
androgens. Metyrapone acts by preventing the conversion of 11-deoxycortisol to corti-
sol. It can cause hypertension secondary to the accumulation of 11-deoxycorticosterone.
Trilostane inhibits the conversion of pregnenolone to progesterone. Ketoconazole affects
many pathway steps and is excellent in blocking adrenal steroidogenesis.
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In ectopic ACTH production, if the source of ACTH secretion can be identified, the
treatment of choice is surgical resection of the tumor. If surgical resection is impossible
or if the source of ACTH can not be identified, pharmacotherapy is indicated as previ-
ously discussed. If the tumor can not be located, repeat searches for the tumor should be
performed at least yearly. Bilateral adrenalectomy should be performed in the case of
failure of pharmacotherapy or failure to locate the tumor after many years.

GLUCOCORTICOID REPLACEMENT

After the completion of successful TSS in Cushing disease or excision of an autono-
mously functioning adrenal adenoma, there will be a period of adrenal insufficiency
while the hypothalamic pituitary adrenal axis is recovering. During this period, gluco-
corticoids should be replaced at the suggested physiologic replacement dose (12–15mg/
m2/d bid or tid). In the immediate post-operative period, stress doses of cortisol should
be initiated. These should be weaned relatively rapidly to a physiologic replacement
dose. The patient should be followed every few months, and the adrenocortical function
should be periodically assessed with a 1 h ACTH test (normal response is a cortisol level
over 18 µg/dL at 30 or 60 min after ACTH stimulation).

After bilateral adrenalectomy, patients require lifetime replacement with both gluco-
corticoids (as above) and mineralocorticoids (fludrocortisone 0.1–0.3 mg qday). These
patients also need stress doses of glucocorticoids immediately postoperatively; they are
weaned to physiologic replacement relatively quickly.

PSYCHOSOCIAL IMPLICATIONS

 Cushing’s syndrome has been associated with multiple psychiatric and psychologi-
cal disturbances, most commonly depression and anxiety. Other abnormalities have
included mania, panic disorder, suicidal ideation, schizophrenia, obsessive compulsive
symptomatology, psychosis, impaired self-esteem, and distorted body image. Signifi-
cant psychopathology can even remain after remission of hypercortisolism and even
after recovery of the hypothalamic pituitary adrenal axis. Up to 70% of patients will have
significant improvements in the psychiatric symptoms gradually after the correction of
the hypercortisolism.
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INTRODUCTION

Mineralocorticoids are steroid hormones produced by the adrenal cortex whose func-
tion is to control electrolyte and water balance. Disorders of either mineralocorticoid
production or function can lead to severe alterations in the sodium, potassium, and water
content of the body. Manifestations of decreased mineralocorticoid activity include
hyponatremia, hyperkalemia, dehydration, hypotension, cardiac arrest, and death.
Increased mineralocorticoid activity leads to hypervolemia, hypertension, and hypokalemia.

Under normal circumstances, aldosterone is the only functioning mineralocorticoid
in humans. Aldosterone is synthesized from cholesterol in the zona glomerulosa of the
adrenal cortex. Its synthesis is stimulated principally by angiotensin II (Fig. 1). Decreased
renal blood flow, often an indicator of hypovolemia and hypotension, leads to secretion
of renin by the juxtaglomerular apparatus of the afferent glomerular arterioles in the
kidney. Renin, released into the blood, acts enzymatically to cleave circulating
angiotensinogen into angiotensin I. Angiotensin converting enzyme, found ubiquitously
on the endothelial surface of the vascular system, can then perform a second cleavage
to create angiotensin II. Angiotensin II binds to receptors on the surface of glomerulosa
cells and activates the aldosterone synthetic pathway. Aldosterone is secreted and acts
on the distal and collecting tubules of the nephron to increase sodium retention by the
kidneys. Water follows the osmotic gradient created by the sodium influx, and more
water is retained. Euvolemia is reinstated and blood pressure normalized.

High plasma potassium levels act directly on the zona glomerulosa to stimulate aldos-
terone secretion, thereby starting the cascade of events in the kidney and elsewhere that
will allow excretion of the excess potassium. In addition, adrenocorticotropic hormone
(ACTH) has a transient stimulatory effect on aldosterone production by glomerulosa cells.
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Aldosterone’s actions are mediated by binding to the mineralocorticoid receptor (MR)
in target tissues, such as the kidney. The aldosterone-MR complex alters gene expression
in the tubule cells to affect electrolyte flow (Fig. 2). Foremost is the insertion of increased
numbers of the epithelial sodium channel protein into the luminal membrane of the
tubule, allowing sodium to flow down the gradient from the lumen into the cell. In
addition, the aldosterone-MR complex stimulates the expression and activity of the basal
membrane sodium-potassium pump, allowing intracellular sodium to be transferred into
the extracellular fluid in exchange for potassium. This creates an osmotic gradient that
draws water from the lumen to the extracellular fluid and back into the bloodstream.
Potassium and hydrogen flow in the opposite direction of sodium and are excreted into
the urine. Other mineralocorticoid-target tissues, such as sweat glands and the colon,
show similar flow of sodium and water into the blood and of potassium and hydrogen
into the luminal fluids.

Other steroids that can bind with high affinity to MR include deoxycorticosterone
(DOC), an intermediary in the synthetic pathway of aldosterone, and cortisol, the major
glucocorticoid hormone. However, under normal conditions, their effects on water and
electrolyte balance are negligible. DOC is secreted by the adrenal gland and circulates
at similar concentrations as aldosterone, but most is protein-bound and not available to
bind with MR. Only in certain diseases of excess DOC production will binding to MR
be clinically significant. Cortisol, although present in 1000-fold higher concentration in
the blood than aldosterone, is unable to gain access to MR in the kidney and other
mineralocorticoid-target tissues because of local metabolism of cortisol to inactive cor-

Fig. 1. Aldosterone production and action. A decrease in renal blood flow (1) leads to secretion
of renin from the kidney (2). Plasma renin catalyzes the cleavage of angiotensin I from circulating
angiotensinogen (3). Angiotensin I is then cleaved by endothelial angiotensin-converting enzyme
(ACE) to form the active angiotensin II (4), which acts directly on the adrenal cortex to stimulate
aldosterone synthesis and release (5). Aldosterone in turn acts on the kidney to increase blood
volume (6).
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tisone by the enzyme 11β-hydroxysteroid dehydrogenase type 2 (11β-HSD2). Thus,
tissue specificity for aldosterone over cortisol by MR is achieved by local expression of
this enzyme.

DISORDERS OF DEFICIENT MINERALOCORTICOID

Introduction
Mineralocorticoid deficiency is a typical concomitant of glucocorticoid deficiency in

all causes of primary adrenal failure. Thus, aldosterone deficiency is common in adrenal
aplasia, adrenal hypoplasia, most forms of congenital adrenal hyperplasia (the excep-
tions being 11β-hydroxylase and 17α-hydroxylase deficiencies), and in postnatally
acquired adrenal failure, such as Addison’s disease, adrenal hemorrhage and infection,
and adrenoleukodystrophy. These conditions are discussed in detail in another chapter.
Isolated aldosterone deficiency is much rarer and encompasses far fewer etiologic pos-
sibilities than complete adrenocortical insufficiency (Table 1). It results from defects in
aldosterone synthase, an enzyme unique to the mineralocorticoid pathway that converts
cholesterol to aldosterone. This enzyme is not involved in glucocorticoid synthesis by
the zona fasciculata. It catalyzes three separate reactions: 11-hydroxylation, 18-hy-
droxylation, and 18-dehydrogenation of DOC (Fig. 3). Previously it was thought that
these three reactions were catalyzed by three separate enzymes: 11β-hydroxylase (erro-
neously thought to be the same enzyme as that found in the fasciculata), corticosterone
methyloxidase type I (CMO I), and CMO II. Now it is understood that mutations in
different loci of the single aldosterone synthase gene lead to differential loss of enzy-
matic function.

The CYP11B2 gene encodes aldosterone synthase and is closely related to CYP11B1,
the gene for 11β-hydroxylase of the glucocorticoid synthetic pathway. CYP11B2 is
expressed only in the zona glomerulosa, while CYP11B1 is expressed only in the
fasciculata and reticularis of the adrenal gland.

Fig. 2. Direction of ion flow in renal tubule cells in presence of aldosterone. ECF, extracellular fluid;
ENaC, epithelial sodium channel; MR, mineralocorticoid receptor; Na-K ATPase, sodium potassium
exchange pump.
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Symptoms of mineralocorticoid deficiency can also result from the inability of target
tissues to respond to aldosterone. This condition is called mineralocorticoid resistance
or pseudohypoaldosteronism type I (Pseudohypoaldosteronism type II is an unrelated
condition, not discussed in this chapter). Both MR defects and post-receptor defects have
been identified.

Molecular Mechanisms

In CMO I deficiency, or more recently, type 1 aldosterone synthase deficiency, the
11-hydroxylase activity is present, the 18-hydroxylase activity diminished, and the
18-dehydrogenation generally not measurable. As a result, 18-hydroxycorticosterone and
aldosterone levels are low, although 18-hydroxycorticosterone is measurable, and the
18-hydroxycorticosterone to aldosterone ratio is not significantly elevated above normal.
Diminished mineralocorticoid activity leads to sodium loss (“salt-wasting”) and hypov-
olemia, causing continuous activation of the renin angiotensin system. High angiotensin
II levels drive the glomerulosa to synthesize precursors up to the enzymatic block. DOC
produced by the glomerulosa still undergoes 11-hydroxylation, perhaps aided by the 11β-
hydroxylase of the fasciculata, and corticosterone builds up.

In CMO II deficiency, or type 2 aldosterone synthase deficiency, the enzyme retains its
ability to hydroxylate at the 11 and 18 positions, but is unable to carry out the final
dehydrogenation step. Thus, 18-hydroxycorticosterone, the last intermediary before the
enzymatic block, builds up, and the ratio of 18-hydroxycorticosterone to aldosterone is
markedly elevated.

Both CMO I and II deficiencies are inherited as autosomal recessive. Genetic studies
of individuals with both CMO I and II deficiency have shown point mutations in the
CYP11B2 gene in most cases (1,2). Other genes that might be able to cause a similar
biochemical and clinical syndrome have not yet been identified.

In mineralocorticoid resistance or pseudohypoaldosteronism type I, aldosterone pro-
duction is normal, but the kidney is unable to respond to mineralocorticoid. An autosomal
dominant form of pseudohypoaldosteronism, has been shown to result from mutations in
the MR gene (3). Others with autosomal dominant pseudohypoaldosteronism may have
another defect, as MR mutations have not been found in all individuals with this phenotype
(3). Autosomal recessive pseudohypoaldosteronism has been shown to be caused by

Table 1
Disorders of Isolated Mineralocorticoid Deficiency

Aldosterone deficiency
aldosterone synthase deficiency

type 1 (CMO I deficiency)
type 2 (CMO II deficiency)

glomerulosa atrophy (transient deficiency)
11β -hydroxylase deficiency
17α -hydroxylase deficiency

Mineralocorticoid resistance = pseudohypoaldosteronism
MR mutations
post-MR mutations
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inactivating mutations in the epithelial sodium channel, whose insertion into the luminal
membrane is normally stimulated by binding of aldosterone to MR (4,5).

Clinical Presentation
Isolated mineralocorticoid deficiency, either by inadequate production or by miner-

alocorticoid resistance, presents almost exclusively in infants. In its most severe form,
the neonate presents within 1–2 wk of birth with dehydration, vomiting, and hypotension
secondary to marked urinary sodium and water loss. Hyponatremia is present, but
hyperkalemia and acidosis may or may not be present initially. If the electrolyte abnor-
mality is not discovered and treated, life threatening hyperkalemia may occur. A history
of multiple hospitalizations for recurrent vomiting and dehydration in the first year of
life, treated successfully with intravenous saline, may also be elicited. If the deficiency
is milder, the child may present at weeks to months of age with failure to thrive.

In general, defects in aldosterone production have milder presentations than aldoster-
one resistance, perhaps because some mineralocorticoid activity is present in CMO
deficiency secondary to high levels of intermediates with weak MR-binding capacity.
Furthermore, autosomal dominant pseudohypoaldosteronism typically is milder than
the autosomal recessive forms, presumably because in the heterozygous state, there is
still a significant response to aldosterone, although it is diminished.

Interestingly, children with mineralocorticoid deficiency or resistance may be mis-
takenly diagnosed with cystic fibrosis, which also presents with failure to thrive and
leads to an elevated sodium level on sweat testing. In addition, children with autosomal
recessive pseudohypoaldosteronism have more frequent lung infections, because of
dysfunction of the sodium channel, also present in the lung (6,7).

Fig. 3. The reactions catalyzed by aldosterone synthetase. CMO, corticosterone methyl oxidase.
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Diagnosis
The diagnosis of isolated mineralocorticoid deficiency should be entertained in infants

presenting with hyponatremia and dehydration, once more common etiologies, such as
adrenal insufficiency, have been ruled out. The classic laboratory findings include
hyponatremia, hyperkalemia, metabolic acidosis, high urine sodium, and high plasma
renin levels. CMO deficiency will present with a low or low-normal aldosterone level
(normal aldosterone level in infancy, 20–120 ng/dL [8]), clearly inappropriate for the
clinical situation with hyponatremia and dehydration. On the other hand, in pseudo-
hypoaldosteronism, the aldosterone level is markedly and appropriately elevated. If the
patient’s hyponatremia and dehydration have resolved prior to the measurement of
hormone levels, the renin level may be normal, in which case the aldosterone level may
not be useful. The physiologic system must either be stressed by salt depletion or more
safely by ACTH stimulation (9) to reassess hormone levels in this case. The differentia-
tion between CMO deficiencies type I and II, based on low or high 18 hydroxycorti-
costerone levels, is of academic and research interest but does not alter management or
outcome. Further confirmation of aldosterone deficiency is provided by positive re-
sponse to treatment with mineralocorticoid agonist, while aldosterone resistance will
fail to respond to this treatment.

Treatment and Outcome
Treatment in all cases of low aldosterone production includes an MR agonist and

replacement of sodium. In the hospitalized child in the midst of a salt-wasting crisis,
normal saline should be infused by bolus for hypotension and then at a steady rate until
the body is replete of sodium. No intravenous selective MR agonist is available, and
usually rigorous saline replacement will suffice to stabilize the infant. If enteral medi-
cation is not possible and saline not fully effective, mineralocorticoid activity can be
obtained by using intravenous hydrocortisone at a dose of 50–100 mg/m2/d. However,
glucocorticoid effects will be a side-effect of this treatment.

As soon as enteral medication is possible, an oral MR agonist should be started. The
MR agonist used is fludrocortisone, and its dose is uniform throughout all ages and sizes.
For severe aldosterone deficiency, 100 µg/d is required. For optimal salt retention, such
as at diagnosis, 50 µg every 12 h is preferable. However, this dosing scheme may
eventually result in hypertension in some individuals, at which time switching to 100 µg
once daily will usually work, by allowing a period of natriuresis before the next dose, in
essence, an escape valve. For milder aldosterone deficiency, 50 µg once daily may be
enough. There is no liquid form, so the tablet must be crushed and given in a small
volume of milk or baby food for infants. Toddlers will usually chew the pill without
difficulty.

For infants, who do not control their diet and therefore cannot respond to increased
salt appetite, continued oral sodium supplementation is required in most cases. A good
starting dose is 5 mEq/kg/d, given as NaCl and preferably divided into three doses. By
the toddler age, the child will generally choose salty foods appropriately and self-regu-
late the sodium intake.

In pseudohypoaldosteronism, treatment relies entirely on sodium repletion, since MR
agonist is ineffective in the face of mineralocorticoid resistance. Thus, higher doses of
oral sodium are often required.
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The effectiveness of therapy for either aldosterone deficiency or pseudohypoaldo-
steronism is monitored by following the growth of the child and measuring plasma elec-
trolytes with a renin level. The goal is to maintain a normal renin level (4–12 ng/mL/h
[10]). A high renin level indicates the need for increased dietary sodium or an increased
dose of fludrocortisone. Children with eunatremia but a high renin level often do not
grow well. A consistently suppressed renin level (<1.0) suggests overtreatment and puts
the child at risk for hypervolemia and hypertension.

If diagnosed and treated promptly, the prognosis for children with mineralocorticoid
deficiency is good. Interestingly, children with either CMO deficiency or autosomal
dominant pseudohypoaldosteronism will typically outgrow the obvious salt-wasting
stage (11). Thus, by a few years of life, sodium supplementation and/or fludrocortisone
may be discontinued, and the child will thereafter maintain eunatremia, usually with a
normal renin level. The reasons for this amelioration are still not understood. The deci-
sion to wean and stop treatment must be individualized for each patient, however, and
monitoring should be continued.

DISORDERS OF EXCESS MINERALOCORTICOID

Introduction
Disorders of mineralocorticoid excess are a rare cause of hypertension in the adult

population, since most adults have primary or “essential” hypertension. Whereas in
pediatrics, especially in prepubertal children, most hypertension is likely to be second-
ary to other treatable causes. Thus, although still rare, mineralocorticoid excess should
be considered sooner in the evaluation of hypertension in children than it is in adults.

In this chapter, disorders of high renin, high aldosterone hypertension will not be
discussed, since these are not primary adrenal disorders and result usually from renal
problems.

Primary aldosteronism is the term used for overproduction of aldosterone by the
adrenal in the context of suppressed renin and angiotensin levels. It can result from an
aldosterone producing adenoma and from idiopathic bilateral hyperplasia of the
glomerulosa, seen mostly in adults. A third cause of primary aldosteronism is the geneti-
cally inherited condition called glucocorticoid-remediable aldosteronism (GRA),
recently renamed familial aldosteronism type I, in which aldosterone production is
paradoxically controlled by ACTH. This condition typically presents in childhood.

Other conditions of excess-mineralocorticoid, low-renin hypertension occur when
other steroids with mineralocorticoid activity build up to unusually high levels. The
principal culprits are DOC and cortisol. Massive overproduction of DOC from the
fasciculata is seen in 17α-hydroxylase deficiency, 11β-hydroxylase deficiency, and
glucocorticoid resistance. In all three conditions, hyperplasia of the fasciculata results
from chronic overstimulation of the adrenal glands by ACTH. This occurs in response
to poor cortisol production in the first two disorders, or glucocorticoid receptor defects,
in the third. The excess plasma DOC binds and activates MR in target tissues such as the
kidney.

The local inactivation of cortisol is mediated by 11β-HSD2, present in mineralocor-
ticoid target tissues, such as the kidney and intestine. Overproduction of cortisol can
overwhelm the local metabolism of cortisol to cortisone, thus allowing cortisol to accu-
mulate and bind to MR. Such states of excess cortisol include endogenous Cushing’s
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syndrome, as well as iatrogenic forms due to the ingestion of glucocorticoids with
MR-binding activity. However, only a small subset of individuals with Cushing’s syn-
drome have high enough cortisol levels to overwhelm the activity of 11β -HSD2. On the
other hand, in glucocorticoid resistance, cortisol levels are frequently two or three orders
of magnitude above normal and probably contribute to the effects of high DOC levels
in binding to MR and causing hypertension.

In the condition termed “apparent mineralocorticoid excess,” cortisol production is
normal, or even mildly suppressed, but local levels in mineralocorticoid target tissues are
elevated because of deficient activity of 11β-HSD2. This is an autosomal recessive,
inherited disorder caused by defects in the gene encoding 11β-HSD2. In its severe form,
this is a rare condition, described in only about 50 individuals so far (12). Licorice
toxicity can mimic the inherited disorder, as chemicals in this food are specific inhibitors
of 11β-HSD2.

In the conditions of high DOC or cortisol levels acting on MR, target tissues respond
as they would to aldosterone. Sodium and fluid retention lead to hypervolemia with
feedback suppression of renin, angiotensin, and aldosterone production. Thus these
conditions cause low-renin, low-aldosterone hypertension, with hypokalemia and meta-
bolic alkalosis.

Only primary aldosteronism and the disorders of 11β-HSD activity will be further
addressed in this chapter, as the other conditions are discussed in more detail elsewhere.

Molecular Mechanisms
The molecular basis of aldosterone-producing adenomata is not well defined. These

usually occur sporadically and are extremely rare in children (13,14).
GRA is an autosomal dominant, inherited disorder caused by a hybrid of the gene for

11β -hydroxylase (CYP11B1) with the gene for aldosterone synthase (CYP11B2). These
two genes are normally located in tandem on chromosome 8 in humans, with CYP11B1
upstream of CYP11B2 (15,16). In GRA, crossover between the two genes has occurred
because of misalignment of the chromosomes, and a third hybrid gene is found between
the two normal genes. The hybrid gene contains the upstream regulatory sequences and
various amounts of the 5'-coding region of CYP11B1 adjacent to 3'-coding sequences of
CYP11B2 (17,18). The enzyme produced has all the enzymatic capability of aldosterone
synthase but is regulated similarly to 11β -hydroxylase. It is produced in the fasciculata,
and its production is stimulated by ACTH, but not by angiotensin or hyperkalemia. Some
unusual steroids are produced by the co-localization of aldosterone synthase and 17α-
hydroxylase in the same cell in this disorder. Thus, the presence of high blood and urine
levels of 18-hydroxycortisol and metabolites of 18-oxocortisol are clues to the diagnosis
of GRA.

Apparent mineralocorticoid excess (AME) is caused by mutations in the gene for
11β-HSD2 leading to insufficient activity of the enzyme (19,20). All patients with
severe AME detected to date have been homozygotes or compound heterozygotes. A
milder homozygous form, with less severe hypertension and less impairment of enzyme
activity, was recently diagnosed (21), and further studies pursuing the prevalence of this
mutation suggest this form may be more common in certain populations, such as the
Mennonites (12). In addition, some heterozygotes may be affected with hypertension (22).
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Clinical Presentation
Excess mineralocorticoid activity presents principally with hypertension. The hyper-

tension can range from mild to severe and may be detected in infancy, childhood or
adolescence. Both GRA and AME have been detected in infants (23). When presenting
in infancy, failure to thrive may be the first sign.

Typically hypokalemia and metabolic alkalosis are also present, but these may not be
seen if the patient is on a low-salt diet. Since the typical American diet is not low in
sodium, hypokalemia can usually be expected. Interestingly, many patients with GRA
have not presented with hypokalemia but seemed unusually sensitive to diuretic therapy,
developing severe hypokalemia on this treatment (23,24). With marked hypokalemia,
polyuria and polydipsia may occur as a result of resistance of the nephron to the effects
of antidiuretic hormone.

Diagnosis
Once a child has been determined to have chronic hypertension, by comparison with

age- and sex-adjusted norms, an evaluation for causes of secondary hypertension should
commence. The majority of secondary hypertension in pediatrics results from kidney
disease. Initial studies would include measurement of electrolytes, blood urea nitrogen,
plasma renin, serum and urine creatinine, and urinalysis.

If no evidence of kidney or cardiovascular disease is forthcoming, the evaluation
proceeds towards more rare causes of hypertension. A high random renin level rules out
primary mineralocorticoid excess, whereas an undetectable random aldosterone level
makes primary aldosteronism unlikely. A low potassium level, in the absence of any
diuretic therapy, points towards mineralocorticoid excess as a likely etiology. Simulta-
neously drawn renin, aldosterone, and potassium levels may be revealing and show a
high aldosterone level. However, there are many caveats to drawing random renin and
aldosterone levels, since these levels may be acutely affected by degree of hydration,
amount of salt in the diet, psychologic and physiologic stress, and sudden changes
between lying, sitting, and standing. If suspicion is high for mineralocorticoid excess,
but the potassium level is normal, electrolytes, renin, and aldosterone levels should be
remeasured, drawn fasting in the morning following four days of a high-salt diet of
greater than 120 mmol sodium per day. Another useful approach is the measurement of
aldosterone and other selected adrenal steroids of interest in a 24-h urine collection, as
normative data is available.

If excess aldosterone production is confirmed, imaging of the adrenal should be
performed, usually by CT scan, to rule out an adenoma or bilateral hyperplasia. A family
history of multiple members diagnosed with hypertension in childhood or adolescence
should trigger thoughts of GRA. Tests to confirm GRA include measurement of blood
and urine levels of the 18-hydroxycortisol and metabolites of 18-oxocortisol, both of
which will be high in GRA. A dexamethasone suppression test is also useful, showing
whether aldosterone can be suppressed, which only occurs if GRA is present.

If aldosterone levels are suppressed with a low renin level, congenital adrenal hyper-
plasia due to 11-β hydroxylase deficiency should be considered, as this is much more
common than AME. An ACTH-stimulation test would be useful for diagnosis of the
former, while measurement of the of cortisol to cortisone ratio establishes the diagnosis
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of AME. The ratio will be very high in AME. Before making this diagnosis, care should
be taken to evaluate the patient’s diet for sources of licorice, or the specific components,
glycyrrhizic acid and glycyrrhetinic acid, found in some traditional and herbal formu-
lations.

Another cause of low-renin, low-aldosterone hypertension in children is Liddle’s
syndrome, caused by activating mutations of the epithelial sodium channel (25,2).
Decreased activity in this same channel is seen in autosomal recessive pseudohypoaldo-
steronism type 1. Liddle’s syndrome by contrast shows autosomal dominant inheritance.
It is considered when aldosterone, DOC, and cortisol levels are all low, and the cortisol
to cortisone is not elevated. In addition, patients will not respond to spironolactone, since
the defect lies downstream of the MR.

Treatment
The primary treatment of increased mineralocorticoid activity is clearly to remove the

excess mineralocorticoid if possible. The course is most obvious in the case of an aldos-
terone-producing adenoma, in which surgical excision is advised. Removal of licorice
from the diet should cure hypertension owing to ingestion of too much of this food.

Primary aldosteronism caused by GRA is treated with dexamethasone, a glucocorti-
coid that suppresses ACTH production but has no MR-binding capacity. The dexa-
methasone suppresses  endogenous production of glucocorticoid and ectopic synthesis
of aldosterone in the zona fasciculata. Plasma renin levels should eventually rise and
allow the zona glomerulosa to take over physiologic production of aldosterone.

Treatment of AME starts with spironolactone to inhibit binding of the excess cortisol
to the MR. High doses are usually needed, with gradual escalation, as the patient may
become refractory to this medication (12). Other diuretics may be added, and oral potas-
sium supplementation should be considered for hypokalemic patients.

Liddle’s syndrome is usually managed by nephrologists and requires a sodium-
restricted diet and diuretics such as triamterene.
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INTRODUCTION

Congenital hypothyroidism remains the leading cause of preventable mental impair-
ment worldwide. Despite ongoing efforts to eradicate iodine deficiency, populations
remain at risk for iodine deficiency and consequently, high rates of endemic cretinism.
In iodine sufficient populations, sporadic congenital hypothyroidism remains among the
most common newborn conditions, which if unrecognized and untreated can lead to
irreversible mental impairment.

Recognition of iodine deficiency and attempts to eliminate the problem have been
ongoing for decades. It is apparent that ongoing surveillance for iodine status is impor-
tant as dietary deficiency tends to recur in certain populations and regions. While iodine
deficiency can cause thyroid disorders in all ages, the fetus and newborn are at special
risk for consequences of insufficient iodine owing to the critical thyroxine dependent
intervals of neurodevelopment. For this reason, surveillance and treatments aimed at
reproductive age women and newborns are of particular importance. Screening for iodine
deficiency and its sequelae can be achieved by numerous means (thyroid ultrasonogra-
phy, urinary iodine measurements, blood thyroid or iodine tests, and newborn screen-
ing). Of particular interest is the potential dual role of neonatal thyroid screening to
detect both thyroid insufficiency in neonates and to detect populations at risk of iodine
deficiency by monitoring the newborn population mean thyroid stimulating hormone
(TSH) concentration (1).

Congenital Hypothyroidism
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Even in areas traditionally considered iodine sufficient, such as the US, it is important
to have surveillance for iodine status, especially of reproductive-age women and children.
In the most recent report on US iodine intake, childbearing-age women demonstrated a
significant decline in dietary iodine intake (2,3). It will be important to monitor this trend
and track potential consequences in terms of thyroid conditions in these at-risk popula-
tions.

Aside from regional iodine deficiency as a cause of hypothyroidism in newborns,
certain ethnic groups are at increased risk of developmental thyroid anomalies. Among
the groups at increased risk are: Hispanics, Chinese, Vietnamese, Asian Indians, Filipi-
nos, Middle Easterners, and Hawaiians; whereas blacks are at reduced risk (1/3 the risk
compared to whites) (4). Thyroid dysgenesis is also twice as common in female new-
borns as males (5).

While iodine deficiency is the leading world-wide cause for congenital hypothyroid-
ism, in iodine sufficient areas the leading cause of congenital hypothyroidism is thyroid
dysgenesis, accounting for about 80% of cases. Any defect in thyroid hormone produc-
tion, regulation and action can cause hypothyroidism, and Table 1 shows a categoriza-
tion of types of congenital hypothyroidism. Thyroid hormone synthesis is dependent on
sufficient iodine substrate, adequate iodine trapping, oxidation, and organification, as
well as sufficient production of thyroglobulin. Release of thyroid hormones from the
thyroid gland is accomplished by proteolysis. Thyroid hormone is predominantly pro-
tein bound in the circulation, and peripheral conversion to active hormone is accom-
plished by the deiodinases. The active T3 binds to its nuclear receptors and
transcriptionally activates genes with thyroid hormone-response elements. Regulation
of thyroxine production and metabolism is under control of the hypothalamic/pituitary
axis (thyrotropin-releasing hormone, and thyroid stimulating hormone). Malfunction of
any step of thyroid hormone production or regulation can result in hypothyroidism.

MECHANISM

The thyroid gland forms during the first trimester of development. It has a complex
migratory development, arising from the median and lateral anlagen. The median anlage
appears during the second week of gestation, expands into a bilobate structure adjacent
to the heart and is pulled caudally with the developing heart, completing its migration
by the 7th week of gestation. The lateral anlagen derive from the fourth branchial pouches
and fuse with the bilobate structure about the time the migration is complete (6). It is
notable that many congenital anomalies have been reported in association with congeni-
tal hypothyroidism. Some findings (such as the association of congenital hip dislocation)
have not been replicated in other studies/populations. The most consistent developmen-
tal anomalies associated with congenital hypothyroidism have been cardiac (7–10). The
coincidence of timing and location of thyroid and cardiac embryonic development sup-
ports the theory of common cause for these anomalies. Since thyroid dysgenesis does not
generally recur in families, it has been thought to be a developmental rather than a
heritable condition, possibly associated with environmental teratogens. Seasonal varia-
tions in incidence of congenital hypothyroidism (11) have also been noted, giving further
support to critical exposure (such a seasonal viruses) as a contibuting factor to sporadic
congenital hypothyroidism. However, as early as 1966, there was a report of dysgenesis
in two pairs of monozygotic twins and in a mother and child (12). The discovery of
developmental genes that play important roles in embryogenesis and developmental cell
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migrations, and the identification of mutations in these types of genes associated with
developmental anomalies including thyroid dysgenesis (PAX-8, TTF-2, and connexin,
for example) point to a role for genetic predisposition to thyroid dysgenesis (13–15), and
may in part explain the observed higher incidence of congenital hypothyroidism among
certain ethnic groups. It is likely that both genetic and environmental factors contribute
to thyroid developmental anomalies.

Just as thyroid gland development may be caused by genetic and environmental
factors, thyroid hormone dysgenesis may be caused by insufficient intake of iodine, or
by a number of mostly autosomal recessive defects which affect thyroid hormone synthe-
sis. These include sodium iodide symporter (NIS), responsible for actively transporting
iodine into thyroid follicular cells. Numerous NIS mutations have been identified that
can cause hypothyroidism, as well as mutations of thyroid peroxidase gene, TSH and its
receptor (17–23).

Features of hypothyroidism relate to requirement of sufficient T3 to bind TR and
activate thyroid responsive genes. Thyroid responsive genes are present throughout the
body, with specific time intervals of thyroid hormone responsiveness (see Fig. 1). Both

Table 1
Causes of Congenital Hypothyroidism (CH)

Primary hypothyroidism

Thyroid Dysgenesis
Athyreotic
Ectopic
Hypothyreotic (ex hemithyroid)

Thyroid Hormone Dysgenesis- Goitrous Enzyme Defect
Iodine Deficiency
Iodine Transporter Defect
Peroxidase Defect
Thyroglobulin Synthetic Defect

Peripheral Thyroid Hormone Inactivation
Tumor Deiodinase Activity
Iodotyrosine Deiodinase Defect

TSH resistance (normal or hypoplastic gland)
TSH receptor (TR β)mutations
Gsα gene mutations

Transient Hypothyroidism
Maternal Antithyroid Medications
Maternal Antibodies-maternal thyrotropin receptor blocking antibody (TRB-Ab)
Iodine
Idiopathic

Central hypothyroidism

Hypothalamic
Pituitary
Pituitary maldevelopment
Pit-1, TSH β
Medications such as corticosteroids and dopamine
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human and experimental animal data indicate the critical role of thyroid hormone in
development. Instances of maternal and fetal hypothyroidism (from iodine deficiency
and untreated maternal thyroid-blocking antibodies) point to a critical role of thyroid
hormone in neurodevelopment and hearing (24–27). The primary effects in neuro-
development are on the neural connections and arborization, and myelination, which
begins in utero and continues until age 3 y (28–30). While bone age delay can begin in
utero, overall growth is not compromised during gestation with growth retardation
appearing postnatally.

CLINICAL PRESENTATION

Congenital hypothyroidism is typically defined as insufficient thyroid hormone pro-
duction during the newborn period. Most neonates with congenital hypothyroidism
appear clinically normal at birth. When signs and symptoms initially present, they are
nonspecific, making clinical detection difficult and often delayed. Early signs of pos-
sible congenital hypothyroidism include: mottled and dry skin, lethargy, poor feeding,
macroglossia, enlarged posterior fontanel (>1 cm), umbilical hernia, jaundice, constipa-
tion, hoarse cry, sleepiness, and hypothermia (31–33). Of note, newborns with congeni-
tal hypothyroidism are not growth retarded at birth, although bone age may be delayed
in severe cases, most commonly with athyreosis. Hypothyroidism of longer duration is
associated with decreased linear growth rates and epiphyseal changes. Pseudomuscular
hypertrophy, delayed tooth development and developmental delay can also occur.

Acquired hypothyroidism can occur at any age, and frequency increases with age. In
the differential of “acquired” hypothyroidism in early childhood is congenital hypothy-
roidism not detected in the newborn period. This is particularly likely for partial thyroid
dysgenesis or dyshormonogesis that is compensated by gland hypertrophy for a variable
period of time. Other causes of acquired hypothyroidism are autoimmune thyroiditis and
thyroid dysfunction, secondary to thyroid/hypothalamic/pituitary destruction from che-
motherapy, radiotherapy, iron or other infiltrative processes. While some signs of
hypothyroidism are consistent regardless of age at presentation, such as dry skin, con-
stipation, and lethargy, other signs and sequelae are dependent on the developmental
stage during which hypothyroidism occurs. Generally, all aspects of acquired hypothy-

Fig. 1. Critical stages of irreversible thyroid hormone-dependent development.
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Fig. 2. Work-up of Out-of-Range Thyroid Newborn Screening.  Since most cases of congenital hypothyroidism are due to thyroid dysgenesis, early
scan and ultrasound will identify the cause in most cases. When family history or physical exam (goiter) suggests dyshormonogenesis, an ultrasound
is not generally necessary, and thyroglobulin (TG) testing may be considered sooner in the evaluation. Maternal history of thyroid disease and/or
prior affected children may prompt early assessment for thyroid blocking antibodies (TBA).
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roidism in adulthood are reversible with thyroxine treatment, and treatment delay does
not cause any irreversible effects. In the developing fetus, newborn, and child up to age
three, delay in treatment can cause irreversible developmental delays. The most sensitive
clinical sign of hypothyroidism in the growing child is growth retardation. Decrease in
linear and bone growth are characteristic of hypothyroidism and examination of bone films
and the growth curve can be extremely helpful in timing the onset of hypothyroidism.

Manifestations of hypothyroidism do not generally differ by the gender of affected
individual (other than menstrual irregularities which can occur in women with hypothy-
roidism); however, the prevalence of thryoid disease (autoimmune and sporadic dysgen-
esis) is much greater in females (2:1 ratio for thyroid dysgenesis).

Cardiac malformations have been associated with thryoid dysgenesis, but not with
dyshormonogenesis, suggesting a unifying exposure or developmental gene that affects
both thyroid gland formation and septation of the embryonic heart (34), rather than in
utero hypothyroxinemia causing secondary cardiac malformations. TTF-2 has been
associated with cleft palate and thyroid dysgenesis (14). Some groups have reported hip
dislocation (9) though in other series this has not been confirmed . In addition, the
following are some of the syndromes associated with congenital hypothyroidism:
Pendred Syndrome, pseudohypoparathyroidism and hypoparathyroidism, Beckwith
syndrome, Young-Simpson syndrome, and Sotos syndrome. Septo-Optic displasia
(SOD) can be associated with varying degrees of hypopituitarism, with growth hormone
deficiency occurring with the greatest overall frequency; central hypothyroidism occurs
in some cases (35).

Individuals with Trisomy 21 (T21) are at increased risk for congenital hypothyroid-
ism; in some studies, it has been found in 12.5% of Down’s newborns (35,36,38,39–42).
Congenital hypothyroidism associated with Down’s syndrome occurs with equal fre-
quency in affected males and females (unpublished data from New England Newborn
Screening Program), and is not associated with dysgenesis, suggesting that T21 does not
affect development of the thyroid gland, but rather has an effect on thyroid hormone
synthesis and/or gland function. Recent reports suggest zinc deficiency in T21 patients
may play a role in minor TSH elevations (38). Individuals with Down’s syndrome are
also at increased risk of acquired hypothyroidism (39). Since the signs of hypothyroid-
ism can be mistakenly attributed to Down’s (macroglossia, developmental delay, growth
failure), routine interval TSH screening of all children with Down’s is recommended.
Although the precise interval for screening has not been established, an approach that
would focus on increased screening during the critical developmental phases would be:
newborn screening with T4 and TSH at 2 d, 2 wk, and 2 mo, then serum specimens then
q6–12 mo up to 3 yr-of-age, and annually thereafter (sooner if any signs or symptoms
of hypothyroidism are noted).

DIAGNOSIS

Newborn Screening
The role of newborn screening is to detect treatable, time-critical, newborn disorders,

which if undiagnosed, would lead to significant morbidity and mortality. Newborn
screening utilizing dried blood specimens collected on filter paper began in Massachu-
setts in 1962 with the introduction of the Guthrie Bacterial Inhibition Assay (GBIA) to
measure blood phenylalanine levels as a screen for Phenylketonuria (PKU) (43). In the
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1970s, the ability to detect thyroxine and thyroid stimulating hormone in dried blood
specimens utilizing radioimmunoassay methodology was developed (44,45), and
subsequently incorporated into public health newborn screening programs. Currently,
there is mandatory universal newborn thyroid screening throughout the US, Canada,
much of Europe, Australia, and some form of newborn thyroid screening (but not
necessarily universally available) in parts of Asia, the Middle East, and Latin America.
Newborn screening for thyroid disease has been one of the great public health success
stories. Prior to screening, only one-third of hypothyroid infants were clinically detected
before 3 mo-of-age, and the majority of children had severe mental retardation, language,
learning and coordination difficulties (46). With the introduction of screening, the age
at detection has steadily declined. In the early phases of newborn thyroid screening, the
target was to identify and initiate treatment by age 2 mo. Currently with rapid specimen
transport of newborn specimens collected on average day of life two and advances in
technology allowing rapid T4/TSH analysis, many screening programs detect and initiate
treatment within 1–2 wk-of-age, allowing normal developmental outcome of individu-
als with congenital hypothyroidism (47). Treatment with thyroxine is curative, making
newborn thyroid screening cost effective (48). The incidence of congenital hypothyroid-
ism is approx 1:4000 in North America, though in Massachusetts the incidence has been
rising and is currently 1:2000 (49).

TYPES OF THYROID NEWBORN SCREENING STRATEGIES

Primary T4, secondary TSH: all newborns screened for total thyroxine concentration,
with triggered TSH for those with the lowest thyroxine values (below a cut-off value and
for a certain percentile of the screened population- for instance all T4 <13 µg/dL and the
lowest decile). This approach allows detection of central and peripheral hypothyroidism
(50–52). However, there is a broad range of normal thyroxine concentrations and low
thyroxine is common in premature and sick infants and in individuals with thyroxine
binding globulin (TBG), or other binding protein, deficiencies. Binding protein defi-
ciency does not require treatment, but is identified as a by-product of this screening
strategy.

Primary TSH, with or without secondary T4: this strategy was initially adopted in
European screening programs and provides a mechanism for monitoring for regions of
iodine deficiency because it provides information about mean TSH for specific popula-
tions (1). Another potential advantage of TSH screening is the theoretical enhanced
detection of partially compensated hypothyroidism (53,55); that is, T4 maintained in the
normal range with elevated TSH. In a large study by Dussault in 1983 with simultaneous
T4 and TSH (micromedic T4 assay and RIA TSH) in 93,000 consecutive filter paper
specimens, the T4 assay had better precision, and there was similar sensitivity in case
detections by either primary T4 or primary TSH screening, with false negatives (n = 3)
by either approach, including a case of central hypo which was detected only by the T4
approach (54).

Dual T4 and TSH: may be the most sensitive approach currently in use allowing
detection of central hypothyroidism and euthyroxinemic hypothyroidism, but depend-
ing on cut-offs utilized, may result in less specificity and higher recall rates.

Free T4 (fT4) is potentially the most sensitive and specific screening strategy. There
is report by one program of a fT4 screening method utilizing filter paper specimens, but
it has not been a widely reproducible method to date (56).
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As with any laboratory test, the reference range for the normal population and the
diseased population has to be established. Determining cut-offs for screening results is
complex and should be periodically reassessed (57). This is particularly true of newborn
endocrine screening as timing and clinical status can affect the hormone reference
range. At parturition and exposure to the cold, extrauterine environment, a neonatal TSH
(and consequently T4) surge occurs within minutes of birth and subsides over the next
24–72 h. This surge also occurs, but in a stunted fashion, in preterm infants (58–60).
Newborn screening specimens collected at less than 24h are enriched for mild to mod-
erate TSH elevations that normalize on follow-up (increasing the recall rate); specimens
collected at less than 24 h are also at jeopardy of masking hypothyroidism by showing
a normal T4 which subsequently falls (T4 of maternal origin +/– T4 surge). The ideal
collection time for congenital hypothyroidism screening is probably 3–5 d-of-age to
optimize both sensitivity and specificity of screening. In a review of the impact of early
discharge on newborn screening, the higher recall rate and cases of missed diagnosis
were noted (61). Most screening programs require a follow-up specimen if the initial
specimen is collected at <24 h to minimize the chance of a missed diagnosis.

Each laboratory should establish its reference range for its population and testing
method.

In the New England Newborn Screening Program, when T4 measurement was changed
from an RIA method to the AutoDELFIA method, a significant increase in mean T4 for
newborns from 13–16 µg/dL was noted , and consequently the absolute T4 cut-off to
trigger TSH testing was raised (62).

WORK-UP OF SCREEN POSITIVE CASES

Whenever notification of out-of-range newborn thyroid screening results are received,
it is recommended that the newborn be promptly evaluated with a complete history and
physical. History should include note of maternal/family history of thyroid disease,
maternal medications (especially anti-thyroid medications or iodine), and baby medica-
tions (especially, iodine, steroids, dopamine). Physical examination should include
careful inspection for any signs of hypothyroidism, goiter, or sublingual masses (Fig. 2).

Elevated TSH
Because the positive predictive value correlates with the degree of TSH elevation, a

general guideline for management of newborn screening results is for TSH < 40 to collect
confirmatory serum studies and initiate thyroxine while awaiting confirmatory test
results. As a minimum, serum confirmatory studies should include T4 and TSH.

More modest TSH elevations have a lower positive predictive value. Thus for TSH
elevations in the 20–40 range, particularly if the T4 is in the normal range (>12), a follow-
up filter paper or serum specimen is generally sufficient.

Generally accepted case definition for primary hypothyroidism is TSH > 20 (or 25)
on more than one specimen, collected after 24 h of age (64).

Low T4 and Non-elevated TSH
The differential diagnosis of low T4 and non-elevated TSH includes central hypothy-

roidism, acute illness, hypothyroxinemia of prematurity, and thyroid binding globulin
deficiencies. Central hypothyroidism is rare, occurring 1:50,000-100,000 births (50,51);
it has been associated with hypoglycemia (due to adrenal insufficiency) and hypospadias
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in males, and can be associated with certain syndromes such as SOD and midline cranio-
facial defects. A general approach to low T4 is to confirm the finding with another filter
paper specimen, and, if confirmed, to proceed to serum fT4 testing in normal birthweight
infants. Since hypothyroxinemia occurs in up to 50% of preterm infants (with 10%
having T4 < 5 µg/dL), serial filter paper screening is generally sufficient. Preterm infants
are at increased risk for delayed TSH elevations, and this can be detected by performing
the serial testing (65).

Role of Additional Confirmatory Testing
Bone age is useful for timing onset of hypothyroidism and for monitoring response

to therapy; individuals with significant bone age delay at birth may be at risk for less than
optimal outcome, as it may be a marker for in utero hypothyroxinemia. In cases of bone
age delay, prompt initiation of high thyroxine dose treatment is indicated. With prompt
thyroxine, growth will normalize and bone age will also normalize.

Thyroid scan-iodine (I-123) and technetium (Tc99m) scans can be used to determine
thyroid location and uptake (62). Iodine scans indicate not only iodine uptake, but also
organification of iodine. When the scan indicates athyreosis, or ectopic thyroid (which
combined account for about 80% of congenital hypothyroidsim), it indicates need for
lifelong thyroxine treatment, and any trials off thyroxine are not indicated. Thyroid scans
require the administration of trace amounts of radioactive elements to the child.

Ultrasonography of the thyroid allows examination of the thyroid (without radioac-
tivity) to determine if the thyroid is in the ususal developmental location as a bilobed
structure,and if in the usual location, whether it is hypertrophied, suggesting dyshor-
mono-genesis or iodine deficiency. While ultrasound is non-invasive and generally less
expensive than other imaging methods, a potential drawback of ultrasonography is that
it is often operator dependent.

Thyroglobulin (TG) absence can be associated with athyreosis and thyroglobulin
synthetic defects, both of which require lifelong thyroxine replacement.

Thyroid blocking antibodies (TBA), usually of maternal origin, can cause transient
hypothyroidism of the newborn (66). The risk for presence of maternal antibodies
increases with maternal age, and transient hypothyroidism can recur with subsequent
pregnancies. In cases of known maternal thyroid disease, maternal and/or baby antibod-
ies should be considered as an early step in confirmatory testing. Neonatal hypothyroid-
ism due to maternal antibodies is transient, usually lasting only a few months as maternal
antibodies decline. Some have advocated routine maternal thyroid screening for all
children identified with out of range thyroid newborn screens.

TRH stimulation testing is indicated in cases of suspected central hypothyroidism,
associated with low free thyroxine and non-elevated TSH. An exaggerated TSH response
to TRH indicates hypothalamic dysfunction and should prompt a further investigation
into the status of the hypothalamus and reason for insufficiency, and would generally
include MRI of the hypothalamus. Failure to mount a TSH response to TRH indicates
pituitary dysfunction, which also warrants further investigation as to its cause and
potential association of other pituitary insufficiencies.

While reduced thyroid binding globulin (TBG) levels are indicative of TBG defi-
ciency. In general, the specific measurement of TBG is not necessary, as confirmation
of in range free thyroxine level is all that is necessary for follow-up of low T4, and non-
elevated TSH. TBG deficiency in the absence of TSH elevation does not require treat-
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ment. Since TBG deficiency in most cases is X-linked, families should be counseled
regarding the 1:2 risk of recurrence with subsequent male children.

Special subsets: premature, and low birthweight infants. These infants represent a
selected subpopulation at risk for suboptimal longterm outcome (67,68). Whether a
portion of this impaired outcome is thyroid hormone dependent is not entirely known.
Low T4 is known to correlate with risk of impaired neurodevelopmental outcome,
including increased risk of intraventricular hemorrhage (69) and up to 50% of preterm
infants are hypothyroxinemic (70). In addition, premature infants are known to have
higher iodine requirements, less mature hypothalamic/pituitary axis, and reduced activ-
ity of deiodinases (especially in the central nervous system) that convert T4 to T3. Thus
thyroid hormone, iodine, and TRH treatments have been considered to improve the
outcome of preterm babies, but none has demonstrated benefit to date. Additional studies
in this area are needed (71,72). Hypothyroxinemia of prematurity generally resolves by
6–10 wk-of-age. However, some preterm infants go on to have delayed TSH elevations.
For these reasons, serial screening is recommended for premature infants at 2, 6, and
10 wk-of-age or until they reach 1500 g or are discharged (65).

Acutely ill neonates also tend to have lower total thyroxine values. Because of the
crucial role of thyroid hormone in the developing nervous system, some have advocated
empiric thyroid hormone treatment in acute illness, and trials of T3 for cardiac newborns
have been performed (73). Treatment has decreased critical care and ionotrope needs,
but benefit to neurodevelopmental outcome has not been clearly established. Recovery
from acute illness can be associated with transient TSH elevations. Generally, sequential
testing can help to distinguish these transient elevations from mild thyroid dysfunction.
That is, over time, parallel increases in T4 and TSH suggest recovery from illness, and
TSH should normalize within a week. Transient TSH elevations (without permanent
congenital hypothyroidism) are frequently associated with congenital malformations
and may represent recovery from acute illness. These elevations tend to be more modest
elevations, and are sometimes treated to protect the potentially vulnerable CNS. How-
ever, this group warrants a trial off thyroxine after the third birthday to determine whether
thyroid dysfunction is persistant.

Blunted TSH response to hypothyroxinemia can occur in babies receiving transfu-
sions, dopamine, and/or high dose steroids. In these cases, serum fT4 and follow-up
thyroid tests post transfusion/treatment may be needed to determine if thyroxine treat-
ment is necessary.

While newborn screening has benefited thousands of newborns in the US (approx
1000 hypothyroid cases/yr) , screening has its limitations. As with any screening test, a
normal result in the context of signs and symptoms of the disorder should not preclude
further diagnostic testing and treatment if indicated. In any newborn or child with signs
of potential hypothyroidism, serum T4 and TSH should be measured (46,64).

TREATMENT

Levothyroxine is the treatment of choice for congenital hypothyroidism Its long half-
life allows daily dosing and no consequences of an occasional missed dose.
Levothyroxine is converted to the active hormone T3. In the brain, local T4 to T3 conver-
sion is especially important, adding to the rationale for treatment with levothyroxine in
pediatric patients. Periodically, combination preparations of T4 and T3 have been advo-
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cated (74,75), but to date, there is not sufficient evidence to favor this approach, which
can be associated with risk of cardiac and other effects of T3 boluses. Furthermore, all
the large-scale outcome studies for treated cases of congenital hypothyroidism have
utilized levothyroxine.

 Levothyroxine is available as a scored tablet of synthetic hormone in a variety of
doses. Adverse consequences of treatment are minimal; in one case, there was report of
reversible liver function abnormalities when levothyroxine was used in an individual
with antibodies to the medication (76). Prolonged hyperthyroxinemia can cause cranio-
synostosis (although this has been found in neonatal hyperthyroidism, it is not generally
associated with treatment of congenital hypothyroidism) and osteoporosis. These adverse
events can be avoided by regular monitoring of thyroid function tests and avoidance of
overtreatment.

In treating congenital hypothyroidism, the aim is rapid normalization of total thyrox-
ine (within 1–2 wk of starting treatment); treatment should be initiated at 10–15 µg/kg/d,
with the aim to keep the total and free T4 in the upper half of the normal range. TSH levels
generally subside to the normal range within a month of starting treatment, and thereafter
should be maintained in the normal range. A rise in TSH while on treatment generally
confirms the need for ongoing replacement therapy (provided there has been treatment
compliance).

Levothyroxine tablets should be crushed and mixed with some milk and administered
by syringe to infants. Soy formulas should be avoided as they interfere with absorption
of the medication. Serum T4 (or fT4) and TSH should be monitored regularly starting at
2 and 4 wk after medication has been started, every 1–2 mo for the first year, and every
2–3 mo to age 3 yr and every 3 mo until growth is complete. When dose adjustments are
made, follow-up testing should be performed in 2–4 wk (64,77).

Resistance (poor absorption, enhanced clearance, pituitary/peripheral resistance) and
non-compliance may present with persistant TSH elevation despite thyroxine therapy.
In the case of poor absorption and enhanced clearance, the T4 is usually low. With
resistance and non-compliance, the T4 is usually high or normal. In the noncompliant
individual, there can be acute compliance with thyroxine causing the normal or high T4,
but the TSH, which has a longer half life and time to equilibration, will remain elevated,
reflecting the prior state of hypothryoxinemia. Random and unannounced sampling of
serum can help discover non-compliance. Resistance can be addressed by escalating the
dose to determine a sufficient dose to normalize TSH; on occasions, other forms of
thyroid hormone are needed for cases of resistance.

In cases of central hypothyroidism, assessment of the adrenal axis should be per-
formed prior to starting levothyroxine to avoid precipitating adrenal crisis.

OUTCOME

There have been numerous studies of cognitive and developmental outcome of chil-
dren identified with congenital hypothyroidism by newborn screening, and all have
demonstrated excellent neurodevelopment and growth when individuals were treated
early and with sufficient thyroxine (23,78–89). For the most profoundly hypothyroid
cases (athyreosis, maternal antibodies, very low T4 and high TSH, delayed bone age at
diagnosis), there are certain cognitive defects that persist despite adequate treatment,
presumably attributable to maternal and fetal hypothyroxinemia. While IQ test scores
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are generally comparable compared to controls and siblings, there can be subtle defects
in memory, attention and visual-spatial processing (82). These defects have not been
found in cases of ectopic gland, presumably because there was sufficient thyroid hor-
mone production by the partial gland.

More recent studies of outcome continue to support the notion that early and high
thyroxine dosages will yield the maximal outcome, and if possible, treatment should be
initiated before 2 wk-of-age.

There are theoretical risks of overtreatment based on the clinical course of neonatal
Graves’ disease, which can be associated with craniosynostosis, tachycardia, and
supraventricular tachyarrythmias, poor weight gain and hyperirritability, and gut
hypermotility. However, thyroxine treatment of congenital hypothyroidism does not
increase the risk of craniosynostosis or superventricular tachyarrythmias (86), most
likely because thyroxine is administered as T4, which is converted to T3. Even with high
T4, the T3 is usually not elevated. Mild effects of excess thyroxine can occur with
prolonged high T4 doses, but in general, these affects are of little clinical consequence.

Thyroid Functional Outcome (Does Treatment Always Need to be Lifelong?)
Since the critical period of thyroid hormone dependent brain development is from

fetal development to postnatal age 3 yr, the recommendation is that thyroxine not be
withdrawn until after the third birthday. For children confirmed to have ectopic or
athyreotic hypothyroidism, no detectable thyroglobulin (prior to starting thyroxine), and
for children in whom TSH elevation (>10) has occurred while on thyroxine after 1 yr-
of-age, there is no reason to attempt discontinuation of thyroxine. For the remainder of
children treated with thyroxine, at the third birthday thyroxine can be discontinued or
halved in dose for 30 d with serum thyroxine and TSH determination at that time (90).
An elevation of TSH confirms the need for continued thyroxine. If the dose was halved
and there was no TSH elevation, the dose should be discontinued for 30 d with repeat
thyroid studies. Once discontinuing thyroxine, it is important to advise of the signs and
symptoms of hypothyroidism. If they develop, or there are any growth issues, repeat
thyroid testing should be performed. Transient hypothyroidism occurs in 5–20% of cases
and is more likely in cases of mild newborn screening TSH elevations, children with
other malformations, children of mothers with Hashimoto’s disease (and presumably
transference of maternal antibodies to the baby), and former premature infants.

A more recently recognized area for concern and possible screening is maternal
thyroid status early in pregnancy when the developing fetus is dependent on transplacen-
tal passage of thyroid hormone (25,26).

SUMMARY

Neurocognitive development, hearing and growth are dependent on sufficient thyroid
hormone in fetal, and early child development. Iodine deficiency can affect maternal,
fetal and childhood thyroid function and remains the leading cause worldwide for treat-
able mental retardation. At birth, there may be few signs or symptoms of hypothyroid-
ism, making newborn screening for thyroid function a critical step in detecting congenital
hypothyroidism, which is a treatable condition with normal or near normal developmen-
tal outcome if sufficient levothyroxine is given early. Individuals at risk for suboptimal
outcome are those whose maternal thyroxine supply was insufficient in utero, and those
whose diagnosis of hypothyroidism was delayed or incompletely treated.
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Some children, despite in range newborn screening thyroid tests will develop TSH
elevations later, and thus any signs or symptoms compatible with hypothyroidism should
be pursued with thyroid testing, regardless of the newborn screening thyroid results.
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INTRODUCTION

Autoimmune thyroid disease is the most common autoimmune condition, affecting
approximately 2% of the female population and 0.2% of the male population (1). Its
overall prevalence peaks in adulthood, but it is also the most common etiology of ac-
quired thyroid dysfunction in pediatrics (2,3). This chapter presents a summary of au-
toimmune thyroid disease, discussing first chronic autoimmune thyroiditis and then
Graves’ disease, with an emphasis on their clinical management. Optimal quantities of
thyroid hormone are critical to neurodevelopment and growth. By maintaining an appro-
priate index of suspicion, the clinician can often recognize thyroid dysfunction in its
early stages.

CHRONIC AUTOIMMUNE THYROIDITIS

The childhood prevalence of chronic autoimmune thyroiditis peaks in early- to mid-
puberty and a female preponderance of 2:1 has been reported (4). Presentation is rare
under the age of 3 yr, but cases have been described even in infancy (5,6).

Terminology and Definitions
In 1912, Hashimoto described four women with thyromegaly and the apparent trans-

formation of thyroid into lymphoid tissue (“struma lymphomatosa”). These patients
comprise the first report of Hashimoto’s disease, which we now recognize as a form of
chronic autoimmune thyroiditis. Improvements in the measurement of circulating
autoantibodies have obviated the need for biopsy in the diagnosis of autoimmune thyroid
disease, and the nomenclature itself has been redefined in recent years (Table 1) (7,8).
The term thyroiditis is defined as evidence of “intrathyroidal lymphocytic infiltration”
with or without follicular damage. Two types of chronic autoimmune thyroiditis (also
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Table 1
Classification of Autoimmune Thyroiditisa

Type 1 Autoimmune Thyroiditis (Hashimoto’s Disease Type 1)

1A Goitrous
1B Nongoitrous

Status: Euthyroid with normal TSH.

Type 2 Autoimmune Thyroiditis (Hashimoto’s Disease Type 2)

2A Goitrous (classic Hashimoto’s disease)
2B Nongoitrous (primary myxoedema, atrophic thyroiditis)

Status: Persistent hypothyroidism with increased TSH.
2C Transient aggravation of thyroiditis (example post-partum thyroiditis)

Status: May start as transient, low RAIU thyrotoxicosis, followed by transient hypothyroidism.

Type 3 Autoimmune Thyroiditis (Graves’ Disease)

3A Hyperthyroid Graves’ disease
3B Euthyroid Graves’ disease

Status: Hyperthyroid or euthyroid with suppressed TSH. Stimulatory autoantibodies to the TSH
receptor are present (autoantibodies to thyroglobulin and TPO are also usually present).
3C Hypothyroid Graves’ disease

Status: Orbitopathy with hypothyroidism. Diagnostic levels of autoantibodies to the TSH
receptor (blocking or stimulating) may be detected (autoantibodies to Tg and TPO
are also usually present)

aAdapted from Williams Textbook of Endocrinology (8).

known as chronic lymphocytic thyroiditis) are causes of persistent hypothyroidism,
Hashimoto’s disease (goitrous form, Type 2A) and atrophic thyroiditis (nongoitrous
form, Type 2B). Both are characterized by circulating thyroid autoantibodies and vary-
ing degrees of thyroid dysfunction, differing only by the presence or absence of goiter.
The transient disorder of postpartum thyroiditis is believed to be a manifestation of
chronic autoimmune thyroiditis (Type 2C) (9). The term chronic autoimmune thyroiditis
does not include subacute (deQuervain’s) thyroiditis.

Pathophysiology
The activation of CD4 (helper) T-lymphocytes specific for thyroid antigens is believed

to be the first step in pathogenesis. Once activated, self-reactive CD4 T cells recruit
cytotoxic CD8 T cells as well as autoreactive B cells into the thyroid. The three main
targets of thyroid antibodies are thyroglobulin (TG), thyroid peroxidase (TPO), and the
thyrotropin receptor (TR). Anti-TPO antibodies have been shown to inhibit the activity
of thyroid peroxidase in vitro, but direct killing by CD8 T cells is believed to be the main
mechanism of hypothyroidism in vivo (9). Anti-TSH receptor antibodies may contribute
to hypothyroidism in a minority of adult patients with the atrophic form of chronic
autoimmune thyroiditis, but this has not been proven in children (10,11).

Histologically, goitrous autoimmune thyroiditis is characterized by diffuse lymphocytic
infiltration with occasional germinal centers. Thyroid follicles may be reduced in size and
contain sparse colloid. Individual thyroid cells are often enlarged with oxyphilic cytoplasm
(the Hurthle or Askanazy cell). In contrast, the gland of atrophic autoimmune thyroiditis
is small, with lymphocytic infiltration and fibrous replacement of the parenchyma.
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Clinical Presentation
The presentation of chronic autoimmune thyroiditis includes either hypothyroidism,

goiter, or both. A goiter or firm thyroid is the first physical sign of chronic autoimmune
thyroiditis. Thyromegaly is typically diffuse with a “pebbly” or “seedy” surface that
evolves into a firm and nodular consistency (12). As the disease progresses, subclinical
and then clinical hypothyroidism appears. Symptoms of hypothyroidism may be subtle,
even with marked biochemical derangement (Table 2). The initial history should include
inquiries into energy level, sleep pattern, menses, cold intolerance, and school perfor-
mance. In addition to palpation of the thyroid, assessment of the extraocular movements,
fluid status, and deep tendon reflexes are important components of the physical exami-
nation. Chronic autoimmune thyroiditis may be the initial presentation of an autoim-
mune polyglandular syndrome, and the possibility of coexisting autoimmune diseases
such as type 1 diabetes, Addison’s disease, and pernicious anemia must be addressed by
the past medical history and the review of systems.

Growth and pubertal development may be deranged. Similar to other endocrine causes
of growth failure, linear progression is compromised to a greater degree than weight
gain, and the bone age is delayed (Fig. 1) (13,14). Hypothyroidism typically causes
pubertal delay, but may also induce a syndrome of pseudoprecocity manifested as testicu-
lar enlargement in boys and breast enlargement and vaginal bleeding in girls (15–17). This
differs clinically from true precocity by the absence of accelerated bone maturation and
linear growth (Table 2).

Diagnosis
The serum thyrotropin (TSH) concentration is elevated in primary hypothyroidism

and its determination is an appropriate screen for thyroid dysfunction. If the differential
diagnosis includes central hypothyroidism or if the overall suspicion for hypothyroidism
is high, a free T4 (or fT4I ) should be included on the initial screen. In mild hypothyroid-
ism, serum T3 can remain in the normal range due to the increased conversion of T4 to
T3 by type 2 deiodinase and the preferential secretion of T3 by residual thyroid tissue
under the influence of hyperthyrotropinemia (18,19). For these reasons, measurement of

Table 2
Symptoms and Signs of Hypothyroidism

Goiter
Growth retardation
Skeletal maturational delay
Pubertal disorders (delay or pseudoprecocity)
Slowed mentation (lethargy and impaired school performance)
Fatigue
Bradycardia (decreased cardiac output)
Constipation
Cold intolerance
Hypothermia
Fluid retention and weight gain (impaired renal free water clearance)
Dry, sallow skin
Delayed deep tendon reflexes
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Fig. 1. Two Patients with Chronic Autoimmune Thyroiditis. The growth failure of hypothyroid-
ism characteristically affects height to a greater degree than weight. The initiation of thyroid
hormone replacement (solid black bar) is associated with an acute drop in weight due to the
mobilization of myxedematous fluid, followed by an acceleration in linear progression or “catch-
up growth.” Breast development was noted in Patient 1 which regressed after hypothyroidism
was corrected. The interval between pre-therapy and post-therapy photographs is one year for
patient 1 and six months for patient 2. Charts and photographs are from the files of John F. Crigler,
Chief Emeritus of Children’s Hospital Endocrinology in Boston.

the serum T3 concentration is not a useful test in the diagnosis or monitoring of patients
with primary hypothyroidism.

The presence of goiter or hyperthyrotropinemia should prompt the measurement of
anti-TPO antibodies. Anti-TPO antibodies are the most sensitive screen for chronic
autoimmune thyroiditis (20). Little further benefit is gained by the additional measure-
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ment of anti-thyroglobulin antibodies, although they may be added if anti-TPO titers are
negative (21). The typical patient with hypothyroidism secondary to chronic autoim-
mune thyroiditis will have an elevated TSH (over 10 µU/mL), a low fT4I, and positive
anti-TPO antibodies. In early stages of the disease, TSH may be normal and anti-TPO
antibodies may be positive with goiter (Type 1A). Later, TSH elevation becomes modest
(5–10 µU/mL) with a normal fT4I (biochemical or subclinical hypothyroidism). Up to
90% of patients with hypothyroidism secondary to autoimmune thyroiditis are anti-TPO
antibody positive. It should be noted that 10–15% of the general population are positive
for anti-TPO antibodies and that low titers (less than 1/100 by agglutination methods or
less than 100 IU/L by immunoassays) are less specific for autoimmune thyroid disease
(1). If anti-TPO antibodies are absent, less common etiologies of primary hypothyroid-
ism such as transient hypothyroidism (post subacute thyroiditis), external irradiation,
and consumptive hypothyroidism should be considered (22–24).

Subclinical hypothyroidism is defined as TSH elevation with normal concentrations
of circulating thyroid hormones (T4 and T3). The log-linear relationship between serum
TSH and free T4 explains how small reductions in serum free T4 lead to large deviations
in TSH. The majority of these patients are asymptomatic, but studies in the adult popu-
lation suggest that individuals with the combined risk factors of hyperthyrotropinemia
and positive thyroid antibodies (anti-thyroglobulin or anti-TPO) are at high risk for
progression to overt hypothyroidism. For this reason, it is our practice to recommend
thyroid hormone replacement in all patients with TSH values >10 µU/mL or with TSH
values >5 µU/mL in combination with goiter or thyroid autoantibodies (25). Given the
critical importance of thyroid hormone in neurodevelopment, persistent hyperthyro-
tropinemia in infancy should be empirically treated and a trial with reduced therapy
considered after the age of 2–3 yr. Similarly, the presence of growth failure may lower
the threshold to initiate replacement for persistent hyperthyrotropinemia.

Therapy
Levothyroxine (L-T4) is the replacement of choice. There are virtually no adverse

reactions and its long half-life of 5–7 d allows the convenience of daily administration.
Although very rare, case reports have described the development of pseudotumor cerebri
around the initiation of levothyroxine in a small number of school-age children (26).
Some authors advocate a graded approach to the initiation of levothyroxine (27). Alter-
natively, a starting dose can be estimated based upon the patient’s age and ideal body
weight (Table 3) (4). The medication’s long half-life insures a gradual equilibration over
the course of 5–6 wk. Average daily requirements approximate 100 µg/m2 per day, but
dosing will ultimately be individualized on the basis of biochemical monitoring (4). TSH
normalization is the goal of replacement and we aim for a target range of 0.5–3 µU/mL.
This will usually be associated with a free T4 in the upper half of the normal range.
Thyroid function tests should be obtained 6 wk after the initiation or adjustment of the
levothyroxine dosage. Growth and sexual development should be followed systemati-
cally as in any pediatric patient. Once biochemical euthyroidism has been achieved, TSH
can be monitored every 4–6 mo in the growing child and yearly once final height has been
attained. If noncompliance is suspected as the cause of treatment failure, a free T4 (or
fT4I) may be measured as a serum TSH greater than twice normal in the context of a
normal free T4 suggests intermittent omission of the medication.
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Table 3
Levothyroxine Replacement Dosesa

Recommended L-T4 Treatment Doses

AGE L-T
4
 Dose (µg/kg)

0–3 mo 10–15
3–6 mo 8–10
6–12 mo 6–8
1–3 yr 4–6
3–10 yr 3–4
10–15 yr 2–4
>15 yr 2–3
Adult 1.6

aAdapted from LaFranchi, Pediatric Annals
1992 (4).

A variety of conditions or drugs may alter levothyroxine requirements (Table 4). In
theory, levothyroxine should be administered at least 30 min before eating or any medi-
cation known to impair its absorption. However, from a practical viewpoint, the most
important goal is to establish a regular time for levothyroxine administration. Parents of
children with chronic autoimmune thyroiditis should be advised that the hypothyroidism
will likely be permanent, although exceptions have been reported (28,29). The monitor-
ing of thyroid function is lifelong. A TSH should be checked if pregnancy is diagnosed
and the frequency of monitoring should be increased. Levothyroxine requirements in-
crease by an average of 45% during gestation and untreated maternal hypothyroidism
may adversely affect the intellectual development of the fetus (25,30).

GRAVES’ DISEASE

Robert Graves reported the clinical syndrome of goiter, palpitations, and exophthal-
mos in 1835. In the adult population, Graves’ disease is now recognized as the most
prevalent autoimmune disorder in the US, accounting for 60–80% of all patients with
hyperthyroidism (31). Hyperthyroidism is relatively rare in children (yearly incidence
of 8 per 1,000,000 children less than 15 yr-old and 1 per 1,000,000 children less than
4 yr-old), but Graves’ disease is by far the most common etiology (3). Girls are affected
four to five times more frequently than boys, although no gender difference is noted
under 4 years of age (32,33).

Pathophysiology
Graves’ disease shares many features associated with chronic autoimmune thyroidi-

tis, including autoantibodies directed against thyroglobulin, thyroid peroxidase, and the
sodium-iodine symporter. Hyperthyroidism is caused by thyroid-stimulating antibodies
that bind and activate the thyrotropin receptor, leading to follicular cell hyperplasia and
the hypersecretion of thyroid hormone. Lymphocytic infiltration of the thyroid is present,
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hence its classification as a form of thyroiditis. Occasionally, germinal centers form,
which can develop as major sources of intrathyroid autoantibodies. Lymphocytic infil-
tration and the accumulation of glycosaminoglycans in the orbital connective tissue and
skin cause the extrathyroidal manifestations of Graves’ ophthalmopathy and dermopa-
thy, respectively.

Clinical Presentation
The presentation of Graves’ disease in childhood may be insidious and a careful

history will often reveal a several month history of progressive symptoms. Common
complaints include nervousness, hyperactivity, heat intolerance, sleep disturbances, and
a decline in school performance (Table 5). A goiter is palpable in the majority of cases,
characterized by diffuse enlargement which is smooth, firm, and nontender. The pyra-
midal lobe is often palpable and a bruit may be audible secondary to increased bloodflow
through the gland. Extrathyroidal manifestations such as ophthalmopathy and dermopa-
thy are rarer than in adults and tend to be less severe (32). The pediatric literature cites
a 25–60% frequency of ocular manifestations, but the majority are mild signs such as lid
retraction, “staring”, and slight proptosis that can be attributed to the pseudosympathetic
hyperactivity of thyrotoxicosis rather than true infiltrative disease of the orbital struc-
tures. As expected, these signs improve in most patients after restoration of the euthyroid
state (34). Unique to pediatric Graves’ disease is the acceleration of linear growth and
bone maturation associated with prolonged hyperthyroidism (35,36).

Table 4
Conditions that Alter Levothyroxine Requirements

Increased levothyroxine requirements

Pregnancy
Gastrointestinal Disease Mucosal diseases of the small bowel

(e.g., sprue)
Jejuno-ileal bypass and small bowel

resection
Diabetic diarrhea

Drugs which impair L-T
4
 absorption Cholestyramine

Sucralfate
Aluminum hydroxide
Calcium carbonate
Ferrous sulfate

Drugs which may enhance CYP3A4 Rifampin
and thereby accelerate levothyroxine clearance Carbamazepine

Phenytoin
Estrogen (?)
Sertraline (?)

Drugs which impair T
4
 to T

3
 conversion Amiodarone

Conditions which may block Type 1 deiodinase Selenium deficiency (due to dietary
deficiencies as in PKU and cystic
fibrosis)

Cirrhosis
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Table 5
Symptoms and Signs of Hyperthyroidism in Childrena

Goiter
Exophthalmos
Acceleration of linear growth
Nervousness
Increased irritability
Decreased concentration and impaired school performance
Headache
Hyperactivity
Fatigue
Palpitations
Tachycardia
Increased pulse pressure
Hypertension
Heart murmur
Polyphagia
Increased frequency of bowel movements
Weight loss
Heat intolerance
Increased perspiration
Tremor

aAdapted from ref. (50).

Diagnosis
The term thyrotoxicosis refers to the manifestations of excessive quantities of circu-

lating thyroid hormone. In contrast, hyperthyroidism refers only to the subset of thyro-
toxic diseases which are due to the overproduction of hormone by the thyroid itself.
Graves’ is the most common etiology of hyperthyroidism and the ability to accurately
diagnose it is critical as antithyroid drugs have no role in the treatment of thyrotoxicosis
without hyperthyroidism. Thyrotoxicosis is recognized by an elevation of serum free T4
(or fT4I) with a decreased serum TSH (typically <0.1 µU/mL). A determination of the
fT3I should be added if TSH is suppressed and the serum free T4 is normal. In patients
with early disease or in iodine-deficient patients, serum free T4 concentrations may be
normal or reduced despite elevated levels of triiodothyronine. These are the only situ-
ations in which a serum FT3I is required to confirm to the diagnosis of thyrotoxicosis.
Once biochemical derangement has been documented, it is helpful to address the dura-
tion of thyrotoxicosis to facilitate the differentiation of Graves’ disease from painless
thyroiditis. Onset may be documented by prior laboratory studies or inferred from the
history.

The differential diagnosis of thyrotoxicosis includes transient thyroiditis, hyperfunc-
tioning nodule(s), and thyrotoxicosis factitia. In the majority of cases, the presence of a
symmetrically enlarged thyroid coupled with the chronicity of symptoms will be adequate
to allow a diagnosis, but radionuclide studies using I-123 can provide confirmatory data
(Table 6). If thyrotoxicosis has been present for <8 wk, transient thyrotoxicosis secondary
to subacute thyroiditis or the thyrotoxic phase of autoimmune/silent thyroiditis should
be considered. These forms of thyroiditis are self-limited and refractory to therapy with
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Table 6
Differential Diagnosis of Thyrotoxicosis in Childrena

Causes of Thyrotoxicosis

Thyrotoxicosis associated with sustained hormone overproduction (Hyperthyroidism). High RAIU

Graves’ disease
Toxic Multinodular goiter
Toxic adenoma
Increased TSH secretion

Thyrotoxicosis without associated Hyperthyroidism. Low RAIU

Thyrotoxicosis factitia
Subacute thyroiditis
Chronic thyroiditis with transient thyroiditis

(painless thyroiditis, silent thyroiditis, post-partum thyroiditis)
Ectopic thyroid tissue (struma ovarii, functioning metastatic thyroid cancer)

aAdapted ref. (8)

thionamides. The radioactive iodide uptake (RAIU) will be low, distinguishing them
from the more common Graves’ disease (37). For thyrotoxicosis present for more than
8 wk, Graves’ is by far the most likely etiology. The constellation of thyrotoxicosis,
goiter, and orbitopathy is pathognomonic of this condition and no additional laboratory
tests or imaging studies are necessary to confirm the diagnosis. If thyromegaly is subtle
and eye changes are absent, an I-123 uptake, with or without a scan, should be performed.
Autonomous nodules must be large to cause hyperthyroidism (typically 2–3 cm or more
in diameter), so radioiodine scanning should be reserved for patients in whom a discrete
nodule(s) is palpable. In patients with a toxic nodule, I-123 uptake will localize to
the nodule and the signal in the surrounding tissue will be low, secondary to TSH
suppression. Thyrotoxicosis factitia can be recognized by a low RAIU and serum thy-
roglobulin in the presence of thyrotoxicosis and a suppressed TSH.

The sensitivity of serum thyrotropin-receptor antibodies (TRAb) assays is cited to be
75–96% for TBII (a competitive binding assay with TSH) and 85–100% for TSAb
measurements (a bioassay of TSH receptor activation) in untreated Graves’ disease. A
false negative rate of 10–20% has been documented for serum thyrotropin-receptor
antibodies in Graves’ disease, presumably due to the inadequate sensitivity of the assays
or the exclusive intrathyroidal production of autoantibodies (1,31). In practice, the
measurement of thyrotropin-receptor antibodies is rarely necessary as the combination
of thyrotoxicosis and high RAIU in the absence of a palpable nodule is virtually diag-
nostic of Graves’ disease.

There is a subgroup of patients who have a subnormal but not severely depressed TSH
(usually 0.1–0.3 µU/mL) and normal serum concentrations of thyroid hormone. These
patients are generally asymptomatic and the term “subclinical hyperthyroidism” has
been applied to their condition. The limited screening of TSH determinations in various
adult populations indicates a surprisingly high prevalence of 2–16%, although it is
unclear how may of these individuals actually have thyroid disease (38). The differential
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diagnosis is the same as for overt thyrotoxicosis, but the sequelae of untreated subclinical
disease in children are poorly defined and no consensus exists as to the indications for
therapy (39). In adults over 60 yr-of-age, a low serum TSH concentration has been
associated with an increased risk of atrial fibrillation, but no similar risks have been
identified in the pediatric population (40). Furthermore, several studies indicate that
approximately half of patients with subclinical thyrotoxicosis will experience a sponta-
neous remission (41). Accordingly, the initial detection of a suppressed TSH concentra-
tion without elevated levels of thyroid hormone or associated symptoms should be
addressed simply by repeating thyroid function tests in 4–8 wk. Assuming there are no
specific risk factors such as a history of cardiac disease, asymptomatic children with
subclinical hyperthyroidism can be followed with the expectation that TSH suppression
due to transient thyroiditis will resolve spontaneously and that due to Graves’ disease or
autonomous secretion will declare itself over time.

Antithyroid Medications
The treatment of Graves’ hyperthyroidism may be divided into two categories, anti-

thyroid medications and definitive therapy. The thionamide derivatives, Tapazole (MMI)
and propylthiouracil (PTU), are the most commonly used antithyroid drugs (42). Both
block thyroid hormone biosynthesis and PTU, when used at doses over 450–600 mg per
day, has the additional action of inhibiting the extrathyroidal conversion of T4 to T3
(8,43). The recommended starting dose is 0.5–1.0 mg/kg per day for MMI and 5–10 mg/
kg per day for PTU. For adolescent patients, the following rule of thumb is helpful in the
determination of a starting dose:

Starting dose of Tapazole for adolescent patients

Free T4 index or free T4 Tapazole dose
<1.5 times the upper limit of normal range 10 mg qd
1.5 to 2 times the upper limit of normal range 10 mg bid
>2 times the upper limit of normal range 20 mg bid

Due to its longer half-life, MMI can be administered qd or bid, compared to the tid
dosing of PTU. Furthermore, the clinical therapeutic equivalence of 10 mg of Tapazole
(one tablet) and 150 mg of PTU (three tablets) facilitates a simpler dosing regimen.
Unless the small size of a pediatric patient complicates the titration of MMI dosing, most
families appreciate the convenience of once daily administration and it is our first choice
for initial therapy. For the specific situations of severe hyperthyroidism or thyroid storm,
PTU is the preferred thionamide because of its blockade of T4 to T3 conversion through
the inhibition of type 1 iodothyronine deiodinase (8). In such patients, a combination of
high dose PTU (up to 1200 mg per day divided q 6 h) and inorganic iodine (SSKI three
drops po bid for 5–10 d) will speed the fall in circulating thyroid hormones.

Some authors have advocated a “block and replace” strategy of high-dose antithyroid
medication (to suppress all endogenous thyroxine secretion) combined with levothyro-
xine replacement. One report described a lower frequency of recurrence with this
approach (44). However, all subsequent studies have failed to duplicate this finding
(45,46). This approach offers no therapeutic advantage and is more complicated. For the
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purpose of simplifying the patient’s regimen and minimizing the risk of adverse drug
reactions, we prefer monotherapy with a single antithyroid medication. After the fT4I has
fallen to the upper end of normal range, the dose of antithyroid drug should be decreased
by one half or one third. Further dose adjustments are guided by serial thyroid function
tests, initially relying upon the FT4I. After pituitary TSH secretion recovers from sup-
pression, the goal of maintenance therapy is TSH normalization.

The first clinical response to medications is 2–4 wk into therapy. Weight loss stops
or weight gain occurs. Beta-adrenergic antagonists may be used as an adjunct during this
interval but, as the cardiovascular manifestations of hyperthyroidism are generally well-
tolerated in the young, we reserve this therapy for symptomatically significant palpita-
tions. Antithyroid drugs are usually well tolerated, but side-effects are seen more
commonly in children than in adults. Thirty-six serious complications and 2 deaths in
children have been reported to the FDA (47). A recent paper reports an increased inci-
dence of adverse drug reactions in their prepubertal cohort (5 of their 7 patients). One
of these children was treated with radioiodine, but the remainder were successfully
switched to the alternative antithyroid drug without subsequent side effects (48). Agranu-
locytosis (defined as a granulocyte count less than 500/µL) is a serious idiosyncratic
reaction that can occur with either MMI or PTU. For this reason, a baseline white count
should be obtained prior to the initiation of antithyroid drugs, since mild neutropenia
may be present in the Graves’ patient prior to the initiation of treatment. One study
suggests that the occurrence of agranulocytosis with MMI is dose-related, but similar
data is unavailable for PTU (49). Families should be counseled that fever, sore throat,
or other serious infections may be manifestations of agranulocytosis, and therefore
should prompt the immediate cessation of antithyroid drugs, the notification of the
physician, and a determination of white blood cell count with differential.

Reports of long term remission rates in children are variable, ranging anywhere from
30–60% (47,50). One year remission rates are considerably less in prepubertal (17%)
compared to pubertal (30%) children, but a recent retrospective study of 76 pediatric
patients describes a 38% rate of long-term remission achieved with more prolonged
courses of antithyroid medication (mean treatment duration of 3.3 yr) (51,52). If the dose
of antithyroid medication required to maintain euthyroidism is 5 mg per day of Tapazole
(or 50 mg per day of PTU) for 6 mo to 1 yr and the serum TSH concentration is normal,
a trial off medication may be offered. Antithyroid drugs can be discontinued and TSH
concentrations monitored at monthly intervals. If hyperthyroidism recurs, as indicated
by a suppression of TSH, antithyroid medications should be resumed or definitive therapy
provided.

Definitive Therapy
The two options for the definitive treatment of Graves’ disease are I-131 and thy-

roidectomy. Both are likely to result in life-long hypothyroidism and there is disagree-
ment in the literature as to their indications. Some centers consider these modalities as
options for the initial treatment of pediatric hyperthyroidism (53–55). However, as a
remission of Graves’ disease occurs in a significant percentage of children, we recom-
mend the long-term use of antithyroid medications until young adulthood. If patient
noncompliance prevents the successful treatment of thyrotoxicosis or both antithyroid
medications must be discontinued secondary to serious drug reactions, definitive therapy
is appropriate.
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Thyroid destruction by I-131 is the definitive treatment of choice in adults, but con-
cerns over the potential long-term complications of pediatric radiation exposure have
made endocrinologists cautious in applying this approach to children (8). The adult
Graves’ literature describes an increased relative risk for the development of stomach
cancer (1.3 fold) and breast cancer (1.9 fold), but no large, long-term, follow-up studies
of patients treated under 16 yr-of-age have appeared (50). It is estimated that more than
1000 children have received I-131 for the treatment Graves’ disease. To date, there are
no reports of an increase in the incidence of thyroid carcinoma or leukemia in this
population (56–58). Despite the reassurances of this literature, experience with X-rays
and the Chernobyl nuclear power plant accident indicate that the carcinogenic effects of
radiation to the thyroid are highest in young children. This argues for continued surveil-
lance and, for children who fail antithyroid medication, the provision of an I-131 dose
adequate to destroy all thyroid follicular cells (59–61). Some institutions administer an
empiric dose of 3–15 millicuries, or a dose based upon the estimated weight of the gland
(50–200 microcuries per gram of thyroid tissue) (50,57,58). Efficacy is dependent upon
both thyroid uptake and mass and it is more logical to prescribe a dose which will provide
approximately 200 µCi/g estimated weight in the gland at 24 h. A recent analysis of
radioiodine therapy at the Brigham and Women’s Hospital included 261 Graves’ patients.
Successful outcome, defined as hypothyroidism after a single dose of radioiodine, was
associated with significantly higher doses of I-131 (178.1 µCi/g compared to 141.3 µCi/g
in the treatment failure group, p<0.01). Patients who failed single-dose treatment tended
to be young with more biochemically severe hyperthyroidism and a history of pretreat-
ment with antithyroid medications (62). Antithyroid drugs should be discontinued for 3
days prior to the administration of I-131. For children who are unable to swallow a
capsule, a liquid preparation of I-131 is available.

Dose =
200 µCi/g × g(thy) × 100

% uptake in 24 h

The frequency of acute side-effects is low although one recent paper describes vom-
iting in four out of thirty five pediatric patients (55). One prospective study of 443
patients ranging from 15–85 yr-of-age has raised the concern that I-131 may worsen or
precipitate the development of Graves’ ophthalmopathy in approximately 15% of cases
(63). Severe ophthalmopathy is less common in pediatric Graves’ disease and, when
compounded by the reluctance to use radioiodine in this age group, a study to address
the risk of this phenomenon in children is unlikely to be available in the near future. The
current pediatric literature suggests that the rate of ophthalmologic exacerbation is simi-
lar amongst the various treatment modalities: 3% after I-131; 2% with thionamide de-
rivatives; and 9% after subtotal thyroidectomy (47). A short course of glucocorticoids
is appropriate if there is rapid progression of ophthalmopathy or as prophylaxis prior to
radioiodine in children with pre-existing moderate to severe ophthalmopathy.

Thyroidectomy is rarely used electively for the definitive therapy of Graves’ disease
in the US except with massive thyromegaly (over eight times normal size) or for patients
in whom coexisting nodules are suspicious for carcinoma by fine needle aspiration. A
recent metanalysis of the pediatric literature provided the following analysis of surgical
treatment: subtotal thyroidectomy relieved hyperthyroidism in 80% of patients, with
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60% becoming hypothyroid. Total thyroidectomy cured hyperthyroidism in over 97%
of patients with nearly universal hypothyroidism. The overall complication rate in chil-
dren included a 2% incidence of permanent hypoparathyroidism, a 2% incidence of
vocal cord paralysis, and a 0.08% mortality (47). In the authors’ opinion, these average
complication rates are unacceptably high given the benign nature of Graves’ disease and
the other therapeutic options available. One large institution has published a series of 82
children treated surgically over 14 yr with much better results. Bilateral subtotal resec-
tion was the most frequently performed operation (86%) and, with a median follow-up
of 8.3 yr, they cite a recurrence rate of 6% and no cases of permanent recurrent laryngeal
nerve palsy, permanent parathyroid disease, or death (64). The difference between the
average complication rate and those in a single institution emphasizes the importance of
skill and experience in the performance of this procedure (65). While we hesitate to apply
average rates of postsurgical complications to every institution, it is clear that referral to
a surgeon with a low personal complication rate and extensive experience with subtotal
thyroidectomy is required if this is the desired procedure. Postoperative hypothyroidism
is expected and should be viewed as a relatively trivial complication, as it is easily treated
and all Graves’ patients require lifelong monitoring. We suggest that thyroidectomy be
considered only for patients who have persistently failed medical management or those
whose parents or physicians do not wish to proceed with radioiodine therapy. Based on
the results to date, I-131 therapy is an acceptable alternative if the surgical options are
undesirable in a given community. I-131 is recommended for all patients who recur
following surgery due to the high complication rate of secondary thyroidectomy (66).

Monitoring of Graves’ Disease and the Transition to Adult Care
Given the documented risks of surgery and the theoretical risks of radioiodine, pro-

longed courses of antithyroid medication are appropriate in the treatment of pediatric
Graves’, especially with the relatively high possibility of remission. We monitor thyroid
function tests every 3 mo in the growing child and 3 wk after any medication adjustment
with the goal of normalizing the TSH. Physical examination should focus upon heart
rate, puberty, linear growth, and vision.

The transition to adulthood should prompt a re-discussion of therapy. For young
adults with persistent hyperthyroidism, I-131 is our definitive treatment of choice. We
perform an RAIU prior to treatment with the goal of delivering approximately 8 mCi of
I-131 into the gland at 24 h. For glands larger than three times normal size, about 11 mCi
is required (62). Definitive therapy typically results in permanent hypothyroidism, but
allows for a simpler regimen of medication and laboratory monitoring (daily levothyro-
xine and a yearly TSH measurement). Additionally, prior definitive therapy simplifies
the management of female patients during pregnancy.

Neonatal Graves’ Disease
Approximately 0.6% of infants born to mothers with a history of Graves’ disease will

develop neonatal hyperthyroidism due to the transplacental passage of thyroid-stimulat-
ing immunoglobulins. Even after definitive treatment by I-131 or thyroidectomy, women
with a history of autoimmune thyroid disease are at risk for fetal and neonatal thyroid
dysfunction secondary to the persistence of maternal autoantibodies. The care of such
women must be coordinated between the high-risk obstetrician and an endocrinologist.
Fetal heart rate and growth should be monitored by regular prenatal ultrasounds and the



304 Part IV / Huang and Larsen

measurement of anti-thyrotropin receptor antibodies during at-risk pregnancies has been
recommended as a predictor for the development of fetal/neonatal Graves’ (67). Highly
experienced ultrasonographers can often visualize the fetal thyroid. The presence of fetal
goiter, tachycardia, and intrauterine growth retardation suggests fetal hyperthyroidism.
In these rare patients, antithyroid drugs are administered to the mother to control fetal
hyperthyroidism. Pediatricians should be aware that the use of maternal antithyroid
medications near the time of delivery or the co-transfer of maternal thyrotropin receptor
blocking immunoglobulins may delay the appearance of neonatal Graves’ (68). For
high-risk infants, such as those born to mothers with high levels of thyrotropin stimulat-
ing antibodies or those with a history of an affected sibling, it is our practice to obtain
thyroid function tests at birth and at 1 and 2 mo-of-age (69). An additional set of labwork
at 1 wk-of-age is indicated for infants who have been exposed to maternal antithyroid
drugs in the third trimester.

Affected infants are often flushed, diaphoretic, and hyperkinetic. Goiter is common
and, when severe, can endanger the infant’s airway. Diarrhea, vomiting, poor weight
gain, and a transient exophthalmos may be seen. Arrhythmias and/or congestive heart
failure can develop and require treatment with digoxin. Serum for confirmatory thyroid
function tests (TSH, fT4I) should be obtained and treatment initiated immediately.
Propylthiouracil (5–10 mg/kg per day) or methimazole (0.5–1.0 mg/kg per day) may be
administered orally or per nasogastric tube in divided doses every 8 h. Inorganic iodine
will speed the fall in circulating thyroid hormone, using saturated solution of potassium
iodide (SSKI) (48 mg iodide/drop) at the dose of one drop per day. Iopanoic acid or
sodium ipodate have also been used for their iodine content and their capacity to inhibit
the activation of T4 to T3. As in older patients, adjunctive therapy with beta-blockade
(propranolol 2 mg/kg per day) and glucocorticoids (prednisone 2 mg/kg per day) may
be helpful in severe cases. The cumulative morbidity of neonatal Graves was estimated
to be as high as 25% in the past, although it appears to be considerably lower today (50).
Potential long-term morbidity includes growth retardation, craniosynostosis, impaired
intellectual function, and central hypothyroidism (50,70–73).

The half-life of maternal immunoglobulin is approximately 14 d, so most cases of
neonatal Graves will resolve after 3–12 wk (depending upon the initial levels of thyrotro-
pin-receptor autoantibodies). The differential diagnosis of neonatal thyrotoxicosis in-
cludes the McCune-Albright syndrome and activating mutations of the TSH receptor.
These nonautoimmune etiologies are exceedingly rare but should be considered if thy-
rotoxicosis persists beyond 3 mo-of-age.
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RESISTANCE TO THYROID HORMONE (RTH)

Introduction
Resistance to thyroid hormone (RTH) is a syndrome characterized by variable tissue

hypo-responsiveness to thyroid hormone. Classically, patients come to attention for a
variety of reasons, particularly goiter. Biochemically, the syndrome is characterized by
elevated thyroid hormone values in the setting of a non-suppressed thyrotropin (TSH)
level. RTH can be further subdivided based on the distribution of tissue resistance:
generalized resistance to thyroid hormone (GRTH) and pituitary resistance to thyroid
hormone (PRTH). In GRTH, hypo-responsiveness occurs throughout the body, includ-
ing both the hypothalamic-pituitary-thyroid axis and peripheral tissues. The resistance
in the pituitary leads to elevated thyrotropin levels and, in turn, increased thyroid hor-
mone production by the thyroid gland; however, the thyroid hormone produced has
reduced activity in the periphery. Therefore, this condition is characterized by a variable
degree of compensated thyroid hormone hypo-responsiveness throughout the body.
Affected individuals do not exhibit classic signs and symptoms of myxedema even in the
setting of reduced thyroid hormone action. Patients with GRTH manifest variable symp-
toms of delayed growth, hearing defects, and attention-deficit hyperactivity disorder
(ADHD) (1). Patients with PRTH, in contrast, exhibit thyroid hormone hypo-respon-
siveness mainly in the hypothalamus and pituitary, but less so in peripheral tissues.
Therefore, the elevated thyroid hormone levels generated from central resistance lead to
a state of systemic hyperthyroidism. PRTH is more accurately called central resistance
to thyroid hormone (CRTH) (2), since the defect occurs in both the hypothalamus and
the pituitary; the latter term will be used in this review. The majority of patients with
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RTH, both GRTH and CRTH, have autosomal dominantly-inherited mutations in the
thyroid hormone receptor β gene. A smaller fraction of patients have no recognized
mutations to date. Patients have been identified in a wide range of racial and ethnic
groups, but the exact geographic distribution of the disorder is not known. It has been
estimated that RTH occurs in about 1 case per 50,000 live births (3). Therapeutic strat-
egies for managing RTH are controversial, but in any case treatment must be individu-
alized to the particular patient in question. Unfortunately, most studies of patients with
RTH have been done in adults, so approaches for the pediatric population must be
deduced in the absence of clear data.

Mechanisms of Resistance to Thyroid Hormone
The thyroid hormone receptor (TR) is a member of the nuclear hormone receptor

(NHR) family of transcription factors (4). These transcription factors bind DNA and
modulate gene transcription. NHRs each contain a number of distinct domains (see Fig. 1):
an N-terminal activation, or AF-1, domain (A/B domain); a central DNA-binding do-
main (DBD); and a C-terminal ligand-binding domain (LBD) with a ligand-dependent
activation (AF-2) function. In addition to binding ligand, the LBD is involved in homo-
and hetero- dimerization and the recruitment of key nuclear cofactors, such as corepres-
sors and coactivators.

The TR and other NHRs bind sequences within the promoters of genes to regulate
gene transcription. For the TR, such regions are termed thyroid hormone response ele-
ments (TREs) (5,6). TREs can be defined as “positive” or “negative.” Gene transcription
stimulated by thyroid hormone is characterized by the presence of positive TREs
(pTREs); genes that are negatively regulated by thyroid hormone have so-called nega-
tive TREs (nTREs). Negative TREs are present in the promoters of the TRH and TSH
subunit genes, as well as in certain promoters of genes in the periphery (7–9).

TR action on pTREs has been better characterized than on nTREs. On pTREs, TR
binds to DNA response elements in the promoter regions of genes in the presence or
absence of the ligand, tri-iodothyronine (T3) (Fig. 2). In the absence of T3, the TR binds
proteins termed corepressors, such as the nuclear corepressor protein (NCoR) and the
silencing mediator of retinoid and thyroid hormone receptors (SMRT) (10–15). These
proteins, in turn, bind a protein complex with histone deacetylase function (16–18),
leading to basal silencing of gene expression. The binding of T3 to the TR LBD normally
leads to a conformational change in the receptor with resultant loss of corepressor bind-
ing, and recruitment of coactivators (19). Coactivators are proteins that stimulate gene
expression, in part by increasing the degree of histone acetylation (20–28).

There are two major isoforms of the TR: TRα and TRβ, located on different chromo-
somes (see Fig. 1) (29,30). The gene for TRα is located on chromosome 17; the TRβ gene
is located on chromosome 3. Additional isoforms of TRα and TRβ are generated by
alternative splicing. For example, TRα2 is an alternatively spliced TRα isoform that has
a different LBD than TRα1, such that it does not bind thyroid hormone; its function is
unclear. TRβ1 and TRβ2 differ only by their unique amino termini, and contain the same
DNA- and ligand-binding domains. A TRβ3 isoform has also recently been described,
though its role in TR action has not yet been defined (31).

Although most patients with RTH have mutations in the TRβ gene, a subset of RTH
patients without TRβ mutations have been identified. These patients may have mutations
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in TR-associated cofactors (32),  though such mutations in these cofactors have not been
identified (33). This is an ongoing area of research, and novel mutations will likely be
identified in the future. No patients with TRα mutations have yet been identified.

Mutations of TRβ that cause RTH cluster in three “hot spots” of the TRβ gene (34,35).
Most of these mutations interfere with the binding of T3 to the receptor. An example is
the ∆337T mutation, which produces a receptor that does not bind T3. This leads to a
situation in which the mutant receptor binds corepressors even in the presence of T3
(Fig. 2). In a few patients, the defect is not with ligand binding per se, but primarily with
altered corepressor and/or coactivator recruitment (36,37).

In the vast majority of cases of RTH, the syndrome is inherited in an autosomal
dominant fashion (1). Since only one mutant TR is necesssary to generate the disorder,
this suggests that the mutant TR interferes with wild-type TR function. This effect has
been termed “dominant-negative inhibition.” In fact, altering a mutant TR in vitro, such
that the receptor no longer dimerizes or binds DNA, impairs dominant-negative inhibi-
tion (38,39). Therefore, mutant TRs must maintain certain important TR properties to be
able to cause RTH. A mutant TR that cannot bind T3 but is otherwise functional can
maintain the ability to bind NCoR and SMRT. Since T3 doesn’t bind the receptor, the
mutant TR cannot alter its conformation to allow for corepressor release (and coactivator
recruitment). Therefore, such receptors constitutively bind NCoR and/or SMRT, lead-
ing to RTH.

It is not clear why certain TR mutations cause CRTH instead of GRTH. In fact, the
notion of CRTH as a distinct clinical entity remains controversial. It has been hypoth-
esized by certain groups that CRTH and GRTH are not distinct, since the same mutation

Fig. 1. Thyroid Hormone Receptor Isoforms. The TRα1, TRβ1, and TRβ2 isoforms are shown
schematically. Amino acid sequences are indicated. Note that TRβ1 and TRβ2 differ only by their
unique N-terminal domains. While the TRα1 domains have significant homology to the TRβ isoforms,
they are distinct. The TRα2 isoform is not shown, as it does not bind thyroid hormone; its precise
function is unknown.
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causes diverse symptoms in different individuals (40). Furthermore, tachycardia is
present in many patients, even those with GRTH. The presence of tachycardia in GRTH
patients is probably due to the presence of wild-type TRα receptors in the heart  even in
patients with severe TRβ dysfunction. Therefore, tachycardia cannot be used to reliably
distinguish GRTH and CRTH. Certain mutations have also been claimed to cause CRTH
in certain individuals and GRTH in others; this has been taken as evidence that CRTH
is not a separate disorder. However, patients with presumed CRTH have often not been
extensively studied. In fact, a careful evaluation of both clinical and biochemical indices
in a patient with RTH suggested that CRTH does exist (41). Also, experiments have
revealed that mutant TRs of patients with CRTH behave differently than TRs of patients
with GRTH, at least with respect to the TRβ2 isoform (42). The TRβ2 isoform is prima-
rily expressed in the hypothalamus and pituitary, and may therefore play a key role in
negative regulation by thyroid hormone. Finally, whether patients are deemed to have
a distinct clinical entity (CRTH) or variable resistance across a spectrum of a single
disorder (RTH), it seems clear that certain TR mutations cause RTH with a primarily
thyrotoxic phenotype.

Transgenic mouse models have clarified the role of the mutant TR in the pathogenesis
of RTH. Knock-out of the TRβ receptor produced mice with thyroid function tests consis-
tent with RTH, with elevated TSH and T4 levels (43). “Knock-in” of mutant TRs found
in patients with RTH generate mice with more severe signs and symptoms than that of
TR knock-out animals (44,45). These mice also have thyroid tests consistent with more
severe RTH. These data point to the fact that RTH is generated not merely from lack of
TR action, but from abnormal TR function. In other words, TRs that abnormally bind
corepressors are more likely to mediate a significant clinical effect than TRs that are

Fig. 2. Role of abnormal TR - corepressor interactions in the pathogenesis of RTH. The thyroid
hormone receptor (TR) binds DNA as a TR-TR homodimer or as a heterodimer with the retinoid X
receptor (RXR). Normally, the presence of ligand (T3) results in dissociation of corepressors (CoR)
from the TR complex. The ∆337T mutation of TRβ, however, abolishes hormone binding. Even in
the presence of T3, there is no binding of T3 to the mutant receptor. Thus, the CoR is not dissociated
from the TR complex, and coactivators (CoA) are not recruited. This results in loss of T3-mediated
stimulation of gene transcription, as well as constitutive repression.
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merely nonfunctional. In addition, lack of coactivator function can also cause an RTH
phenotype in vivo in transgenic mice (46).

Interestingly, knock-out of TRα causes a syndrome of hypothyroidism with low TSH
and growth arrest (47,48). No TRα mutations have yet been documented in patients with
RTH. The knock-out experiments suggest an explanation: a patient with a dominant
negative TRα mutation would not have thyroid function tests (TFTs) consistent with
thyroid hormone resistance.

Clinical Presentation
The clinical presentation of RTH is variable (Table 1). The initial family described by

Refetoff, et al. (49) included an 8 1/2-yr-old girl and a 12 1/2-yr-old boy, both of whom
were clinically euthyroid, but had goiter, deaf-mutism, stippled epiphyses (on radiologi-
cal skeletal survey), and an elevated protein-bound iodine (PBI) level. In contrast to most
cases of RTH identified later, this family exhibited an autosomal recessive pattern of
inheritance, and affected family members were later found to have a complete deletion
of the TRβ allele (50). The heterozygous parents were phenotypically normal, suggest-
ing that a single wild-type TR (in the absence of a mutant TR) is sufficient for thyroid
hormone action. As noted above, RTH is usually inherited in an autosomal dominant
fashion. This is because the mutant TRs exhibit dominant negative inhibition of wild-
type alleles.

Patients with RTH come to medical attention for a variety of reasons. Goiter is the
presenting sign in about 38% of cases; less common reasons include learning disabilities,
developmental delay, tachycardia, suspected thyrotoxicosis, and elevated thyroxine

Table 1
Clinical Characteristics of RTH in Childrena

A) Physical Exam
1) Goiter
2) Tachycardia
3) Short Stature

B) Associated Symptoms
1) Neurological

a) Developmental Delay
b) Attention Deficit Hyperactivity Disorder (ADHD)
c) Low IQ

2) ENT
a) Deafness
b) Speech Impediment
c) Recurrent Ear Infections

3) Endocrine / Metabolism
a) Hyperthyroidism (only in patients with CRTH)
b) Low Body Weight

C) Radiological Findings
1) Delayed Bone Age
2) Increased Thyroid 123I Uptake

aClinical findings found in patients with Resistance to Thyroid Hormone, including physical
examination abnormalities, associated clinical symptoms, and radiological findings. Derived from data in
ref. 1,51.
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levels at birth (3). Thyroid function tests are drawn, revealing elevated thyroid hormone
levels in the setting of a nonsuppressed TSH (see Diagnostic Guidelines).

On physical examination, patients with GRTH tend to have short stature with delayed
bone maturation, hearing defects, tachycardia, and goiter (1). In addition, patients often
have attention-deficit hyperactivity disorder (ADHD) (51). Infants with RTH may have
congenital deafness, congenital nystagmus, neonatal jaundice, and hypotonia (1). In
patients with CRTH, however, symptoms of hyperthyroidism predominate. Finally,
patients with RTH who have inappropriately underwent thyroidectomy or radioactive
iodine treatment may have signs and symptoms of hypothyroidism.

A recent National Institutes of Health study (52) prospectively evaluated 42 kindreds
with  RTH.  There was autosomal dominant transmission in 22 kindreds, sporadic trans-
mission in 14, and an unknown transmission in 6. A palpable goiter was identified in 74%
of females and 53% of males. Attention-deficit hyperactivity disorder (ADHD) was
present in 72% of the males and 43% of females. IQ was about 13 points lower in the
patients with RTH compared to controls, and one third of the patients had an IQ <85.
Only a few patients had actual mental retardation. Patients with RTH had a higher
incidence of speech delay (24%), stuttering (18%), and hearing loss than controls. Al-
though resting pulse was higher in patients with RTH, this correlation did not persist after
adjustment for age. Children with RTH had delayed bone maturation. Bone age was
delayed in 29% of patients, and 18% had short stature. However, it is not fully clear that
RTH is associated with decreased final adult height (53).

Altered CNS function in patients with RTH suggests the importance of thyroid hor-
mone and the TR in CNS development and/or function. As noted above, patients with
RTH have a high incidence of ADHD and low IQ levels; however, the ADHD in patients
with RTH appears to be distinct from ADHD in patients without RTH (54). Matochik et al.
used positron emission tomography (PET) scans to study CNS activity in patients with
RTH (55). This study suggested that RTH patients have higher cerebral metabolism in
certain key areas of the central nervous system (CNS) during a continuous auditory
discrimination task, including the anterior cingulate gyrus and the parietal lobe. These
PET scans were also different than would be expected for ADHD patients without RTH.
While PET scanning techniques remain solely a research tool for patients with RTH,
these results suggest that patients with RTH have discrete areas of altered CNS function,
perhaps pointing to an important role of thyroid hormone action in these regions.

A recent prospective study of children with ADHD with and without coexisting RTH
examined the role of thyroid hormone therapy (in this case, L-T3) in ADHD (56). The
majority of patients with RTH and ADHD improved when placed on T3 therapy, whereas
patients with ADHD (in the absence of RTH) deteriorated or remained stable. Therefore,
T3 should not generally be given to patients with ADHD in the absence of coexisting
RTH. However, such therapy may be beneficial in RTH patients with ADHD.  It will be
interesting to see if further studies validate this approach.

While a number of unusual coexisting conditions in patients with RTH have been
reported, these are most likely not due to thyroid hormone resistance itself, and may
occur by chance. These include a bird-like appearance of the face, various vertebral and
other skeletal anomalies, short fourth metacarpals, patent ductus arteriosus, and non-
communicating hydrocephalus. These and other coexisting disorders have been exten-
sively reviewed elsewhere (1).
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Diagnostic Considerations
DIAGNOSIS IN CHILDREN AND ADULTS

The initial testing of a patient suspected to have RTH should include routine thyroid
function tests. Patients with RTH have elevated thyroid hormone levels in the setting of
a non-suppressed TSH level. Because patients with RTH are often (overall) euthyroid,
other causes of “euthyroid hyperthyroxinemia” should be excluded (Table 2). First of all,
if such thyroid function tests are encountered, they should first be verified. Next, meth-
odological artifacts should be excluded. For example, artifactual elevation of TSH can
be seen in the presence of heterophile antibodies (57). Such patients may actually be
hyperthyroid, with elevated thyroid hormone levels and (appropriately) suppressed TSH
levels (if measured accurately). This problem has been decreased, but not eliminated,
with improvements in the TSH assay. Similarly, patients with autoimmune hypothyroid-
ism occasionally have falsely elevated levels of thyroid hormone because of the presence
of antibodies that interfere with the measurement of T4 or T3. Such artifactual elevations
in thyroid function tests can be eliminated in the laboratory by various techniques.

Table 2
Causes of Euthyroid Hyperthyroxinemiaa

1) Methodological Artifacts
a) Antibodies to thyrotropin (TSH)
b) Antibodies to thyroid hormones (T

4
, T

3
)

2) Binding Protein Abnormalities
a) Acquired Forms of Increased TBG

i) Estrogen use / pregnancy
ii) Liver disease
iii) Acute intermittent porphyria
iv) Other drugs (methadone, perphanazine, 5-FU)

b) Inherited
i) TBG excess
ii) Familial dysalbuminemic hyperthyroxinemia (FDH)
iii) Mutant transthyretin variants

3) T
4
 to T

3
 Conversion Defects

a) Acquired
i) Amiodarone
ii) Propranolol (high doses)
iii)  Oral cholexystographic contrast agents

b) Inherited (Deidonase defects)
4) Miscellaneous Causes

a) Acute psychiatric illness
b) High altitude
c) Amphetamine use
d) Thyroxine therapy
e) Non-steady state conditions of thyroid hormone testing

5) Resistance to Thyroid Hormone (RTH) (not all cases are euthyroid)

aCause of euthyroid hyperthyroxinemia in the differential diagnosis of Resistance to Thyroid Hormone.
Thyrotropin-secreting pituitary edenomas are not included, as they are generally associated with
hyperthyroidism.
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Certain medications, such as amiodarone (58) and propranolol (at high doses), inhibit
T4 to T3 conversion. Decreased T4 to T3 conversion may also be seen in patients with
deiodinase deficiency. Euthyroid patients with T4-to-T3 conversion defects may have
elevated T4 levels and “inappropriately” normal TSH levels; however, these patients
have normal TSH and T3 levels, excluding the diagnosis of RTH.

Patients with defects in thyroid hormone binding proteins, such as TBG, transthyretin,
and albumin can also have altered levels of total T4 and T3. Euthyroid patients with TBG
excess, which can be congenital or acquired (for example, in pregnancy [59] and liver
disease [60]), have elevated total T4 levels in the setting of a non-suppressed TSH. These
patients, though, have normal free T4 levels, when measured directly or estimated based
on  thyroid hormone binding ratio (THBR) or  T3 resin uptake (T3RU). They also have
normal TSH levels and are euthyroid.

Familial dysalbuminemic hyperthyroxinemia (FDH) is due to the production of albu-
min variants with Arg-His or Arg-Pro mutations at codon 218 (61,62). These albumin
variants have increased affinity for T4. Therefore, measurement of total serum T4 is
elevated; correction of T4 based on T3RU or THBR also yields abnormally high results.
Free T4 levels are falsely elevated when measured by certain analog measurements, but
a free T4 level measured by dialysis will be normal. Serum T3 levels are normal in FDH,
and exclude the diagnosis of RTH.

Therefore, in the patient with elevated thyroid hormone levels and a non-suppressed
TSH, methodological artifacts, binding protein defects, and medication effects should
be excluded before considering the diagnosis of RTH. A few other conditions, such as
acute psychiatric illness (63) can also cause abnormal thyroid function tests that can be
confused with RTH (Table 2). In the past, RTH was often confused with Graves’ hyper-
thyroidism because of the presence of elevated thyroid hormone levels in the setting of
goiter (and often tachycardia). However, with newer guidelines emphasizing the impor-
tance of measuring TSH levels in diagnosing primary thyroid disease, this scenario is
becoming less common.

Once these various conditions are excluded, the diagnosis is generally one of RTH vs.
thyrotroph adenoma (64). Differentiation between these two disorders can be difficult,
but the following guidelines can be used to distinguish these disorders:

1) Symptoms of hyperthyroidism

Thyrotroph adenomas secrete TSH and are associated with hyperthyroidism. In contrast,
GRTH patients generally have a variable degree of compensated thyroid hormone hypo-
responsiveness. However, patients with CRTH are thyrotoxic, so the presence of thyro-
toxicosis does not exclude RTH. In addition, tachycardia is a common finding in patients
with RTH (even GRTH), so it cannot be used itself as a screen for symptoms of hyper-
thyroidism.

2) Alpha subunit measurement

TSH is composed of a specific beta subunit and a common alpha subunit. The same alpha
subunit is also present in the other glycoprotein hormones, luteinizing hormone (LH),
follicular-stimulating hormone (FSH), and chorionic gonadotropin (CG). Patients with
thyrotroph adenomas generally have higher alpha subunit levels than patients with RTH
(64). However, this is not always the case, and a number of patients with thyrotroph
adenomas have been identified with values in the normal range.
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3) Family history

Thyroid function tests from relatives should be taken because RTH is an inherited con-
dition. In contrast, thyrotroph ademonas are generally sporadic in nature. However,
patients with RTH can harbor de novo mutations. Therefore, a lack of family history does
not exclude a diagnosis of RTH.

4) Magnetic Resonance Imaging (MRI) abnormalities

Most patients with thyrotroph adenomas have macroadenomas by the time they are
diagnosed, so an adenoma is easily visualized on MRI. However, with improved diag-
nostic accuracy, it may be possible to diagnose thyrotroph adenomas earlier in their
clinical course, making radiological visualization more difficult. Furthermore, patients
with RTH may have incidental pituitary adenomas, mimicking a thyrotroph adenoma
(65). However, the presence of a pituitary macroadenoma makes the diagnosis of
thyrotroph adenoma much more likely.

5) Other endocrine abnormalities

Pituitary adenomas often co-secrete multiple hormones. Thus, the presence of
hyperprolactinemia or acromegaly points to a likely diagnosis of thyrotroph adenoma.

6) TRH stimulation testing

Patients with thyrotroph adenomas usually have a flat response of TSH in response to
exogenous TRH, because TSH secretion is autonomous. In contrast, TSH levels gener-
ally rise after a TRH infusion in patients with RTH. TRH testing is often performed in
protocols examining T3 responsiveness in patients with possible RTH.

7) Protocols evaluating clinical and biochemical responses to exogenous T3

The standard way to confirm a diagnosis of RTH is to give graded doses of T3, and
measure a battery of thyroid hormone-responsive tests. Although patients with thyrotroph
adenomas have impaired TSH responses to T3, they will have intact peripheral responses
to T3. In contrast, patients with RTH have impaired TSH and peripheral responses to
exogenous T3. Unfortunately, the few patients who have CRTH also have intact periph-
eral responses to T3, making their diagnosis more difficult. Patients are generally admit-
ted to a clinical research center for the duration of the protocol. The most widely used
protocol has been designed by Refetoff et al. In adults, exogenous T3 is given in an
escalating regimen (1):

A) T3 25 µg po BID × 3 d (50 µg daily dose)
B) T3 50 µg po BID × 3 d (100 µg daily dose)
C) T3 100 µg po BID × 3 d (200 µg daily dose).

In pediatric patients, the middle 100 µg daily dose is converted to: 25 µg, for ages 1–3
(8–15 kg BW); 50 µg, for ages 4–9 (16–25 kg BW); and 75 µg, for ages 10–14 (26–45 kg
BW, with the other doses altered accordingly.

A variety of clinical parameters are measured: (1) body weight, food intake, pulse, basal
metabolic rate (BMR), thyroid function tests, prolactin, thyroglobulin, cholesterol, trig-
lycerides, creatinine phosphokinase, ferritin, and sex hormone binding globulin (SHBG).
TRH stimulation tests are perfomed at each dose. 24-h urine measurements are per-
formed for creatinine, creatine, urea nitrogen, hydroxyproline, and magnesium. For fur-
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ther discussion of this protocol, the reader is referred to a more detailed description by
Refetoff, et al. (1).
Safer, et al. (41) used a similar protocol to evaluate patients with CRTH. Adults were
given T3 25 µg BID × 4 d, 50 µg BID × 4 d, and 100 µg BID × 4 d. Biochemical indices,
including TSH, ferritin, SHBG, ALT, AST, creatinine phosphokinase, lactic dehydroge-
nase, total cholesterol, and fasting triglycerides were measured. Similar to Refetoff, et al.,
TRH stimulation tests, measuring TSH and prolactin responses, were performed.
Echocardiograms and sleeping heart rate measurements were obtained for cardiac analy-
sis. Ankle jerk relaxation time was assessed by high speed camera. Neuropsychiatric
testing was also performed.
The goals of both protocols are to assess biochemical and physiological thyroid hormone-
responsive endpoints. Patients with RTH are expected to exhibit diminished responses
to thyroid hormone.

8) Thyroid hormone receptor mutations

Most cases of RTH are associated with mutations in the TRβ gene. Ultimately, the most
secure way to make a diagnosis of RTH is to demonstrate: 1) elevated thyroid hormone
levels in the setting of a non-suppressed TSH; 2) thyroid hormone hypo-responsiveness;
and 3) a TR gene mutation.

NEONATAL CONSIDERATIONS

If a child is born to a parent with RTH and a known TR mutation, the best way to
confirm or exclude the diagnosis in the infant is to sequence the TRβ gene in the area of
the known mutation. There are two other ways infants with RTH come to medical
attention: 1) symptoms consistent with RTH; and 2) abnormal thyroid screening tests.
As noted previously, infants with RTH may have congenital deafness, congenital nys-
tagmus, neonatal jaundice, and hypotonia. These symptoms may lead to thyroid function
testing, and thus the diagnosis. Alternatively, screening programs that are in place to
identify infants with congenital hypothyroidism occasionally identify RTH instead. If T4
levels are used for screening and are elevated, TSH, total T3, and free T4 levels should
be measured; neonatal Graves’ disease and binding protein abnormalities should be
excluded. If TSH levels are used for screening and are elevated, T4 levels should be
measured to distinguish between RTH and congenital hypothyroidism. If the situation
is clinically confusing, replacement therapy with levothyroxine 10–15 µg/kg/d is indi-
cated, with evaluation of the response of serum TSH to therapy. However, in certain
congenitally hypothyroid patients, serum TSH does not fall as rapidly as expected, due
to altered feedback regulation of the hypothalamic-pituitary-thyroid axis. This alteration
should not be confused with RTH.

Finally, a fetus with suspected RTH can be tested for TR mutations by chorionic villus
sampling and DNA analysis (66); however, the benefits of making the diagnosis at this
stage have not been clearly established.

Therapy
No specific therapy is available to correct the underlying defect in RTH. Often,

patients with RTH are in a clinical state of compensated thyroid hormone hypo-respon-
siveness. Thus, in these patients, no specific therapy is indicated. In patients with what
appears to be greater peripheral hypo-responsiveness, and thus a degree of clinical
hypothyroidism, treatment with thyroid hormone (usually levothyroxine) is reasonable.
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The specific dosage must be individualized based on markers of thyroid hormone action
(such as SHBG, cholesterol, ferritin, BMR, bone density, and urinary hydroxyproline)
(40). In patients that have had their thyroid glands ablated for incorrectly diagnosed
hyperthyroidism, treatment with thyroid hormone is often necessary, due to limited
thyroid gland reserve. In this case, TSH levels are used to guide therapy. In contrast, in
patients with CRTH, the use of beta blockers is indicated to control symptoms. Judicious
use of antithyroid medications is indicated if the patient clearly has CRTH, and
β-blockers have not controlled symptoms. The use of antithyroid drugs, though, is con-
troversial because of the possibility of thyrotroph hyperplasia.

The use of Triac (3,5,3'-triiodothyroacetic acid), a thyroid hormone analog with relative
specificity towards the TRβ1 receptor (67), has been advocated for use in CRTH, but Triac
should not be truly considered pituitary-specific. Other agents that have been used to
decrease TSH levels include the somatostatin analogs and bromocriptine; however, there
has been only limited success with these agents.

A prenatal diagnosis of RTH was recently made (66). In this case, a 29-yr-old pregnant
woman with previously diagnosed RTH was noted to have symptoms of anxiety, tachy-
cardia, insomnia, and tremor. Due to concerns about the mother and fetus, prenatal
diagnosis was made at 17-wk gestation by PCR and restriction enzyme analysis from
DNA obtained from chorionic villi. The fetus and mother were both found to harbor the
identical TRβ mutation (T337A). In this case, the pregnant woman was treated with
Triac, with beneficial effects on maternal symptoms and fetal goiter size. Cordocentesis
was performed to evaluate effects of the medication on fetal thyroid function tests.
However, an accompanying editorial to the report (40) points out the potential dangers
of this approach: cordocentesis led to the need for emergency C-section in this case. The
authors propose instead that pregnant woman with RTH and symptoms of hyperthyroid-
ism be treated symptomatically with β-blockers, at least until more information is known.

In children with RTH, special care should be directed towards issues of growth and
mental development. In particular, patients with delayed bone age may be candidates for
therapy. One approach is to consider treatment in children with the following signs and
symptoms: 1) elevated serum TSH levels; 2) unexplained failure to thrive; 3) unex-
plained seizures; 4) developmental delay; and 5) history of growth or mental retardation
in other affected members of the family (40). The latter guideline is based on the prob-
ability that the clinical outcome of a pediatric patient with RTH will be similar to other
family members affected with the same TR mutation (on similar genetic backgrounds).
As noted above, patients with RTH and coexisting ADHD may improve on thyroid
hormone therapy (56). In any case, patients who require treatment should be followed
closely, with careful evaluation of growth, bone age, and thyroid-responsive biochemi-
cal indices.

TSH RECEPTOR MUTATIONS

Introduction
Thyrotropin (TSH) is a member  of the glycoprotein family of hormone secreted by

the anterior pituitary, along with luteinizing hormone (LH) and follicle-stimulating
hormone (FSH) (68). These hormones, along with chorionic gonadotropin consist of
noncovalently linked α and β subunits, along with linked carbohydrate chains. While the
β subunit of each hormone is unique, they all share a common α subunit. TSH stimulates
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the growth and function of the thyoid gland, leading to the production of thyroid hor-
mone; therefore, resistance to TSH would be expected to cause hypothyroidism or com-
pensated euthyroid hyperthyrotropinemia. In fact, the first patient reported with
resistance to the biological properties of TSH was in 1968 (69), but it was not until 1995
that the first patient with a TSH receptor mutation was documented (70). While activat-
ing germline mutations in the TSH receptor have also been identified, leading to syn-
dromes of autosomal dominant hyperthyroidism (71), this chapter will focus on TSH
resistance caused by loss-of-function mutations.

Mechanisms of Disease and Clinical Presentation of TSH Resistance
In 1995, Sunthornthepvarakul et al., documented the first case of a TSH receptor

mutation leading to TSH resistance (70). The index case was an infant born to unrelated
parents, who was found to have an elevated TSH level on routine neonatal screening.
Two siblings were also found to have high TSH, but normal thyroid hormone levels. All
three were clinically euthyroid. All were found to be compound heterozygotes for mu-
tations in exon 6 of the TSH receptor, corresponding to a portion of the TSH extracellular
domain (70). In vitro data suggested that the mutations decreased the biological activity
of TSH. Since that time, a number of other patients have been identified with TSH
receptor mutations causing TSH resistance. Such patients generally are homozygous for
the identified TSH receptor mutations, or, as in the initial family, are compound het-
erozygotes.

The TSH receptor is a transmembrane G-coupled receptor (Fig. 3). It contains a large
extracellular domain with three regions - the middle of these regions (approximately
amino acids 58–288) contains the most significant homology to FSH and LH receptors
(72). The extracellular domain may inhibit constitutive activity of the receptor (73).
Cleavage of the extracellular domain results in two separate subunits (A and B) linked
by disulfide bonds, although it is possible that a single-chain form may also exist (72).
TSH makes contact with a number of regions within the extracellular domain. The
carboxy-terminal portion of the TSH receptor includes the transmembrane domain,
which spans the plasma membrane seven times. There is also an 82 amino acid cytoplas-
mic tail (72). The gene encoding the TSH receptor has been localized to chromosome
14q31 (74,75).

There are two general modes of presentation for patients with loss-of-function
germline TSH receptor mutations. The first is similar to the family identified by

Fig. 3. Schematic diagram of the TSH receptor. The receptor is composed of an N-terminal extracel-
lular domain; a trans-membrane region (which spans the plasma membrane seven times); and a
cytoplasmic tail.
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Sunthornthepvarakul, et al. (70). In these patients, high TSH levels are necessary to
overcome partial TSH resistance. Such patients, however, are euthyroid. Four additional
families with these clinical characteristics have been identified by de Roux et al. (76).
One patient had a homozygous mutation in codon 162 of the TSH receptor; the other
three were compound heterozygotes. Interestingly, one of the mutations (C390W) caused
loss of TSH binding; whereas another (D410N) bound TSH normally, but was unable to
activate adenylate cyclase. Thus, inactivating mutations of the TSH receptor can inter-
fere with a variety of receptor functions. In addition, mutations affecting signal transduc-
tion were found in both the extracellular (D410N) and intracellular (F525L) domains
(76). Similar patients with euthyroid hyperthyrotropinemia and TSH receptor mutations
have been identified by additional groups (77,78).

In contrast, other TSH receptor mutations cause more extreme hormone resistance.
Patients with these mutations present with hypothyroidism, often identified by neonatal
screening. For example, Abramowicz, et al., reported two patients, a brother and sister,
who were diagnosed with congenital hypothyroidism by neonatal screening (79). Ultra-
sound evaluation revealed hypoplastic thyroid glands. A homozygous mutation of the
TSH receptor in the fourth transmembrane domain (A553T) was found in both patients;
the parents and unaffected siblings were found to be heterozygous for the same mutation.
In vitro analysis suggested that this receptor bound TSH normally, and was synthesized
in normal amounts. However, there were extremely low levels of expression of the
mutant receptor at the cell surface, suggesting a mechanism for the extreme TSH resis-
tance (79). At about the same time, a similar patient was reported by another group; this
patient was a compound heterozygote of two mutations in exon 10 of the receptor (80).
Since that time, other patients with inactivating mutations of the TSH receptor leading
to congenital hypothyroidism have also been reported (81,82).

Not all cases of resistance to TSH are caused by mutations in the TSH receptor. When
sequenced, the TSH receptor gene (including coding region, intron/ exon junctions, and
promoter region) have been found to be normal in some patients with the disorder (83).
Interestingly, some of these cases appear to be inherited in an autosomal dominant
fashion (83).

Diagnostic Considerations and Therapy
For patients with mild TSH resistance, and thus euthyroid hyperthyrotropinemia, the

major differential diagnosis to consider is with subclinical primary hypothyroidism. By
definition, subclinical hypothyroidism also presents with elevated TSH levels in the
setting of normal thyroid hormone levels. Similarly, patients with more severe TSH
resistance, leading to hypothyroidism, will present with thyroid function tests identical
to other causes of primary hypothyroidism. Patients with resistance to TSH, however,
do not have a goiter, and the disorder is usually inherited in an autosomal recessive
pattern.

Patients with severe resistance often present with hypothyroidism detected by neona-
tal screening programs . Since congenital hypothyroidism is not usually an inherited
disorder, a significant family history in the setting of congenital hypothyroidism is
suggestive of the possibility of TSH resistance. Furthermore, the thyroid is usually
hypoplastic, but not ectopic, in TSH resistance, as can be seen in other causes of congeni-
tal hypothyroidism.

Patients with mild TSH resistance and euthyroid hyperthyrotropinemia are in a com-
pensated eumetabolic state. These patients are clinically euthyroid, and do not require
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treatment, although they should receive genetic counseling. Patients with more severe
TSH resistance, leading to hypothyroidism, should be treated with levothyroxine.

CONCLUSION

Hormone resistance leading to thyroid dysfunction occurs at multiple levels of the
pituitary-thyroid axis. In milder forms, such resistance presents in a compensated state,
and does not require therapy. However, in more severe forms, therapy is required. In
particular, therapy in patients with RTH must be individualized, and the metabolic status
of the patient must be determined rigorously. In children, special care must be paid to
growth, bone development, and mental development in deciding the specific course of
therapy. Further studies in children need to be performed so that medical care can be
optimized in these patients.

Resistance to thyroid hormone is usually caused by autosomal dominant mutations in
the TRβ gene. In contrast, resistance to TSH is usually caused by autosomal recessive
mutations in the TSH receptor gene. However, a number of patients with both disorders
have been identified without mutations in these genes. Such patients probably harbor
mutations elsewhere. Further evaluation of these patients will be important not only to
provide optimal medical therapy, but also to gain further insight into the mechanisms of
action of thyroid hormone and thyrotropin.
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INTRODUCTION

Thyroid cancer is rare in childhood and adolescence and consists of several histo-
pathologic groups that differ considerably in their clinical behavior. Major pathologic
categories include differentiated, medullary, and poorly differentiated thyroid carcino-
mas. Medullary carcinoma accounts for a small percentage of pediatric thyroid cancers.
It is most often diagnosed in children and adolescents affected by MEN IIa, MEN IIb,
or Familial Medullary Carcinoma syndromes. These autosomal dominant disorders are
known to be caused by mutations in the RET proto-oncogene; molecular screening is
now available for individuals who, based on family history, are felt to be at risk (1).
Poorly differentiated thyroid cancers, including anaplastic and insular carcinomas, are
fortunately exceedingly uncommon in the pediatric age group but carry a very poor
prognosis (2). Differentiated thyroid cancers account for the vast majority of thyroid
cancers of youth and will be the focus of this review.

Differentiated thyroid cancer is defined by the presence of distinguishable elements
of normal thyroid cells. Two subtypes are generally recognized: papillary (including
papillary-follicular) and pure follicular. Papillary and papillary-follicular are the most
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prevalent subtypes seen in the pediatric population, accounting for 90% of differentiated
lesions.

Incidence
Most patients with differentiated thyroid cancer are adults, 40–60 yr-of-age. The age

adjusted incidence of thyroid cancer in the pediatric and adult population as a whole is
on the order of 30–40 cases per million. The incidence of thyroid cancer in childhood
varies by age: it is approx 1.0 case per million in children 5–9 yr-of-age, 3.9 cases per
million at ages 10–14, and 14.4 cases per million at ages 15–19 (3). In Connecticut the
historic incidence of 1.5/million rose to 3.1 after 1989 at a time when an increased
incidence was also observed in Belarus (4).

Patient Characteristics
Differentiated thyroid cancer is a disease seen primarily in adolescents; the median

age at diagnosis is around 15 yr (Fig. 1). Proportionally more females are involved
compared to males with a female:male ratio varying from 2:1 to 4:1 (5,6).

Predisposing Factors
There is a strong association with the use of ionizing radiation to the head and neck

and the subsequent development of differentiated thyroid carcinoma. In 1950, Duffy and
Fitzgerald reported that 36% (10/28) of pediatric patients treated for thyroid cancer at the
Memorial Sloan-Kettering Cancer Center had been exposed to radiation to the neck
region earlier in life (7). Subsequent retrospective reviews showed that irradiation for
such benign conditions as thymic enlargement in infancy, infections of the tonsils and
adenoids, acne, tinea capitis, or even fluoroscopy increased the risk of development of
thyroid carcinoma (8).

Further evidence for an association between thyroid cancer and irradiation comes
from epidemiologic studies of populations exposed to atomic fallout and survivors of

Fig. 1. Distribution by age and sex of 329 cases of differentiated thyroid cancer. Derived from data
published in Newman KD, et al. (6).
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childhood cancer exposed to therapeutic doses of external beam radiation. Younger
patients appear to be more susceptible, particularly individuals exposed prior to age 5 yr.
The absolute risk of thyroid cancer in patients receiving cervical radiation in childhood
has been estimated from a pooled study of seven series at 4.4 excess cancers per 10,000
person-yr per gray with a relative risk of 7.7 per gray (9). It is important to note that the
increased risk of developing thyroid cancer persists even following therapeutic doses to
thyroid in excess of 20–30 Gy (10). While the latency period between exposure to
radiation and the development of thyroid cancer is usually 10–20 or more years, these
cancers can occur as early as 3–5 yr after the radiation.

Although it has been thought that thyroid irradiation secondary to internal isotopes
such as 131I is less carcinogenic than external x-rays, recent data from the Chernobyl
accident underscore that such exposures, particularly in young children, are capable of
inducing thyroid cancers. For those younger than 5 yr at the time of the accident, the
incidence of thyroid cancer may be increased 100-fold (11). In contrast, the use of iodine-
131 for diagnostic purposes in childhood has not been associated with an increased risk
of thyroid cancer (12).

An association between differentiated thyroid cancer and both Gardner’s syndrome
(lipomas, osteomas, and intestinal polyps) and Cowden’s syndrome (multiple hamarto-
mas) have been reported. Ninety-four percent of the Gardner’s syndrome patients who
develop thyroid cancer are women and 88% of the tumors are papillary with twice the
normal incidence of multicentricity (13).

More controversial is the possible association between Hashimoto’s thyroiditis and
an increased risk of differentiated thyroid cancer in the pediatric age group. While
lymphoma of the thyroid does appear to occur more frequently in adults with chronic
lymphocytic thyroiditis (14), the evidence supporting an increased risk of differentiated
thyroid cancer in these individuals is conflicting and based primarily on anecdotal case
reports (15).

PATHOGENESIS OF THYROID CANCER

Several studies have examined the significance of oncogene activation in both benign
and malignant thyroid neoplasia. Activation of ras, Gs alpha, trk, and p53 are detected
in a small percentage of thyroid nodules (16). None of these appear to be associated with
significant clinical outcomes. More recently, a tyrosine kinase oncogene known as RET/
PTC has been shown to be present in a high proportion of papillary carcinomas and felt
to play a pathogenetic role. Early reports suggested that the various forms of RET/PTC
were more prevalent in radiation-induced thyroid cancers compared to sporadic cancers
and more common in cancers diagnosed in children compared to those found in adults.
Recently both of these findings have, however, come into question (17).

CLINICAL PRESENTATION

Patients with thyroid cancer almost always present with an asymptomatic neck mass
or swelling (5). Since 50–90% of pediatric and adolescent patients have involved cervi-
cal lymph nodes at diagnosis, in a minority of cases the mass may actually be nodal
metastases rather than a palpable thyroid nodule. These nodules may be slow-growing
and, initially, may not arouse clinical suspicion. The primary thyroid tumor may be
located anywhere in the thyroid gland but isthmic involvement is rare. Although a
bilateral cervical mass is not uncommon, the usual presentation is with unilateral dis-
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ease. A chronic, non-productive cough may be evident in patients with tracheal or recur-
rent nerve invasion. Hoarseness and dysphagia may also accompany invasive tumors.
Obstructive airway symptoms represent an unusual mode of presentation of this disease
in childhood. Extrinsic compressive tumors or transtracheal intraluminal tumors, while
rare, should always be a consideration in atypical or medically refractory ‘asthma’
during childhood. Although 10– 25% of pediatric subjects with differentiated thyroid
cancer will have evidence of distant metastases (primarily pulmonary) at diagnosis (6),
it is quite uncommon for these patients to present with symptoms or signs due to meta-
static disease.

DIAGNOSTIC GUIDELINES

Once a cervical mass is palpated and clinical suspicion is raised, the workup is rela-
tively straightforward. Initial blood studies should include routine thyroid function stud-
ies to determine functional status and thyroid antibodies, which if positive may suggest
Hashimoto’s thyroiditis. There is no proven value of determining the plasma concentra-
tion of thyroglobulin, as it can be elevated in individuals with either malignant or benign
lesions of the thyroid. A thyroid ultrasound may be very helpful if there is a question as
to the exact nature of the lesion; ultrasound may exclude the possibility of a pure cyst or
congenital malformation such as hemiagenesis of the thyroid gland. Additionally, ultra-
sound can often facilitate the performance of a needle biopsy. While some investigators
recommend performing radionuclide scans (such as technetium or 123I) in individuals
with a thyroid nodule, most nodules in children will appear cold on scintiscanning,
regardless of their ultimate histopathology. We have not found radioisotope scans to be
useful in the vast majority of individuals with solitary nodules and no longer employ
them as part of our routine, initial work-up. Similarly, the response of a thyroid nodule
to TSH suppression with exogenous thyroid hormone has not been shown to be a reliable
or sensitive means of differentiating between benign and malignant lesions (18).

Currently, fine needle aspiration biopsy (FNAB) is the cornerstone in the manage-
ment of solitary thyroid nodules in adults. If performed by experienced personnel, this
procedure has a very high sensitivity (80–85%) and specificity (90–95%), with a low (1–
5%) false negative rate (19). Limitations include a small but variable number of non-
diagnostic specimens and the inability to distinguish between benign and malignant
follicular neoplasms. Utilization of the FNAB has dramatically reduced the number of
unnecessary open surgical procedures. Historically, some pediatric groups have been
reluctant to use FNAB in the initial evaluation of thyroid nodules in children, opting to
perform surgery on all such lesions, even though only 15–20% of all solitary thyroid
nodules in children and adolescents will prove to be malignant (20). An emerging litera-
ture, however, attests to the safety and accuracy of FNAB in children and adolescents
(21–23).

Needles of 25–27 gauge are used in children and sampling is done with a 10–20 mL
disposable plastic syringe held in one hand. The aspirate should appear orange in color
and should be visible as a small drop in the needle hub. The needle tip is moved slightly
in and out to loosen cells. Typically up to five or six separate aspirations are performed
in a single session to reduce sampling error. The aspirate is smeared on glass microscope
slides and immediately treated with cytologic fixative. Analysis by an experienced
cytologist is mandatory and an answer is usually available within 24 h or less.
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In summary, after a careful history and physical examination and routine blood stud-
ies, an FNAB (with ultrasound if desired) of suspicious thyroid lesions should be per-
formed. Definitive surgery is required for all lesions with malignant or suspicious
cytology and any lesion, regardless of the results of FNAB, that manifests malignant
features (e.g., rapid growth, causes compression of local structures). Because FNAB is
associated with a small but significant false negative rate, we recommend a repeat FNAB
in 6–12 mo for any lesion that either fails to involute or increases in size.

THERAPY

The optimum management of children and adolescents with differentiated thyroid
cancer remains an area of some controversy. It is strikingly obvious from Table 1 that
mortality in differentiated pediatric thyroid cancer is very low (6,24–36), making it very
difficult to prove survival benefit of one therapy versus another. Additionally, as most
reports are based on data generated from relatively small patient numbers, the majority
of published studies have reduced statistical power and, therefore, limited ability to
prove the superiority of a particular management approach. Since mortality is not a
feasible endpoint, most authors have used disease recurrence or progression, which
occurs in approximately one-third of patients, as an endpoint.

The initial treatment of almost all differentiated thyroid cancers is surgical. There is,
however, little agreement concerning the best surgical approach. This is illustrated in
Table 1, which lists the larger published series of pediatric thyroid cancer. Even though
total/subtotal thyroidectomy, followed by radioiodine treatment has been considered the
“gold standard” of therapy for both pediatric and adult thyroid cancers, the risk of major
complications (e.g., permanent hypoparathyroidism, hoarseness, facial paralysis,
Horner’s syndrome, major bleeding, the need for a tracheostomy, or the occurrence of
tracheal stenosis) has been shown consistently to increase with more aggressive thyroid

Table 1
Selected Series of Pediatric Thyroid Cancer

Author Nodes + Total or subtotal Relapses Deaths
(ref.) Year N (%) thyroidectomy (%)  (%) (%)

Exelby (24) 1969 62 87 43 — 6
Liechty (25) 1972 30 77 80 — 6
Richardson (26) 1974 32 50 38 — 6
Buckwalter (27) 1975 58 60 50 7.4 2
Tallroth (28) 1986 37 73 40 14 3
Schlumberger (29) 1987 72 85 40 34 8
La Quaglia (30) 1988 93 71 46 35 0
Zimmerman (31) 1988 58 90 74 31 14
Azizkhan (32) 1991 30 60 60 22 0
Newman (6) 1998 329 74 71 32 0.6
Welch Dinauer (33) 1998 137 39* 82.5* 20* 0.7*

Alessandri (34) 2000 38 60.5 65.8 45 0
Jarzab (35) 2000 109 59 74 15 0
Storm (36) 2001 165 — — — 3

*Data from patients with papillary carcinoma only.
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surgery (6,30,37). Risk-based therapy offers an alternative approach to the management
of these individuals and attempts to tailor therapy according to the individual’s risk of
recurrence (6,38). Such an approach, hopefully, will minimize the risks of serious com-
plications, while still providing a high probability of cure.

Predictors of Recurrence or Progression
The clinical and treatment variables that have been found to correlate with outcome

in the larger pediatric series are listed in Table 2 (6,30,33–35,39). Because of the
extremely low death-rate in childhood and adolescence, the endpoint is usually tumor
recurrence in patients with a documented complete response or tumor progression when
the initial response cannot be documented. The only variable consistently shown to be
of prognostic significance is age at diagnosis, with younger patients demonstrating a
higher rate of recurrence (Table 2; Fig. 2). Of note, the presence of distant metastases is
not associated with a worse outcome in the pediatric age group (6,40). Extent of initial
surgery (i.e., total/subtotal thyroidectomy versus lobectomy) has correlated with out-
come in some but not all of the larger series. In a multicenter study that included 329
subjects, progression-free survival was independent of extent of initial surgery (Fig. 3),
but did correlate negatively with the presence of residual disease after surgery (6).
Treatment with radioactive iodine was associated with a better outcome in only one of
the series and this was only of marginal statistical significance (35).

Initial Surgery
 The aforementioned data support that lobectomy, with or without modified lymph

node dissection, can be used for patients without distant metastases who have small
primary tumors (<2 cm) and minimal or absent regional nodal involvement. Patients
with primary lesions larger than 3 cm, bilateral thyroid tumors, or those that invade
contiguous structures probably should undergo total or subtotal thyroidectomy. Mutilat-
ing resections that sacrifice nerves, larynx, or other normal structures should be avoided

Table 2
Factors Predictive of Outcome (in Univariate or Multivariate Analysis)

in Pediatric Thyroid Cancer

Author (ref.) Year N Clinical Variables Treatment Variables

La Quaglia (30) 1988 93 Age, Histologic None
subtype

Newman (6) 1998 329 Age Completeness of resection
(e.g., presence of residual
cervical disease) but not
extent of initial surgery

Welch Dinauer (33) 1998 170 Age, size of tumor, None
focality

Welch Dinauer (38)* 1999 37 — Extent of initial surgery
Alessandri (34) 2000 38 Age None
Jarzab (35) 2000 109 Age Extent of initial surgery,

Radioactive iodine (p = 0.07)

*Data from patients with class 1 papillary thyroid cancer (disease confined to the thyroid gland).
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when invasive tumors are encountered. However, because subsequent 131I treatment will
be necessary, a total or subtotal thyroidectomy should be done. Additionally, all patients
with documented distant parenchymal metastases should be treated with total or subtotal
thyroidectomy in preparation for 131I therapy. Modified lymph node dissection that
preserves nervous, vascular, and muscular structures but systematically removes
involved nodal echelons should be done in patients with lymph node metastases. Radical
neck dissections are contraindicated in the treatment of pediatric differentiated thyroid
cancer except under unusual circumstances.

Treatment with 131I
Radioiodine therapy is used to ablate residual normal thyroid tissue after subtotal

thyroidectomy or lobectomy and to treat functioning metastases from differentiated
thyroid carcinoma. Thyroid cancer commonly metastasizes to regional lymph nodes
and to the lungs. Bone and central nervous system metastases occur rarely. The thyroid
is very efficient at trapping iodide, and this forms the basis for radioiodine therapy. The
same is true for functioning metastases. Non-functioning metastases do not take up
iodide and are not readily treated with 131I. Because thyroid tumors in children are often
locally advanced at diagnosis and bulky cervical nodes may obscure important struc-
tures, normal residual thyroid tissue or thyroid tumor might be present even after attempts
at total thyroidectomy. As a consequence, functioning metastases may not be detectable
by total body imaging using a radioiodine tracer, due to preferential uptake of the iodine
by residual thyroid tissue in the neck. Thus, the residual thyroid tissue in the neck needs
to be destroyed before a meaningful body scan can be performed.

ABLATION OF RESIDUAL THYROID TISSUE

Residual thyroid tissue can be ablated using radioactive iodine. This will permit better
visualization of metastatic disease and will facilitate the treatment of metastases, if
present. In general, one can estimate the completeness of surgical removal of the thyroid
by measuring thyroid function tests including the plasma thyroxine and TSH value.
Ablation can be done without further imaging studies, once an elevated level of TSH
(>20 µIU/mL)is documented. In the past, a dose of 75 mCi was given to patients. Thyroid
ablation is successful in most cases after a single dose and, rarely, a second or third
ablative dose is needed. Alternatively, following dosimetry studies, a dose delivering
30,000 cGy to the residual thyroid bed can be given (41). Outpatient doses of 29 mCi or
less result in a high failure rate, necessitating multiple treatments to achieve complete
ablation.

TREATMENT OF FUNCTIONING METASTASES

Radioactive iodine is the mainstay of treatment for patients with extensive regional
or distant dissemination, despite the lack of definitive data demonstrating long-term
benefit. The technique is dosimetry-based and therapeutic administration should be
preceded by a diagnostic 131I scan done after definitive surgery or ablation. Approx 6 wk
before the 131I scan, patients can be switched to T3 (Cytomel), which has a shorter half-
life than T4 and can be stopped a week or two prior to diagnostic scanning. A TSH level
greater than 30–40 µIU/mL is necessary to ensure adequate uptake of radioiodine by
thyroid tissue. For women of childbearing age, a pregnancy test is done prior to the scan
and dosimetry study.



334 Part IV / Sklar and La Quaglia

In most institutions, a fixed dose of 131I is given to the patients. For patients with
regional nodal involvement, demonstrated by the total body scan, 150–175 mCi are
given. To treat lung metastases, 175–200 mCi are used, while 200 mCi are used for bone
involvement. Alternatively, the dose can be derived from individually performed dosim-
etry studies (42).

Due to the relatively small number of pediatric thyroid cancer patients treated at a
single center, it is difficult to evaluate the impact of radioiodine treatment (43). There
are no prospective studies in children that compare therapeutic approaches. Indeed,
mortality is so low that the only parameter available for comparison is disease recurrence
or progression. It is uncertain whether therapy influences the excellent prognosis. For
example, children and young adults with pulmonary metastases do extremely well and
95–100% are alive 10–20 yr after diagnosis (40). Treatment with 131I is associated with
disappearance of metastatic disease in 30–50% of subjects, while the remainder, although
asymptomatic, will have persistent disease (44). In one study the number of treatments
and the cumulative dose of radioactive iodine did not correlate with objective response
of the disease (45).

There have been few reported side effects in children treated with radioactive iodine.
However, no prospective studies evaluating the efficacy or side effects of radioactive
iodine treatments in children have been reported. This is troublesome in that delayed
toxicities may take many years to develop. During or shortly after radioiodine therapy
mild nausea, emesis, transitory thrombocytopenia, and sialadenitis may occur, particu-
larly when a relatively large therapeutic dose is administered. However, using the doses
calculated from our dosimetry studies over many decades at our center, there have been

Fig. 2. Association between age at diagnosis and progression-free survival. Reproduced with permis-
sion from ref. (6).

GUEST
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no cases of severe marrow suppression or pulmonary fibrosis as reported in the early
studies (46).

Red marrow dose in pediatric patients is significantly higher than in adults (47). There
is no evidence, however, that an increased incidence of bone marrow suppression is
observed in pediatric patients. In general, a mild decrease in platelet counts may be
encountered about one month after therapy. Complete recovery is expected within a few
months. Leukemia and development of solid tumors are major concerns, as ionizing
radiation is a well known carcinogen. Most reported cases of radioiodine-associated
leukemias are acute (48), but chronic myelogenous leukemia has also been reported in
patients so treated. The total number of cases of leukemia, including pediatric patients,
following 131I therapy worldwide has been quite small. At our center, we have not
observed an excess number of leukemias among pediatric patients treated with radioio-
dine during the past 4 decades.

There is concern that cancer may develop in organs that normally concentrate iodide
like the salivary glands, bladder, gastrointestinal tract, and breast. In general, the safety
record has been good and development of secondary tumors is rare in thyroid cancer
patients treated with radioactive iodine. However, slight increases in the incidence of
melanoma and salivary gland cancer have been reported (49). In a study by Green et al.
(50) from Roswell Park, nine female patients who were treated for childhood thyroid
cancer from 1960–1988 were reviewed. In situ breast cancer developed in two of the four
patients treated with radioactive iodine. No cases of in situ breast carcinoma were noted
in the five patients who did not receive 131I. A recent report found that women with
thyroid cancer, particularly premenopausal white women, have a greater than expected
risk of developing breast cancer (51). This was true independent of treatment with 131I.
More studies on the correlation between the incidence of breast cancer and prior radio-
iodine treatment are necessary.

Fig. 3. Comparison of progression-free survival in patients undergoing biopsy or lobectomy to those
treated by total or subtotal thyroidectomy. Reproduced with permission from ref. (6).

GUEST
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Aside from nausea, vomiting, xerostomia, or pain in the salivary glands, decreased
function of salivary glands may occur. Since the dose delivered to the salivary gland is
quite variable and related to the state of hydration, patients under therapy should be
encouraged to drink large amounts of fluid and use sour candies or lemons. Frequent
bladder emptying is encouraged to lessen radiation exposure to the bladder.

It is known that gonadal damage may be produced by the administration of radioactive
iodine (52). A number of studies have addressed the issue of post-treatment fertility (41).
In female patients, the fertility rate is not affected, although an increased number of
miscarriages following treatments have been reported. In one study, with long follow-
up, no adverse effects on female fertility or increased rate of carcinogenesis were
observed in children or adolescents treated with radioactive iodine for differentiated
cancer of the thyroid (53). A recent study in adult women treated with 131I suggested that
they may enter menopause at a slightly younger age than controls (54). To avoid trans-
mitting possible genetic aberrations from the gonadal damage due to ionizing radiation
from 131I, patients are advised to avoid conception for 6 mo following treatment using
radioactive iodine.

External Beam Radiotherapy
The role of external beam radiation in the management of pediatric thyroid cancer is

not well established. Due to potential serious and life-threatening late toxicities (55),
external radiation should be avoided in most children and adolescents with differentiated
thyroid cancer. Under unusual circumstances (e.g., symptomatic disease that is not
amenable to surgery and/or responsive to 131I), radiation therapy may be required.

Thyroid Hormone Suppression
Differentiated thyroid cancers possess TSH receptors and various clinical and labo-

ratory studies suggest that suppression of TSH can reduce growth of the tumors. Most
but not all studies demonstrate that TSH suppression is associated with an improved
outcome (56). The optimum degree of suppression required remains a source of contro-
versy. Moreover, long-term suppression therapy in adults has been associated with
reductions in bone mineral density and impaired cardiac function (56,57). Our current
policy is to maintain the TSH level just below the lower limit of normal (58).

FOLLOW-UP

Regular and life-long follow-up is essential, as late recurrences are not uncommon.
Additionally, the dose of thyroid hormone will need to be adjusted as the individual
grows and develops. We generally recommend visits at least every 6 mo; visits include
a complete physical exam and blood studies to assess the degree of TSH suppression and
to monitor the plasma concentration of thyroglobulin. Thyroglobulin is produced by
differentiated thyroid tissue (normal and neoplastic) and should be very low to undetect-
able following thyroidectomy and 131I treatments. A rising level of thyroglobulin in an
individual with a suppressed TSH level suggests the possibility of either recurrence or
progression of thyroid cancer (59). The thyroglobulin level may be difficult to interpret
if there are significant circulating titers of anti-thyroglobulin antibodies.

For patients with known or suspected disease, 131I scanning is the most sensitive test
available. Preparation for total body scanning has traditionally been accomplished by
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withdrawing thyroid hormone. Recently, it has been demonstrated that preparation with
injections of recombinant human TSH results in scans that are diagnostically equivalent
to those obtained after thyroid withdrawal, while avoiding the unpleasant side-effects
associated with hypothyroidism (60). Recombinant human TSH is only approved for
use in adults at the present time. When radioiodine scanning is not possible or desired,
the combination of an ultrasound of the neck and a CT scan of the chest will provide
valuable information about the extent of residual disease. It is important not to perform
the chest CT with contrast, as the iodine load present in the iv contrast will preclude the
use 131I for several months.

Following a therapeutic dose of 131I, a follow-up radioiodine scan should be per-
formed in 6–12 mo. Once the scan is negative, it is unclear how often surveillance whole
body scans should be done. There is currently no justification for yearly scanning of
individuals who lack clinical and biochemical (e.g., low-undetectable thyroglobulin)
evidence of active disease.

CONCLUSION

The overall survival for patients with differentiated thyroid cancer presenting in
childhood and adolescence is in excess of 90–95%, even for those with distant metastases
at diagnosis. Because so few deaths occur in this cohort, the end result is usually mea-
sured by the rate of recurrence or progression. Overall the reported recurrence rate for
differentiated thyroid carcinoma in childhood and adolescence is 35–40% in large series
in which a time-dependent analysis has been performed. Other than younger age at
diagnosis, few clinical or treatment variables correlate with risk of disease recurrence.
In the absence of randomized, prospective treatment trials, the optimum management of
children and adolescents with thyroid cancer will remain unanswered. We recommend
a risk-based approach that is tailored to the individual. This necessitates input from a
multidisciplinary team, including endocrinology, surgery and nuclear medicine, along
with the wishes and preferences of the patient and family.
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INTRODUCTION

Calcium plays an important role in a number of physiological processes as diverse as
bone formation and turnover, neuronal cell excitability, muscle contractility, and blood
clotting. Significant shifts in serum calcium concentration have adverse effects on these
physiological functions. In children, maintenance of adequate calcium balance is par-
ticularly important since bone deposition and growth are closely linked to the availabil-
ity of calcium. Higher organisms have developed mechanisms to regulate the
extracellular concentration of calcium, normally affected by intermittent changes in
calcium absorption in the gut, continuous mineral bone turnover, and calcium losses in
the urine. Extracellular calcium levels are set within a very narrow range by the con-
certed action of several regulatory “calciotropic” hormones on calcium handling by the
gastrointestinal tract, bone, and kidney. The abnormal function of calciotropic hormones
or the failure of any of these organs to handle calcium properly can cause either hypo-
or hypercalcemia.

Calcium is among the most abundant mineral ions in the body. Greater than 98% of
total calcium is present as mineral salts in bone, but can be mobilized as part of a
continuous exchange of calcium between bone and the extracellular compartment during
bone remodeling. The remaining fraction of calcium is distributed between the intrac-
ellular and extracellular compartments. Calcium in serum exists in three forms: 1) a
protein-bound fraction (30–50% of total serum calcium), primarily bound to albumin;
2) complexed with serum anions like phosphate, citrate, and bicarbonate (5–15%); and
3) ionized Ca (Ca2+) (40–60%). Ca2+ is the metabolically active form and is the soluble
fraction that is tightly regulated. As a result, the concentration of serum Ca2+ remains
relatively constant with age and dietary intake.



344 Part V / Diaz

HORMONAL REGULATION OF SERUM Ca2+

Parathyroid Hormone
Changes in serum Ca2+ are rapidly sensed by the parathyroid glands (1). There are four

paired parathyroid glands, usually positioned in the superior and inferior poles of the
thyroid, derived from the 4th and 3rd pharyngeal pouches, respectively. In response to
a decrease in serum Ca2+, they secrete parathyroid hormone (PTH), an 84 amino acid
polypeptide synthesized and stored in secretory granules. The net effect of PTH on
calcium homeostasis is to activate mechanisms that increase serum Ca2+ levels (2). PTH
promotes calcium mobilization from bone by osteoblast-mediated activation of bone-
resorbing osteoclasts. In the kidney’s proximal tubule, PTH activates 1-α-hydroxylase
to synthesize calcitriol (1,25(OH)2D), increases the absorption of sodium, calcium, and
bicarbonate, while inhibiting phosphate transport and promoting phosphaturia. In the
distal tubule, PTH has its most significant effect in the distal convoluted tubule where
it activates calcium absorption. In the gut, PTH indirectly promotes, through the action
of 1,25(OH) 2D, the absorption of both calcium and phosphate.

The mechanism that allows parathyroid cells to sense small changes in Ca2+ concen-
tration has been recently characterized. Ca2+ sensing is mediated by a G protein-coupled,
calcium-sensing receptor (CaR) (3). Elevations in serum Ca2+ activate the CaR which,
in turn, mediates the inhibition of PTH secretion by a yet poorly defined mechanism.
Although Ca2+ is the major regulator of PTH secretion, other calciotropic factors also
affect its secretion. The active form of vitamin D, calcitriol, inhibits PTH synthesis while
high serum phosphate has been recently shown to stimulate PTH secretion (4). Profound
hypomagnesemia inhibits both PTH secretion and action by affecting intracellular
signaling function; hypermagnesemia also inhibits PTH secretion, a process likely
mediated by the CaR, since magnesium is also a ligand for this receptor (1). PTH is
exquisitely sensitive to degradation both intracellularly in the parathyroid cell and in
serum, especially as it traverses the liver and kidney; its serum half-life is less than 8 min.
Inactive proteolytic fragments are always present in blood and accumulate to high
concentrations in conditions that decrease their clearance (i.e., renal failure). Thus, an
accurate measurement of active PTH requires an immunoassay that measures intact
PTH, presently achieved by a sandwich immunoradiometric assay (IRMA) or an immuno-
fluorometric assay.

The bioactive site in PTH resides within the first 27 amino acids of the peptide (2).
PTH binds to a G protein-coupled receptor (PTH1R) that activates the production of
cAMP and, in some cells, the release of intracellular calcium stores via activation of
phospholipase C. This receptor is present in osteoblasts and kidney tubular epithelium,
cells that play a direct role in calcium homeostasis. Two additional receptors (PTH2R
and PTH3R) with some homology to the first characterized receptor have been recently
described (5), but their role in calcium homeostasis may not be significant.

At least another peptide has been shown to have PTH-like effects. PTH-related pro-
tein (PTHrP) was initially characterized for causing hypercalcemia when secreted by
some malignant tumors (6). The amino terminus of this peptide has high homology with
the bioactive amino terminus of PTH and binds the PTH receptor. Besides its role as a
calciotropic hormone when present in serum in high concentration, PTHrP appears to
serve important functions in cartilage formation and the differentiation of several organs,
where it is expressed during fetal and postnatal development (7). In the placenta, active
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transplacental transport of Ca2+ appears to be mediated by PTHrP binding to an uniden-
tified receptor (8).

Vitamin D
Vitamin D3 (cholecalciferol) is produced by photolysis of cholesterol to 7-dehydro-

cholesterol under UVB irradiation (280–305 nm wavelength) followed by isomerization
in the skin (9). It is hydroxylated to 25-hydroxyvitamin D (25OHD) in the liver, a step
that is largely substrate dependent, making 25OHD levels a useful index of vitamin D
stores. Its serum half-life is 2–3 wk. An additional hydroxylation step by a 1-α-hydroxy-
lase in the renal proximal tubule produces the bioactive form of vitamin D, 1,25(OH)2D.
PTH, hypocalcemia, and hypophosphatemia are the major inducers of 1-α-hydroxylase
activity in the proximal tubule. An increase in 1,25(OH)2D production becomes apparent
hours after exposure to a stimulus, and the half-life of 1,25(OH)2D is only several hours.
The proximal tubule also has 24-hydroxylase activity; hypercalcemia, hyperphospha-
temia and 1,25(OH)2D induce this enzyme, promoting the production of 24,25(OH)2D,
an inactive metabolite. 1-α-hydroxylation activity is not limited to the proximal tubule.
1-α-hydroxylase is expressed in placenta, a significant source of calcitriol for the fetus,
keratinocytes, and activated mononuclear cells. Excess 1-α-hydroxylase activity in
mononuclear cells is thought to be responsible for the hypercalcemia and elevation of
1,25(OH)2D levels seen in granulomatous disorders (10).

Vitamin D and its metabolites are transported in serum bound to vitamin D binding
protein (DBP), showing greatest affinity for 25OHD. This protein provides a reservoir
of vitamin D metabolites and prevents its rapid clearance in the urine. Recently, megalin,
a lipoprotein-like receptor that binds DBP, has been shown to mediate the uptake of
vitamin D metabolites in the proximal tubule, suggesting a role for this protein in ensur-
ing 25OHD availability for 1-α-hydroxylation in the kidney (11).

Calcitriol promotes the rise of both calcium and phosphate levels in serum (9).
1,25(OH)2D binds to vitamin D receptors (VDR), a member of the retinoid family of
nuclear receptors, expressed in intestine, distal renal tubular cells, osteoblasts, parathy-
roid cells, and other tissues not directly involved in calcium homeostasis. In bone,
binding to VDR promotes the activation of osteocalcin and alkaline phosphatase produc-
tion by osteoblasts, and the differentiation of osteoclasts precursors, having a net effect
in mobilizing calcium and phosphate from bone. In the kidney, 1,25(OH)2D facilitates
the action of PTH on distal tubule calcium absorption. The major impact of 1,25(OH)2D
is in the small intestine where it promotes the absorption of calcium and phosphate in the
duodenum and jejunum.

Calcitonin
Calcitonin is a 32 amino acid peptide produced by thyroid parafollicular C cells, and

in lesser amounts by other neuroendocrine cells (12). High Ca2+ elicits a rise in calcitonin
secretion in parafollicular cells, a process mediated by the same calcium-sensing recep-
tor expressed in parathyroid cells (3). In almost all instances, calcitonin antagonizes the
effect of PTH on bone and kidney, via its binding to a G protein-coupled receptor of
the same family as the PTH receptor. Calcitonin has no measurable effects on intestine
handling of mineral ions. Paradoxically, calcitonin levels rise abruptly at birth, despite
a drop in serum Ca2+ normally seen during the same period, and decrease rapidly after
birth (13). In children older than 3 yr, normal serum levels are often below detection
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unless elicited by hypercalcemia, or in the setting of medullary thyroid carcinoma. The
role of calcitonin in normal calcium homeostasis is uncertain, since in the absence of
parafollicular cells (i.e., thyroidectomy), no significant alterations in calcium homeosta-
sis have been observed; however, it has a pharmacological role in the acute treatment of
hypercalcemia and osteoporosis as a promoter of calcium deposition in bone.

Serum Ca2+ “Set Point”
The overall effect of changes in calciotropic hormones on calcium handling by the

kidney, gastrointestinal tract and bone is to maintain the extracellular Ca2+ concentration
around the normal range (usually 1.12–1.23 mmol/L) or set point. As this is primarily
achieved by the regulation of PTH secretion in parathyroid cells, the CaR’s binding
affinity for Ca2+ is the major determinant of serum Ca2+ set point. Mutations of the CaR
have been described that shift its response to serum Ca2+, resulting in a shift of the set
point for serum Ca2+ (14). Patients harboring inactivation mutations of the CaR, as seen
in familial hypocalciuric hypercalcemia (FHH), maintain serum Ca2+ concentration
above the normal range, since suppression of PTH secretion requires higher concentra-
tions of Ca2+. Conversely, in autosomal dominant hypocalcemia, activating mutations
of CaR result in hypocalcemia, as PTH secretion is fully suppressed when serum Ca2+

approaches the normal range. Ca2+ can also play a direct role in calcium handling by
organs involved in calcium homeostasis.

The CaR is highly expressed in the kidney tubule, where Ca2+ exerts a direct role in
regulating its own absorption in the distal tubule (3); high serum Ca2+ inhibits the absorp-
tion of luminal calcium. FHH and autosomal dominant hypocalcemia patients have
relative hypocalciuria or hypercalciuria, respectively, due to inactivating or activating
mutations of the CaR. The CaR is also expressed in the collecting duct and its activation
appears to block the expression of water channels on the luminal surface, providing at
least one mechanism for the polyuria noted in hypercalcemia. CaRs are also expressed
in intestinal epithelia and various bone-derived cells, but its role in calcium homeostasis
in these sites has not yet been clearly defined.

Calcium Homeostasis During Fetal and Early Neonatal Period
During fetal development calcium homeostasis is affected by maternal Ca2+ levels

(13). Serum Ca2+ in the fetus is set at a higher concentration (≈0.25 mmol/L higher) than
the mother. There is active transport of calcium across the placenta to sustain this gra-
dient, a process that appears to be mediated by PTHrP (likely the midregion fragment of
PTHrP), secreted by the fetal parathyroid, among other fetal organs, during pregnancy.
Although the parathyroid glands are present as early as the first trimester in gestation,
PTH secretion is normally suppressed during fetal development since fetal serum Ca2+

levels remain elevated in utero. In the fetus, bone mass accretion occurs primarily from
24 wk to full gestation. Maternal serum Ca2+ levels and, less significantly, vitamin D
status affects the extent of mineralization during this period. The mother is the primary
source of vitamin D during this period. Both maternal 25(OH)D and 1,25(OH)2D cross
the placenta, while the placenta also produces 1,25(OH)2D.

At birth, there is a fall in serum Ca2+ levels, reaching a nadir (1.00–1.17 mmol/L) in
the first 24–48 h of life (15). PTH levels are low at birth but rise with the decrease in
serum Ca2+. Serum PTHrP levels decrease rapidly in the first day of life. 1,25(OH)2D
levels increase concomitantly with the increase in serum PTH. Milk intake provides the
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primary source of serum Ca2+ during the neonatal period. During the initial neonatal
period, intestinal calcium absorption is not significantly regulated by 1,25(OH)2D;
instead, passive absorption mechanisms enhanced by the presence of lactose in milk
predominate at this stage (13). The intestine progressively develops increased sensitivity
and dependency on vitamin D for adequate calcium absorption. Infant’s vitamin D levels
correlate best with supplementation and sun exposure and not with breast milk intake,
regardless of maternal vitamin D status.

HYPOCALCEMIA

Hypocalcemia develops as a consequence of either reduced influx of calcium from the
gastrointestinal tract or bone into the extracellular space, or the excessive loss of calcium
from this space into urine, bone, or stool. Causes of hypocalcemia include abnormalities
in calciotropic hormone production and action, or improper calcium handling by organs
targeted by these hormones (Table 1).

Alterations in Calciotropic Hormones Causing Hypocalcemia
HYPOPARATHYROIDISM

Lack of adequate PTH production is a frequent cause of hypocalcemia in neonates
and early childhood. In hypoparathyroidism, decreased PTH levels cause hypocalcemia
and hyperphosphatemia. There are sporadic and familial forms of hypoparathyroidism
caused by parathyroid agenesis or dysfunction (16). When familial, autosomal domi-
nant, autosomal recessive, and X-linked recessive forms of hypoparathyroidism have
been described. In some instances, point mutations of the PTH gene in chromosome
11p15 lead to inappropriate expression of PTH and dyshormonogenesis. A form of
autosomal dominant hypoparathyroidism is associated with sensorineural deafness and
renal dysplasia. DiGeorge syndrome and its variants are a more generalized embryologi-
cal abnormality that occurs either sporadically or with variable autosomal dominant
penetrance, involving the development of the third and fourth branchial pouches. This
complex malformation is associated with dysmorphic facial features and anomalies of
the heart and great vessels with variable defects in thymic and parathyroid gland func-
tion, often showing dysgenesis of both glands. Deletions and translocations of chromo-
somes 22q11 and 10p13 have been detected and can be screened in suspected cases (17).
Hypoparathyroidism is also common in patients with Barakat syndrome and Kenny-
Caffey syndrome, characterized by medullary stenosis of the long bones, short stature,
hyperopia, and basal ganglia calcifications. Hypoparathyroidism has also been reported
in a number of mitochondrial myopathies (i.e., Kearns-Sayre syndrome) where PTH
secretion appears affected by the intracellular metabolic abnormality (18).

Acquired forms of hypoparathyroidism often occur later in infancy and adolescence
(19). Infiltrative processes such as excess deposition of iron (thalassemia and hemochro-
matosis) and copper (Wilson’s disease) in the parathyroid can impair the secretion of
PTH. Exposure to radiation as part of therapy for hyperthyroidism, or lymphoma has
been linked to the onset of hypoparathyroidism as has the surgical removal or compro-
mise of the vascular supply to the parathyroid glands. Autoimmune destruction of the
parathyroid gland can be an isolated process or as part of a polyglandular autoimmune
disease type 1, an autosomal recessive disorder also associated with hypoadrenocorticism,
hypogonadism, thyroid disease, type I diabetes mellitus, pernicious anemia, chronic
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Table 1
Differential Diagnosis of Hypocalcemia

Alterations in hormonal response
Hypoparathyroidism

Abnormal PTH production
Parathyroid agenesis/dysfunction

Familial forms of isolated PTH deficiency
DiGeorge’s Syndrome
Kenney-Caffey syndrome
Dyshormonogenesis

Acquired hypoparathyroidism
Polyglandular Autoimmune Disease Type I
Mitcochondrial myopathies
Disorders of metal ion deposition
Radiation exposure
Idiopathic

Abnormal PTH secretion
Hypomagnesimia
Autosomal dominant hypocalcemia
Critical illness

Peripheral resistance to PTH
Pseudohypoparathyroidism types IA, IB, II
Pseudopseudohypoparathyroidism

Vitamin D
Vitamin D deficiency

Nutritional deficiency
Liver disease
Iatrogenic (e.g., phenobarbital use)

Vitamin D resistance
Hydroxylase deficiencies
Vitamin D receptor dysfunction

Alterations of organs involved in calcium homeostasis
Kidney: Renal failure, Renal tubular acidosis
Intestine: Malabsorption
Skeleton: Hungry Bone syndrome

Other causes of hypocalcemia
High phosphate load

Tumor lysis syndome
High phosphate formula
Rhabdomyolysis

Ca sequestration or clearance
Acute pancreatitis
Drugs: Furosemide, calcitonin

Decreased ionized calcium
Exchange blood transfusion
Alkalosis
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active hepatitis, malabsorption, and manifestations of ectodermal dysplasia such as
alopecia, vitiligo, mucocutaneous candidiasis, keratopathy, and enamel hypoplasia (20).
In this disorder, chronic oral candidiasis is the first manifestation usually in early infancy.
The average age of onset for mucocutaneous candidiasis, hypoparathyroidism and
adrenal insufficiency is 5, 9, and 14 yr of age, respectively. About half of affected children
end up having at least these three manifestations. The presence of intestinal malabsorp-
tion complicates the treatment of hypocalcemia, as calcium and vitamin D absorption is
often impaired.

Several conditions are characterized by impaired PTH secretion despite the presence
of viable parathyroid tissue and PTH synthesis. PTH secretion can be impaired in the
presence of severe hypomagnesemia. The etiology of hypomagnesemia can be second-
ary to intestinal malabsorption or excessive renal wasting as seen in Bartter syndrome
and renal tubular acidosis (21). In autosomal dominant hypocalcemia, activating muta-
tions of the CaR shift the curve of inhibition of PTH secretion, changing the set point of
serum Ca2+ to a concentration that can be sufficiently low to elicit adverse effects.
Correction of hypocalcemia causes significant hypercalciuria, as the ability of CaR to
decrease tubular absorption of calcium also increases, augmenting the risk of developing
urinary stones when compared to other forms of hypoparathyroidism. Finally, PTH
secretion has been shown to be impaired in critical illness, perhaps mediated by an
interleukin-mediated over-expression of CaR (22).

Tissue insensitivity to PTH has a clinical presentation very similar to hypoparathy-
roidism. Pseudohypoparathyroidism (PHP) describes various familial disorders, often
inherited as autosomal dominant trait, that are characterized by the peripheral resistance
to PTH (23). Hypocalcemia occurs despite very elevated PTH levels, but without a
concomitant elevation of 1,25(OH)2D levels or increased renal phosphaturia. In patients
with type Ia PHP or Albright hereditary osteodystrophy, the characteristic phenotype is
short stature, stocky habitus, developmental delay, round face, short distal phalanx of the
thumb, brachymetatarsals and brachymetacarpals, dental hypoplasia, and subcutaneous
calcifications. Hypocalcemia is often not diagnosed until the middle childhood years.
PTH resistance has been characterized by the absence of urinary cAMP after adminis-
tration of PTH, normally elevated when the kidney is responsive to PTH. Inactivating
mutations in the α subunit of the stimulatory protein Gs are responsible for PTH resis-
tance in this condition by presumably preventing the activation of adenylyl cyclase by
the PTH receptor. These patients can show additional deficiencies due to the defective
action of other peptide hormones that use the same stimulatory Gs to enhance cAMP
production. In particular, thyrotropin action is often affected and occasionally hypothy-
roidism is diagnosed before the hypocalcemia is noted. The action of corticotropin,
gonadotropin, glucagon, and GH-releasing hormone, among other hormones, have been
shown to be affected. Pseudopseudohypoparathyroidism is used to described patients
with the Albright osteodystrophy phenotype without the biochemical abnormalities and
may represent the inheritance of the paternal defective gene, suggesting the presence of
imprinting in the inheritance of this disorder. Type Ib PHP resembles type Ia except that
the Gsα subunit is normal, pointing to a defect in another step of the pathway that
stimulates cAMP. Type II PHP is another variant where the phenotypic features are
absent and infusion of PTH induces the normal elevation of urinary cAMP but without
the expected phosphaturia, suggesting a defect distal to cAMP production. To this date,
PTH resistance due to mutations of the PTH receptor have not been described.
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VITAMIN D DEFICIENCY OR RESISTANCE

If vitamin D stores are depleted, intestinal calcium absorption can decrease suffi-
ciently, causing hypocalcemia. In growing children, the negative calcium balance affects
bone deposition, resulting in rickets. The parathyroid response to hypocalcemia is intact,
but the elevated levels of PTH cannot compensate for the absence of substrate necessary
to produce 1,25(OH)2D. Inadequate sun exposure or lack of vitamin D intake can cause
a decrease in vitamin D levels. Children with liver disease or taking drugs that enhance
the activation of liver hydroxylating enzymes (i.e., phenobarbital) may have impaired
25OHD production or increased turnover to inactive metabolites of 25OHD, respec-
tively. In rare occasions, a deficiency in 1-α-hydroxylase activity in the kidney or the
presence of abnormal receptors for 1,25(OH)2D, conventionally classified as vitamin
D-dependent rickets (VDDR) I and II, respectively, can have the same biochemical
consequences and clinical presentation as vitamin D deficiency, including hypocalce-
mia (24). Patients with VDDR-I do not respond to massive doses of vitamin D or 25OHD.
Interestingly, alopecia is often seen in VDDR-II, suggesting a role of vitamin D receptors
in hair development and growth.

Other Causes of Hypocalcemia
When calcium handling by the gastrointestinal tract, bone, or kidney is abnormal or

not responsive to calciotropic hormones, hypocalcemia can persist despite an appropri-
ate hormonal response (i.e., increased PTH secretion and calcitriol production). The
hyperphosphatemia that ensues with renal failure causes hypocalcemia, as excess phos-
phate complexes with Ca2+, reducing its serum concentration. The lack of calcitriol
production in advanced renal failure further aggravates the risk for hypocalcemia by
decreasing intestinal calcium absorption. In disorders that have intestinal malabsorption
as one of their manifestations or in cases of short gut syndrome, calcium absorption can
diminish sufficiently to cause hypocalcemia. In conditions where calcium deposition in
bone exceeds nutritional intake (i.e., hungry bone syndrome), as occasionally seen dur-
ing the treatment phase of severe rickets or following parathyroid surgery for hyperpar-
athyroidism, acute onset of hypocalcemia is not uncommon.

Hypocalcemia can occur in settings where there is a high influx of phosphate or
another anion into the extracellular space to complex with Ca2+. The release of high loads
of phosphate in tumor lysis syndrome and rhabdomyolysis can cause severe hypocalce-
mia with deposition of calcium phosphate salts in various tissues. Likewise, an exog-
enous source of phosphate, as in high phosphate content formula, can have a similar
effect in small infants. In acute pancreatitis, calcium is sequestered by free fatty acid
complexes, decreasing its effective concentration in serum, while the presence of citrate
in exchange blood transfusions or alkalosis can decrease serum Ca2+ acutely.

Classification of Neonatal Hypocalcemia

Neonatal hypocalcemia has been traditionally described as “early” when it occurs in
the first 72 h of life or “late” when it occurs beyond that period of time (15) (Table 2).
Infants that are born prematurely or experience asphyxia are particularly prone to expe-
rience a period of hypocalcemia in the early neonatal period. Preterm infants may have
a deficient increase in PTH secretion to counteract the normal drop in serum Ca2+ after
birth. In addition, calcium intake is often suboptimal, increasing the risk for hypocalce-
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mia. The role of asphyxia in causing hypocalcemia is poorly defined but may be similar
to the hypocalcemia seen in acute illness. Infants of diabetic mothers are also prone to
develop hypocalcemia early in the neonatal period. Although both a history of prema-
turity and asphyxia are usually present in these babies, magnesium deficiency has also
been invoked as a likely cause of hypocalcemia, since maternal glycosuria is accompa-
nied by significant magnesium losses predisposing the fetus to total body magnesium
deficiency.

Late neonatal hypocalcemia encompasses most of the etiologies described earlier that
are commonly seen in childhood. A common cause of hypocalcemia is a transient form
of hypoparathyroidism that lasts from a few days to several weeks. These infants appear
to have a deficient PTH response to hypocalcemia that improves slowly with time. In
some instances, this transient deficiency is due to exposure to maternal hypercalcemia
in utero. Maternal serum Ca2+ should be measured to rule out this possibility. Infants
with transient hypoparathyroidism have been shown to have a higher risk to develop
hypocalcemia later in life, suggesting that a mild abnormality in parathyroid function
may be present.

Diagnosis and Evaluation of Hypocalcemia
Hypocalcemia can be asymptomatic in children and adolescents, especially when it

is longstanding, and is often diagnosed in the setting of a routine biochemical screen.
Abrupt decreases in serum Ca2+ predispose children to more severe symptoms, mostly
neurological in nature, that require prompt medical attention. Early neuromuscular symp-
toms include numbness around the mouth, tingling, paresthesias, muscular cramping
(especially after vigorous exercise), and carpopedal spasm. More severe symptoms
include seizures, tetany, laryngospasm, and mental status changes. In neonates, symp-
toms can be more subtle and the only manifestation may be poor feeding and vomiting;
however, acute presentations are usually characterized by a history of recurrent seizures,
twitching of the extremities, agitation, high-pitched voice, tachypnea, or apnea. In some
instances, neonates with acute hypocalcemia may present with cardiac failure.

Infants with acute symptomatic hypocalcemia frequently show hypotonia, tachycar-
dia, and a bulging fontanelle on physical examination. In older asymptomatic children,
the physical exam usually reveals no striking abnormality other than hypereflexia, a

Table 2
Common Causes Neonatal Hypocalcemia

Early

Asphysia
Prematurity
Maternal gestational diabetes
Hypomagnesemia

Late

Maternal hyperparathyroidism
Hyperphosphatemia
Transient hypoparathyroidism
Congenital forms of hypoparathyroidism
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positive Chvostek sign (twitching of facial muscles after tapping the facial nerve just in
front of the ear), and/or a Trousseau sign (carpopedal spasm with hypoxia after maintain-
ing a blood pressure cuff above the systolic blood pressure for 3–5 min). These findings
are not exclusively present in hypocalcemic states; the Chvostek sign can be present in
normal adolescents and other ionic abnormalities such as hypokalemia, hyperkalemia,
hypomagnesimia, and severe hypo- or hypernatremia can also cause tetany. Hypocalce-
mia affects cardiac function by impairing myocardial contractility and prolonging the
QTc interval, increasing the predisposition to cardiac arrthymias. Ophthalmologic find-
ings can include papilledema, optic neuritis, and subcapsular cataract formation. Cal-
cium deposition in intracranial locations with a preference for basal ganglia is not
uncommon in chronic hypocalcemia. Other physical findings in chronic hypocalcemia
include coarse hair, dry skin, brittle nails, and defective dentition, all consequences of
inadequate serum Ca2+. When hypocalcemia is accompanied by vitamin D deficiency
and decreased intestinal calcium absorption, the bone abnormalities commonly seen in
rickets are a prominent feature of the physical presentation.

Other findings in the history and physical exam frequently prove useful in the deter-
mination of the etiology of hypocalcemia. If the phenotypic features of type I PHP are
present, PTH resistance should be suspected, whereas the presence of facial anomalies
(i.e., mandibular hypoplasia, hypertelorism, short philtrum, and low set ears), a heart
murmur or a history of recurrent infections suggests DiGeorge syndrome. The absence
of a thymus shadow on a chest X-ray in a neonate with hypocalcemia should point to this
syndrome. A history of mucocutaneous candidiasis, vitiligo, or alopecia may suggest the
presence of autoimmune polyendocrinopathy type 1.

Serum calcium concentration should always be obtained and compared to normal
values to confirm hypocalcemia. Since calcium is found in both protein bound and
ionized forms in serum, conditions that alter protein content and binding affinity affect
the Ca2+ concentration in serum. In acidic states, calcium is dissociated from albumin
and the concentration of serum Ca2+ increases, while the reverse occurs in alkaline
conditions. In the absence of ionized measurements of calcium, several conversion
factors are available to help correct for protein content and pH in blood. Increases or
decreases in pH by 0.1 units decreases and increases ionized Ca by 0.03 mmol/L, respec-
tively. Several equations are available to correct total calcium measurements for changes
in protein concentration:

Total serum calcium (Ca) (mg/dL) corrected for serum protein (normal range 8.4–10.2)

Ca = Ca (measured) + 0.8[4 – albumin (mg/dL)]

Ca = Ca (measured) / [0.55 + total protein (g/L)/160]

An ionized measurement is the more accurate assessment of serum Ca2+ concentration
and has currently become more routinely available, especially in the hospital setting.
Normal values often range 1.12–1.23 mmol/L in most laboratories. Adequate sampling
is imperative to prevent excessive exposure to air or to high amounts of heparin since,
in both circumstances, readings are artificially lowered.

As part of a complete evaluation of mineral ion homeostasis, both serum phosphate
and magnesium levels should be obtained. Phosphate levels should be compared to
normal values adjusted for age. Vitamin D stores can be measured by obtaining 25OHD
levels, while 1,25(OH)2D levels provide a good measure of PTH activity. The serum
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alkaline phosphatase level is a measure of osteoblast activity and bone turnover. It is
usually elevated in states of high bone turnover as seen in hyperparathyroidism and
rickets. If there is evidence of liver dysfunction, the source of alkaline phosphatase can
be distinguished by adequate fractionation of enzyme isoforms. Renal function can be
adequately screened by measurement of total protein, electrolytes, bicarbonate, BUN,
and creatinine. In addition, urine calcium, phosphate, and creatinine levels provide a
measure of mineral ion handling by the kidney, especially when done in conjunction with
serum measurements.

Several useful calculations provide a measure of calcium handling before and during
therapy:

Ca × Phosphate, if >60 there is a high predisposition to insoluble mineral deposition
in joints and tissues.

Urine Ca/Urine Creatinine, if >0.2 the predisposition to calcium deposition in the
urinary tract and nephrocalcinosis increases. In healthy neonates and infants, this ratio
can be more elevated. Spot measurements are usually adequate, especially if obtained
early in the morning and fasting.

TRP (tubular reabsorption of phosphate) = 1 – (Urine phosphate × Serum Creatinine/
Serum phosphate × Urine Creatinine). This measure provides a measure of phosphate
retention by the kidney. TmP/GFR = TRP × Serum phosphate (normal range 2.5–4.2 mg/dL),
TRP adjusted for glomerular filtration rate.

In most instances, when hypocalcemia has been confirmed, a concomitant measure
of serum Ca2+ and intact PTH provides an adequate assessment of parathyroid function.
In hypocalcemic states, PTH levels should be elevated when parathyroid function is
normal. In most laboratories the normal range of serum intact PTH values falls between
10 and 65 pg/mL. If PTH values are below detection level or inappropriately normal for
the degree of hypocalcemia, a form of primary hypoparathyroidism is the likely diagno-
sis. Elevations in serum phosphate would also support this diagnosis. If serum magne-
sium levels are low, usually below 1.5 mg/dL, hypocalcemia may be due to impaired
PTH secretion and action; restoration of normal serum magnesium levels and monitor-
ing of serum Ca2+ should be considered before diagnosing an intrinsic abnormality in
parathyroid function.

When the PTH level is appropriately elevated in the presence of hypocalcemia, the
serum phosphate level provides a measure of PTH action in the kidney. An elevation in
serum phosphate, in the setting of normal renal function, would indicate the absence of
the expected phosphaturic effect of PTH on the kidney, making a form of PTH resistance
or PHP the likely diagnosis. In PHP, PTH levels are frequently very elevated, while
calcitriol levels are generally in the normal range or even low despite normal vitamin D
stores. To distinguish between different types of PHP, in addition to careful description
of the physical phenotype, a PTH infusion with concomitant measurement of urinary
cAMP would be required; a test that is seldom performed since PTH is not readily
available in most clinical centers. Fortunately, the treatment is currently similar for all
forms of PHP and their clinical classification is less critical for adequate management.

If hypocalcemia is accompanied with normal or low serum phosphate levels, a form
of vitamin D deficiency should be suspected, a diagnosis that would be supported by
physical findings of rickets and an elevated alkaline phosphatase level. Low 25OHD
levels would suggest a dietary deficiency, an intestinal malabsorptive process or im-
proper processing by the liver. Normal 25OHD levels would point to a defect in calcitriol
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production or action. It is not unusual to see very high levels of 1,25(OH)2D in patients
with vitamin D receptor defects or VDDR-II disorders.

Management of Hypocalcemia
ACUTE HYPOCALCEMIA

In a symptomatic patient the initial goal is to take the appropriate steps to eliminate
symptoms associated with hypocalcemia. In patients whose acid-base status or the
infusion of agents that may complex with calcium is responsible for the hypocalcemia,
adequate steps to ameliorate these causes should be taken. In acute symptomatic cases
or in neonatal hypocalcemia, an intravenous infusion of calcium is the most effective
intervention. Calcium gluconate (10% Calcium Gluconate = 9.3 mg Ca/mL), 2 mL/kg
can be administered slowly, over a 10 min period to avoid cardiac conduction problems
while monitoring the ECG. The dose can be repeated every 6–8 h. To prevent the
precipitation of calcium salts, phosphate and bicarbonate infusions should never be
given concomitantly A central intravenous access is preferable since inadvertent
extravasation of calcium causes severe chemical burns and skin damage.

To maintain normocalcemia, it is occasionally necessary to start a continuous intra-
venous infusion of calcium (20–80 mg Ca/kg/24 h). This is preferable over frequent
boluses as long as there is good intravenous access, since a large fraction of the calcium
content in the bolus is lost in the urine during the infusion. The infusion rate should be
titrated to achieve a low normal serum Ca2+ level. Hypomagnesemia should be corrected
when present. MgSO4 (50% solution) 25–50 mg Mg2+/kg in intravenous or intramuscu-
lar form every 4–6 h, 10–20 mg Mg2+/kg for the neonate. A maintenance dose of 30–60 mg
Mg2+/kg/d as an oral or continuous intravenous infusion could also be given if necessary.

It is preferable to transition patients to oral therapy as soon as possible. In asymptom-
atic patients, it is likely that the hypocalcemia, even when very severe, has been
longstanding and oral therapy should be the first line of therapy. Several forms of cal-
cium supplements (calcium salts of carbonate [40% Ca], citrate [21% Ca], lactate [13%
Ca], gluconate [9.4% Ca], glubionate [6.6% Ca]) are available to be used for this pur-
pose. The dose of oral calcium should provide 25–100 mg Ca/kg/d divided every 4–6 h.
Milk is also good source of calcium (119 mg Ca/100 mL), but not necessarily appropriate
in hyperphosphatemic states since its phosphate content is high (93 mg/100 mL). If
calcium losses from bone have been significant, as in untreated cases of nutritional
rickets and following parathyroid surgery for hyperparathyroidism, much higher
requirements for calcium are often required to sustain the remineralization of bone. In
these instances, calcium intake should be increased to meet the additional requirements.
Even under optimal conditions where calcium binders are avoided and there is adequate
vitamin D supplementation, the intestinal absorption of calcium rarely exceeds 60–70%.
Both forms of therapy should be adjusted as needed with monitoring, paying attention
to serum Ca2+ levels, Ca × Phosphate and Urine Ca/Urine creatinine to avoid the depo-
sition of calcium salts in peripheral tissues and kidney.

CHRONIC HYPOCALCEMIA

The overall goal in management of chronic hypocalcemia is to achieve a serum Ca2+

level that does not cause symptoms while avoiding hypercalcemia or excessive
hypercalciuria (i.e., Urine Ca/Urine creatinine >0.2), the latter being particularly diffi-
cult to achieve in hypoparathyroidism as the absence of PTH limits calcium absorption
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in the renal distal tubule. In hypoparathyroidism, serum Ca levels <9 mg/dL limits the
degree of hypercalciuria. In some patients that normocalcemia has been difficult to
achieve without significant hypercalciuria, the addition of a thiazide diuretics has been
shown to limit hypercalciuria while increasing serum Ca2+ significantly. Correction of
hypocalcemia does not need to be so stringent in most forms of PHP since hypercalciuria
is rarely seen, even when calcium levels reach high normal values. It is not unusual to
require relatively high doses of calcium to overcome longstanding hypocalcemia, espe-
cially in PHP; however, calcium requirements are frequently reduced once normo-
calcemia has been achieved and the degree of hyperphosphatemia has been reduced.

In all forms of hypoparathyroidism, vitamin D administration is an integral part of the
therapy once oral supplementation of calcium is initiated. Calcitriol is, in most instances,
the adequate choice due to its short half-life and high activity, which limits its toxicity
and increases efficacy, respectively. The standard dose of 10–50 ng/kg/d is usually
sufficient to promote adequate calcium absorption, but the dose is often increased further
if the hypocalcemia remains recalcitrant to oral therapy. Calcitriol is also the adequate
choice in the treatment of hypocalcemia secondary to renal failure, liver disease or
defects in 1-α-hydroxylase function. In intestinal malabsorption syndromes where there
is a deficiency in fat absorption, calcidiol (1–3 µg/kg/d), the more polar vitamin D
metabolite can be used. When hypocalcemia is caused by poor vitamin D stores, vitamin
D, 1200–1600 U/d, or 50,000 U im should be quite adequate since calcitriol production
and action is not defective. Finally, patients with 1-α-hydroxylase deficiency or VDDR-I
respond well to calcitriol therapy, while VDDR-II patients with an abnormal vitamin D
receptor usually require an exceedingly high dose of calcitriol (up to 1000 µg/d) or
chronic parenteral calcium to maintain normal serum Ca2+.

In general, phosphate binders are not required to manage hyperphosphatemia in all
forms of hypoparathyroidism; moreover, the use of calcium alone limits intestinal phos-
phate absorption. The intake of phosphate-rich foods (i.e., dairy products) should not be
encouraged. The use of an nonabsorbable antacid when serum phosphate levels remains
greater than 6 mg/dL in the older child may be useful to prevent metastatic calcifications.

In chronic forms of hypoparathyroidism, frequent follow up (i.e., every 3–4 mo) to
ensure adequate calcium balance may be adequate as is periodical screening of kidney
function by urine analysis and ultrasound to rule out the presence of hematuria , kidney
stones, and nephrocalcinosis.

NEONATAL HYPOCALCEMIA

The initial treatment of hypocalcemia in neonates with hypothyroidism should be
approached as described for all children. As a large proportion of these infants ultimately
have a form of transient hypoparathyroidism, initial treatment should be limited to
calcium supplementation alone without addition of calcitriol. Since infants depend on
maternal or formula milk for their nutrition, a useful approach has been to supplement
their milk with calcium. When hyperphosphatemia is significant, the use of a low phos-
phate content formula (i.e., PM60/40) supplemented with calcium to bring the calcium/
phosphate ratio to 4:1 is often sufficient to limit phosphate absorption while supplying
sufficient calcium to achieve normocalcemia. The amount of calcium can be slowly
tapered as long as the infant remains normocalcemic, and measuring serum Ca2+ follow-
ing each decrease in dose. When a permanent form of hypoparathyroidism has been
confirmed (i.e., clear features of DiGeorge syndrome are present or PTH measurements
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are persistently low) or the hypocalcemia is resistant to oral calcium treatment, calcitriol
could be administered to enhance calcium absorption.

HYPERCALCEMIA

Hypercalcemia develops when either there is an increased influx of calcium from the
gastrointestinal tract or bone into the extracellular space that exceeds the renal excretory
capacity or when there is an enhanced renal tubule absorption of calcium. Causes of
hypercalcemia can also be divided into etiologies that involve abnormalities in
calciotropic hormones or defects in calcium handling by organs targeted by these hor-
mones (Table 3).

Alterations in Calciotropic Hormones Causing Hypercalcemia
HYPERPARATHYROIDISM

Hyperparathyroidism (HPT) is diagnosed when hypercalcemia is accompanied by
elevated PTH levels. HPT is one of the most common causes of hypercalcemia in adults,
but it is a relatively uncommon disorder in children and neonates. In one study, only 2 %
of 414 cases were less than 19 yr-of-age (25). Furthermore, less than 20% of pediatric
cases are diagnosed in children younger than 10 yr. Most cases of HPT (80%) represent
a sporadic adenomatous change in one of the parathyroid glands, but a subset of patients
show generalized hyperplasia of all glands that can occur sporadically, or as part of the
multiple endocrine neoplasia (MEN) type 1 and 2A. Parathyroid carcinoma is an even
less common, but more indolent, form of parathyroid cell neoplasia. Parathyroid
adenomas show a marked decrease in sensitivity to elevations of serum Ca2+, while
hyperplastic glands remain sensitive to Ca2+ but secrete more PTH by virtue of the
increased cell number.

The underlying cause for sporadic primary HPT is not known, but most tumors are
monoclonal in origin; the genetic defect in some of them has been allocated to translo-
cation of cyclin D1 to the proximity of the PTH gene promoter inducing its overexpression
(26). Familial forms of HPT, accounting for about 10% of all cases and comprising most
cases of hyperplasia, are usually transmitted in autosomal dominant fashion. In type 1
MEN, the affected gene, menin, has been mapped to chromosome 11q13 (27). HPT is
associated with almost all affected members and is often the first manifestation of the
disorder; pancreatic tumors, pituitary adenomas, and neuroendocrine tumors of the
gastrointestinal tract are other common manifestations. MEN type 2A is also an autoso-
mal dominant disorder in which HPT occurs in association with medullary carcinoma of
the thyroid and pheochromocytoma. The incidence of HPT is only 10–30% and is rarely
the first manifestation of the syndrome. The typical presentation is hyperplasia of all
glands but adenomatous changes are not uncommon, especially in type 2A. The affected
gene is the RET proto-oncogene in chromosome 10q11.2 (28).

In conditions where a normal parathyroid is exposed to chronic hypocalcemia (e.g.,
renal failure, renal tubular acidosis, therapy for hypophosphatemic rickets), the gland
can undergo hyperplastic changes with concomitant increases in PTH secretion that
cause hypercalcemia and secondary HPT. In severe cases, often in the setting of renal
failure, adenomatous changes can also occur (tertiary HPT). A similar but usually less
severe and transient form of HPT has been observed in neonates born to mothers with
hypoparathyroidism and exposed to low serum Ca2+ in utero.
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Table 3
Differential Diagnosis of Hypercalcemia

Alterations in hormonal response
Hyperparathyroidism

Excessive PTH production
Primary Hyperparathyroidism

MEN (type I, IIa)
Sporadic forms

Secondary/Tertiary Hyperparathyroidism
Renal failure
Renal tubular acidosis
Treatment of hypophosphatemic rickets

Transient hyperparathyroidism
Neonatal hyperparathyroidism (secondary to maternal hypoparathyroidism)

Excessive PTH secretion
Lithium toxicity
Calcium-sensing receptor inactivating mutations

Familial hypocalciuric hypercalcemia (FHH)
Neonatal severe hyperparathyroidism

Excessive PTH receptor activity
Jansen syndrome

Vitamin D excess
Nutritional
Granulomatous disorders
Neoplasms and lymphomas

Alterations of organs involved in calcium homeostasis
Skeleton

Immobilization
Hyperthyroidism
Neoplastic bone metastasis

Other causes of hypercalcemia
Hypercalcemia of malignancy

PTHrP excess
Excess cytokine and osteoclast activating factors

Hypophosphatemia
High calcium Load (Milk alkali syndrome)
Vitamin A intoxication
Drugs (e.g., thiazides)
William’s syndrome
Hypophosphatasia
Subcutaneous fat necrosis
Adrenal insufficiency
Pheochromocytoma
Vasoactive intestinal peptide-secreting tumor

Hypercalcemia has been observed in patients treated with lithium (29). PTH levels are
elevated, suggesting a form of HPT. Lithium has been shown to decrease the sensitivity
of the parathyroid cell to serum Ca2+, by interfering with the signaling mechanisms
utilized by the CaR.
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In Jansen syndrome, children present with hypercalcemia, a metaphyseal dysplasia
and other skeletal findings consistent with HPT. Recently, the genetic defect has been
identified as a mutation of the PTH receptor that renders it constitutively active (30).
These children have undetectable PTH levels, as their parathyroids respond appropri-
ately to hypercalcemia.

FAMILIAL HYPOCALCIURIC HYPERCALCEMIA

Familial hypocalciuric hypercalcemia is an autosomal dominant disorder character-
ized by mild, asymptomatic hypercalcemia, increased tubular reabsorption of calcium,
and inappropriately normal PTH values, both caused by the presence of an inactivation
mutations in one of the alleles coding for the CaR (14). Affected individuals often go
undiagnosed until a laboratory screen reveals the hypercalcemia. They do not have the
common skeletal and gastrointestinal manifestations seen in primary hyperparathyroid-
ism and are not at risk of developing urinary calcium stones or pancreatitis. The parathy-
roid glands are normal in appearance and do not show significant hyperplasia in mild
forms of the disorder. There is, nevertheless, a broad spectrum of the disorder ranging
from mild hypercalcemia to severe, life-threatening hypercalcemia that typically pre-
sents in the neonatal period. This severe form, classically described as neonatal severe
hyperparathyroidism, is either homozygous for inactivation mutations of the CaR, or
heterozygous for a very severe inactivation mutation aggravated by exposure to low Ca2+

in fetal development. These infants have very elevated PTH levels and all the manifes-
tations of HPT including hyperplasia of the parathyroid glands. Removal of most par-
athyroid tissue is often necessary.

VITAMIN D EXCESS

Excessive exposure to vitamin D in the diet or for therapeutic reasons will cause an
increase in intestinal calcium absorption and hypercalcemia. In this setting, phosphate
absorption also is increased, and PTH levels are appropriately suppressed. Hypercalce-
mia is similarly present in a number of granulomatous disorders (i.e., sarcoidosis, tuber-
culosis, leprosy), chronic collagen-vascular inflammatory disorders, and some neoplastic
diseases (Hodgkin B cell lymphoma), where there is proliferation and activation of
monocytic cells, production of 1,25(OH)2D is increased due to the unregulated expres-
sion of 1-α-hydroxylase in these cells (31).

Other Causes of Hypercalcemia

As bone is the repository of greater than 98% of the body’s calcium, increased or
unregulated bone turnover can easily overcome the renal excretion capacity for calcium.
Excess thyroid hormone can promote a disproportional stimulation of osteoclast func-
tion causing increased bone resorption and hypercalcemia (32,33). Immobilization, par-
ticularly in adolescents and when prolonged for more than 2 wk, results in decreased
bone accretion and increased bone resorption initially noted as hypercalciuria. When
persistent, frank symptomatic hypercalcemia can occur requiring immediate treatment
(34). Increased prostaglandin E secretion by renal tubular cells in Bartter syndrome has
been suggested to promote bone resorption (11). Vitamin A excess has been shown to
cause hypercalcemia likely mediated by the activation of osteoclast-mediated bone
resorption (35).

Malignancy is a rare cause of hypercalcemia in children. When it occurs, it can be the
result of metastases to bone with concomitant dissolution of mineral content or the
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production of lytic factors by the original tumor that promote the mobilization of calcium
(i.e., PTHrP, IL-1, IL6, TNF, prostaglandins) (36).

Excessive intake of calcium in milk, calcium containing antacids and alkali can result
in absorptive hypercalcemia. Conversely, severe hypophosphatemia associated with
parenteral nutrition, and prematurity is associated with a reciprocal increase in serum
Ca2+ concentration, partly due to increased calcitriol levels and intestinal calcium
absorption. Hypercalcemia has also been observed in adrenal insufficiency, pheochro-
mocytoma, and vasoactive polypeptide-secreting tumors by mechanism(s) that have not
been well defined.

Hypercalcemia is present transiently during infancy in 15% of children with Williams
syndrome, a sporadic disorder linked to the loss of the elastin gene in chromosome 7
characterized by a defined facial features (e.g., dolichocephaly, periorbital prominence,
bitemporal depression, long philtrum with prominent lips and nasal tip, full cheeks,
epicanthal folds, and periorbital prominence) among other physical features. More
prominently, up to 30% of affected children have supravalvular aortic stenosis. The
etiology of hypercalcemia is unknown; however, mildly elevated calcitriol and calcidiol
levels have been reported (37,38). The hypercalcemia often resolves before the first year
of life; however, hypercalciuria often persists.

Hypercalcemia, sometimes very severe and life-threatening, has been seen in infants
with subcutaneous fat necrosis, a condition seen in neonates, often premature, that have
had traumatic births or a history of critical illness with significant poor peripheral per-
fusion. Subcutaneous fat undergoes necrosis, showing a significant infiltration by mono-
nuclear cells. Although the etiology of hypercalcemia is not known, excessive
prostaglandin E production and mononuclear-derived calcitriol, which in some cases
have been mildly elevated, have been invoked as causes (39,40).

Diagnosis and Evaluation of Hypercalcemia
Children with mild (total calcium <12 mg/dL) or chronic hypercalcemia frequently

go undiagnosed unless a routine biochemical screen reveals the elevation of serum
calcium. The predominant manifestation may be failure to thrive with arrest of weight
gain and linear growth. In mild hypercalcemia (total calcium 12–13.5 mg/dL), general-
ized weakness, anorexia, constipation, and polyuria are usually present. In severe
hypercalcemia (total calcium >13.5 mg/dL), nausea, vomiting, dehydration, and
encephalopathic features including coma and seizures may occur. Neonates with severe
hypercalcemia often present in respiratory distress and have hypotonia and apnea. It is
not uncommon for relatives and patients to note significant psychological changes rang-
ing from depression to paranoia and obsessive-compulsive behavior.

The physical examination is usually normal in hypercalcemic patients. In patients
with MEN 2B, a marfanoid habitus is often present. A parathyroid mass is rarely pal-
pable. When not dehydrated, hypertension may be noted, and a cardiac evaluation may
show shortened QTc intervals in ECG tracings. In chronic hypercalcemia, a survey of
soft tissues may reveal calcifications in kidney, skin, SQ tissues, cardiac arteries, gastric
mucosa. In untreated patients with prolonged HPT, and occasionally reported in untreated
children where the diagnosis was never suspected, distinctive skeletal findings showing
subperiostal resorption of the distal phalanges, tapering of the distal clavicles, salt and
pepper appearance of the skull, bone cysts, and brown tumors (liquefied bone) are the
constellation of findings that describe osteitis fibrosa cystica. These findings are readily
visible by conventional radiography.
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The evaluation of hypercalcemia should include a thorough medical history searching
for exposure to drugs, agents, and conditions that can cause hypercalcemia and a family
history of hypercalcemia or other associated medical conditions. The approach to the
biochemical evaluation is similar to the evaluation described for hypocalcemia and
should initially include the measurement of serum intact PTH levels, phosphate, and
magnesium together with measurements of urine calcium excretion. Renal function
should also be assessed to rule out renal insufficiency, and a urine analysis is useful to
look for the presence of hematuria or calcium salt residue.

HPT is diagnosed when hypercalcemia is noted in conjunction with elevated PTH
levels. In the absence of secondary causes of HPT, the presence of hypercalciuria is
consistent with primary HPT. Hypercalciuria is usually present in HPT since the PTH-
mediated increase in tubular calcium resorption does not fully compensate for the
increase in calcium concentration in the glomerular filtrate. The degree of hypercalciuria
has significant diagnostic value, especially when trying to distinguish mild HPT from
FHH, since mild elevations of PTH are often seen in both cases (14). The calculation of
24 h urinary calcium clearance provides a measure of calcium handling by the kidney.
Decreased urinary calcium excretion in the presence of mild hypercalcemia should raise
the possibility of inactivating mutation of the CaR and FHH. A better measure of
hypercalciuria that takes into account changes in glomerular filtration is the calcium
clearance ratio ([Urine Ca × Serum creatinine] / [Urine creatinine × Serum Ca]). The
clearance ratio in FHH is one third of that in typical primary HPT, and a value less than
0.01 is virtually diagnostic of FHH. Unfortunately, FHH patients do not always show
significant hypocalciuria. Mild elevations of magnesium can sometime distinguish FHH
from HPT, since serum magnesium is usually in the low normal range in HPT. A family
history of asymptomatic hypercalcemia would provide further support for a diagnosis of
FHH. Both parents should be evaluated when the diagnosis is suspected in a child.
Adequate distinction between HPT and FHH is not trivial since hypercalcemia in FHH
has not been associated with any long term adverse outcome and requires no treatment.
Furthermore, the surgical removal of parathyroid tissue in FHH, in cases that were
thought to represent HPT, does not correct the hypercalcemia.

In cases where the MEN syndrome is suspected, an adequate screen for other hor-
monal abnormalities in MEN 1 is warranted. Isolated HPT as the first manifestation in
MEN 2B is rare, but a genetic screen is currently available to rule mutation in the RET
gene in suspected cases. In high probability cases, the presence of a pheochromocytoma
should be ruled out prior to a parathyroidectomy.

When PTH levels are adequately suppressed in the presence of hypercalcemia,
elevated 25OHD levels would suggest vitamin D intoxication. Elevated 1,25(OH)2D
without a concomitant elevation of 25OHD points to an ectopic source of 1-α-hydroxy-
lase. In both settings, hyperphosphatemia and marked hypercalciuria are usually present,
greatly increasing the predisposition to calcium toxicity. In the absence of elevated PTH
and vitamin D metabolites, hypercalcemic patients that have not been exposed to high
calcium ingestion or prolonged immobilization should be screened for the secretion of
other hypercalcemic factors (i.e., PTHrP, prostaglandin E).

Management of Hypercalcemia
The management of hypercalcemia depends on the severity and cause of the elevation

of serum Ca2+. When hypercalcemia is mild and the patient is asymptomatic, no initial
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treatment may be necessary and medical efforts to reach a diagnosis should be given
preference.

When hypercalcemia is severe (total serum calcium >14 mg/dL), or when there are
symptoms and signs of cardiac, gastrointestinal, and central nervous system dysfunc-
tion, prompt intervention is appropriate. Since patients are usually dehydrated because
of the polyuria and anorexia associated with severe hypercalcemia, the initial step is to
provide adequate hydration, preferably in the form of isotonic saline at 3000 cc/m2 for
the first 24–48 h. To restore vascular volume, increase glomerular filtration rate and
dilute serum Ca2+. After hydration, the loop diuretic furosemide (1 mg/kg every 6 h) can
further inhibit the reabsorption of calcium, especially in the presence of sodium, further
promoting calciuresis. In comatose patients, hemodialysis should be considered as a
means to decrease serum Ca2+ more aggressively.

If hypercalcemia does not respond to these initial measures, agents that block bone
resorption may be useful as adjuvant therapy. Calcitonin 4 U/kg SQ q 12 h is commonly
used for this purpose; however, its efficacy diminishes with continuous administration
due to tachyphylaxis. Bisphosphonates, analogs of pyrophosphate that inhibit osteoclast
action, have been used, especially when hypercalcemia is primarily driven by the
mobilization of calcium from bone as in cases of tumor induced hypercalcemia, severe
HPT or immobilization. Both etidronate (7.5 mg/kg/d) and pamidronate (10mg/M2)
could be used, the latter given as a single dose intravenous infusion. It is important to note
that the use of bisphosphonates in children has been limited, and their impact on bone
growth and development are not well known yet. Agents like plicamycin and gallium
nitrate have a similar effects in bone, but their use is associated with significant toxicity
and should be avoided if possible.

Additional steps in the management will be partially determined by the etiology of
hypercalcemia. When hypercalcemia is due to excess vitamin D ingestion or activity,
glucocorticoids (prednisone 1 mg/kg/d) can be very effective since they inhibit both
1-α-hydroxylase activity and intestinal calcium absorption. Ketoconazole (3 mg/kg/d
divided in three doses) is also a very effective inhibitor of 1-α- hydroxylase activity, but
its use is associated with significant gastrointestinal side effects and can cause adrenal
insufficiency.

Pharmacological agents may become available in the near future that can activate the
CaR and suppress PTH secretion in affected glands. However, in young patients with
well described HPT, preferably confirmed by several measurements of serum calcium
and PTH, the surgical removal of the affected gland is ultimately required to control
hypercalcemia. A number of imaging techniques (i.e., neck ultrasound, computed
tomography, magnetic resonance imaging and radionuclide scanning) have been used to
detect a hyperfunctioning gland; however, the reported sensitivities have ranged between
40–90% and may be more informative when used in combination. More recently, 99mTc-
sestamibi scanning has shown some promise, specially in the visualization of adenomas
(41). Intraoperative measurements of PTH are now feasible, aiding the surgeon in his
search for hyperplastic or adenomatous tissue since successful removal would be
reflected by an adequate rapid drop of PTH levels (42). In cases of an isolated adenoma,
resection is usually curative. In cases of isolated hyperplasia or secondary HPT, removal
of three and one half glands is recommended. Total parathyroidectomy is recommended
with autotransplantation of minced parathyroid tissue in the forearm for patients with
MEN, where it could easily be removed in cases of recurring hypercalcemia. Post sur-
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gical hypocalcemia is common and easily treated with calcium supplements. In cases of
severe HPT, hypocalcemia can be more severe and prolonged owing to hungry bone
syndrome. These patients have severe phosphate and calcium deficits as mineral bone
deposition takes place. The use of both calcium and phosphate supplements together
with calcitriol is recommended. In some instances, permanent hypoparathyroidism en-
sues, requiring life long therapy.
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INTRODUCTION

Rickets is a disorder of mineralization of the bone matrix in growing bone; it involves
both the growth plate (epiphysis) and newly formed trabecular and cortical bone. In
growing children, this disorder, if untreated, may result in severe malalignment of the
lower extremities. Osteomalacia specifically refers to the lag in mineralization of true
bone tissue, independent of changes at the growth plate. Adults subjected to similar
pathophysiologic events as children with rickets are said to have osteomalacia, as their
growth plates are fused and already mineralized. The terms rickets and osteomalacia
should be distinguished from osteopenia, which refers to the appearance of overall
diminished bone mineral density on radiographs. Osteopenia has also been recently used
to describe bone mineral density between one and two standard deviations below mean
values for peak bone mineral density in adults. Osteoporosis is defined as reduced bone
tissue per unit volume of whole bone resulting from an imbalance between osteoblastic
bone formation and osteoclastic bone resorption. This term has more recently been used
to describe bone mineral density two standard deviations or more below the mean. In
contrast to a rachitic or osteomalacic lesion, a pure osteoporotic lesion has no excess of
unmineralized bone matrix. Of note, some of the underlying causes of rickets in children
may also result in osteopenia or osteoporosis.
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The major forms of rickets may be conveniently classified as calciopenic—those
predominantly resulting from a reduced availability of calcium to the mineralizing skel-
eton—and phosphopenic—those resulting from a reduced availability of phosphate.
These major forms of rickets should be distinguished from several rickets-like disorders,
such as hypophosphatasia and other skeletal dysplasias. Moreover, both the calciopenic
and phosphopenic forms of rickets may be subclassified as those resulting from nutri-
tional, inherited, or other causes (Table 1).

Table 1
Association of the Causes of Rickets

Calciopenic Phosphopenic

Nutritional Vitamin D deficiency Phosphate deficiency

Calcium deficiency

Inherited 1-alpha-hydroxylase deficiency Hypophosphatemic rickets

(Vitamin D-dependent rickets Type I) (X-linked and autosomal dominant)

Hereditary resistance to 1,25(OH)
2
D

(Vitamin-D dependent rickets Type II) Hereditary hypophosphatemic rickets

with hypercalciuria

X-linked hypercalciuiric
nephrolithiasis

(X-linked recessive hypophosphatemic

rickets, Dent’s disease)

Other Malabsorption of Vitamin D Impaired absorption of phosphate

Cystic Fibrosis Severe intestinal disease

Inflammatory bowel disease Phospate-binding gels (aluminum-

Celiac disease containing antacids)

Short bowel syndrome
Phosphate-wasting renal tubulopathies

Impairment of hydroxylation of Heavy metal/toxin exposure
Vitamin D

Severe hepatobiliary disease Fanconi syndrome

Severe renal disease
Tumor-induced rickets

Increased catabolism of Vitamin D
Associated with various syndromes

Anticonvulsant therapy
(linear sebaceous nevus syndrome,

neurofibromatosis, McCune Albright)
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In general, most instances of nutritional rickets are calciopenic, whereas heritable
causes are usually phosphopenic. Since treatment strategies for the various forms of
rickets differ, it is important to identify the precise type of rickets using clues from the
patient’s medical history, physical examination, and laboratory evaluation. This review
describes the various forms of rickets and offers a practical approach to the evaluation
and management of this disorder.

 CLINICAL PRESENTATION AND DIAGNOSTIC EVALUATION

History/Physical Exam
Despite the notion that nutritional rickets has been eradicated, the incidence of this

disorder is more common than most other etiologies encountered. Nutritional deficiency
rickets must be excluded as the etiology of any case under evaluation. It is important to
consider that calcium deficiency may play a significant role in the development of
rickets, and that children with nutritional rickets may have a mixed deficiency of both
calcium and vitamin D in their usual diet. This has been particularly evident in view of
the association of the disorder with macrobiotic and vegetarian diets, as well as dairy
product avoidance. In contrast to calcium deficiency playing a significant role in this
process, nutritional phosphorus deprivation is rare. Previous to the 1990s, phosphate
deficiency rickets was encountered with some frequency in breast-fed premature infants,
however, this group often receives breast milk fortifier products or infant formulas with
added mineral content. Abuse of aluminum-containing antacid gels which bind phos-
phate in the gastrointestinal tract can result in phosphate deficiency, however rarely
encountered in children. Exposure to heavy metals or toxic agents may result in phos-
phate- wasting tubulopathies and should be excluded. Fat malabsorption, and underlying
renal or liver disease may be important factors in the development of rickets, and should
be considered in obtaining a history. A detailed family history should be obtained with
attention to bone diseases and fractures. A history of inborn errors such as those asso-
ciated with renal Fanconi syndrome should be sought. Finally, in apparent sporadic
phosphopenic rickets, an exhaustive search for a tumor should be sought, especially if
the patient presents as an older child or an adult.

Rachitic bone deformities are variable, depending on age at onset and the relative
growth rate of different bones. The most rapidly growing bones during the first year of
life are the skull, the ribs, and the upper limbs; rickets presenting at this age may manifest
craniotabes (generalized softening of the calvaria), frontal bossing, widening of the
cranial sutures, flaring of the wrists, rachitic rosary (bulging of the costochondral junc-
tions of the ribs), and Harrison grooves (groove extending laterally from the xiphoid
process that corresponds to the diaphragmatic attachment). After the first year of life,
lower limb deformities become more prominent. Genu varum (bow-leg deformity) often
occurs when the age of onset is early childhood and genu valgum (knock-knee defor-
mity) when rickets presents in older children. Bone pain is common in children, and
palpable enlargement of the ends of the long bones occurs. In general, the calciopenic
forms of rickets manifest both upper and lower extremity involvement, whereas
phosphopenic forms involve the lower extremities to a greater extent. Proximal muscle
weakness can occur in calciopenic rickets as well, and hypocalcemia can result in car-
popedal spasm, laryngeal stridor, seizures, and parasthesias. The severity of growth
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impairment in childhood rickets generally reflects the extent and duration of lower
extremity involvement.

Unique physical findings may accompany rickets in certain specific disorders, such
as the alopecia and oligodontia associated with hereditary vitamin D resistance. In
X-linked hypophosphatemic rickets (XLH), the skull is often scaphocephalic, and Chiari
I malformation, possibly related to severe calvarial osteomalacia and thickening, has
been described (for review, see ref. 1). Adults with XLH may manifest vertebral anoma-
lies such as thickening of the spinous processes, fusion, thickening of facet joints, and
spinal canal stenosis. Calcification of tendons and ligaments is also common. Dental
abscesses are a frequent occurrence in patients with XLH, due to the undermineralization
and expansion of the pulp chamber; this phenomenon results in a diminished barrier to
the exterior surface of the teeth and easy access for oral fluids and bacteria to pass
through the outer enamel layer and initiate abscess formation. A defect in the regulation
of vascular tone also occurs in some patients with XLH, as evidenced by abnormal blood
pressure response to exercise and mild ventricular hypertrophy.

Radiographic Abnormalities
The earliest radiographic change of rickets is slight widening of the growth plate. In

more severe rickets, fraying, cupping, and widening of the metaphyses occur. In infants,
abnormalities are best seen at the costochondral junctions, wrists, and ankles; in older
children, the distal femur is likely to exhibit major epiphyseal changes. In adolescence,
when the epiphyses begin to fuse, the iliac crest may continue to show rachitic changes,
as it is the last epiphysis to fuse. In older children with XLH, asymmetry of the growth
plate results due to altered weight-bearing forces through the physis. Osteomalacic
changes of the diaphyses include shaft deformities, decreased bone density, coarse spon-
giosa, thinned compacta, and pseudofractures. As healing of rickets begins, radiodense
lines are detectable adjacent to the metaphyses representing rapid calcification of the
cartilage.

Biochemical Abnormalities
An initial biochemical investigation should include determination of serum alkaline

phosphatase activity as well as serum calcium and phosphate levels. In most cases of
rickets increased bone turnover is present, reflected by increased circulating alkaline
phosphatase activity. Alkaline phosphatase activity tends to be lower in heritable
phosphopenic rickets than the 10 to 15-fold elevations often seen in calciopenic forms.
Adults with XLH may have normal alkaline phosphatase levels despite impressive
osteomalacia; thus, monitoring levels of this enzyme is not a sensitive indicator of
response to therapy. Serum alkaline phosphatase activity is normal in most skeletal
dysplasias, however it is abnormally low in hypophosphatasia.

In all forms of calciopenic rickets, serum calcium and phosphate levels tend to be in
the low to low-normal range; one can distinguish between the various causes by measure-
ment of vitamin D metabolites. Low serum concentrations of 25-hydroxyvitamin D (25-
OHD) are seen in vitamin D deficiency, including nutritional deficiency and
malabsorption, however children with nutritional rickets often present with a mixed
calcium and vitamin D deficiency and may not have low 25-OHD levels. Partial treatment
of vitamin D deficiency may affect the circulating 25-OHD level so that this measure may
be normal, and thus not helpful in identifying all cases of nutritional rickets. In the setting
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of normal levels of 25-OHD, a low 1,25(OH)2D level points to the diagnosis of 1-α-
hydroxylase deficiency, and a high 1,25(OH)2D level suggests vitamin D resistance.

A low serum phosphate level and normal serum calcium level suggest the diagnosis
of primary hypophosphatemic rickets, and should be followed by an accurate assessment
of renal phosphate handling. Obtaining a 2-h urine collection after a 4-h fast for deter-
mination of creatinine and phosphate along with concomitant serum creatinine and
phosphate levels (best sampled at the midpoint of the timed urine collection) allows one
to calculate the tubular reabsorption of phosphate (%TRP). A nomogram (2) is used to
determine the renal tubular threshold maximum for phosphate, as expressed per glom-
erular filtration rate (TMP/GFR). A low TMP/GFR in the setting of a low serum phos-
phate confirms the inappropriate renal phosphate losses characteristic of primary
hypophosphatemic rickets.

To distinguish XLH from hypercalciuric variants (HHRH and XLHN) of the disease,
urinary calcium excretion should be determined in either a 24-h collection or a briefer
timed collection if sufficient volume is obtained. Urinary calcium excretion tends to be
low in XLH and in calciopenic forms of rickets. Fanconi syndrome may be associated
with glycosuria and aminoaciduria. Proteinuria or microglobulinuria are often present
in patients with XLHN. Oncogenic rickets cannot be distinguished biochemically from
primary hypophosphatemic rickets, and it must be suspected in all sporadic cases of
hypophosphatemic rickets presenting in late childhood or adulthood.

Measurement of PTH levels are useful in the diagnostic evaluation. Moderate to
severe hyperparathyroidism is characteristic of calciopenic rickets. On the other hand,
in untreated XLH, PTH levels may be normal or modestly elevated; more severe hyper-
parathyroidism is seen in XLH as a complication of phosphate therapy. Other findings
of XLH include normal serum 25-OHD levels, and normal or somewhat low levels of
1,25(OH)2D (inappropriately low in the setting of hypophosphatemia). By contrast, in
hypercalciuric variants of hypophosphatemic rickets, the circulating 1,25(OH)2D level
appropriately increases in response to hypophosphatemia, resulting in normal to high
serum calcium levels and suppressed PTH levels.

Nutritional Rickets
Surprisingly, the incidence of nutritional rickets in the US remains greater than that

of inherited forms of rickets. Despite vitamin D supplementation of milk, numerous
recent reports have described nutritional rickets occurring with regularity in African-
American children with a history of breast-feeding (3). Vitamin D content of human
breast milk is relatively low under normal circumstances. There is usually no history of
vitamin supplementation in affected children, and such children usually present in the
late winter or early spring following a season of limited sunlight exposure. In our expe-
rience, many of the children are subsequently weaned to diets with low calcium intake.
It is likely the low vitamin D stores are marginal following the breast-feeding in the
winter months, and the subsequent shift to a diet low in dairy products compounds the
vitamin D deficiency by providing inadequate dietary calcium, which further accelerates
the turnover of vitamin D. In contrast to this limited calcium supply, phosphate is nearly
ubiquitous in human foodstuffs and nutritional phosphate deficiency is relatively rare.
Human milk, although sufficient in phosphate intake for the term infant, does not provide
adequate phosphate to preterm infants, who maintain a relatively greater rate of mineral
accretion than term babies. Thus, the clinical situation in which pediatricians encounter
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nutritional phosphate deficiency occurs in the breast-fed premature infant. This problem
has been largely alleviated in recent years with breast milk supplements.

Heritable Forms of Calciopenic Rickets

Heritable forms of calciopenic rickets are encountered much less frequently than
nutritional rickets. Heritable calciopenic rickets may result from metabolic defects in the
vitamin D axis, including inadequate activation of vitamin D and abnormalities of the
vitamin D receptor.

1α-HYDROXYLASE DEFICIENCY

An autosomal recessive form of calciopenic rickets results from abnormal synthesis
of the active vitamin D metabolite, 1,25(OH)2D. This disorder represents the physi-
ologic loss of function of the renal 25(OH)D 1α-hydroxylase enzyme system that con-
verts 25(OH)D to 1,25(OH)2D; mutations in the gene encoding the cytochrome P450
moiety of the enzyme have been identified, rendering a dysfunctional enzyme unable to
donate electrons to 25(OH)D (4). This disorder usually has its onset within 4–12 mo of
age, when infants with a history of adequate vitamin D intake present with typical
features of rickets. The serum 25(OH)D level is typically normal, but the 1,25(OH)2D
is low to low-normal, even in patients treated with pharmacologic doses of vitamin D or
25(OH)D.

HEREDITARY VITAMIN D RESISTANCE

Another heritable cause of calciopenic rickets is target tissue resistance to 1,25(OH)2D
because of receptor or post-receptor defects. Hereditary vitamin D resistance (also known
as vitamin D-dependent rickets type II) is a rare autosomal recessive disorder; a variety
of mutations in the gene coding for the vitamin D receptor have been described, includ-
ing missense mutations in the DNA- or steroid hormone-binding domains of the receptor
(5). In addition, mutations resulting in inappropriate truncation of the vitamin D receptor
have been identified. In some families with vitamin D resistance, no genetic defect has
been clearly identified.

Onset of hereditary vitamin D resistance is typically between 6 mo to 3 yr of age, and
the clinical, radiologic, and biochemical features are similar to those observed in
1α-hydroxylase deficiency, except that the circulating levels of 1,25(OH)2D are high.
Some kindreds with this disorder have total body alopecia, and other patients may
demonstrate oligodontia.

Heritable Forms of Phosphopenic Rickets
X-LINKED HYPOPHOSPHATEMIC RICKETS

Phosphopenic rickets is most frequently due renal tubular phosphate wasting. The
prototype disorder, X-linked hypophosphatemic rickets (XLH), is characterized by
X-linked dominant inheritance, hypophosphatemia, a low renal tubular threshold for
phosphate reabsorption, and impaired generation of 1,25(OH)2D (for review, see ref. 1).
The recently-identified mutated gene, PHEX (6), is homologous to known metallo-
endopeptidases (including neprolysin and endothelin converting enzyme-1); however,
the precise role of PHEX in the pathophysiology of XLH has not been clearly established.
Studies in an animal model, the Hyp mouse, indicate that the defect is not intrinsic to the
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kidney, but rather, that the PHEX product is involved in the processing of a circulating
humoral factor that influences renal phosphate transport.

XLH usually presents in the second or third year of life with bowing of the legs and
short stature. In addition to X-linked transmission, both autosomal recessive and auto-
somal dominant transmission patterns of hypophosphatemic rickets have been described;
the mutation in an autosomal dominant form has recently been mapped to chromosome
12 to a gene on the short arm which encodes a unique growth factor, FGF23 (7).

The XLH phenotype is seen less frequently as an acquired condition, such as in tumor-
induced rickets. This disorder is most likely due to a circulating humoral factor secreted
by a tumor. Such tumors are often benign and small in size and therefore may escape
detection. Candidate factors for mediation of this syndrome include FGF23, FRP4
(friggled related protein 4), and MEPE, a glycosylated matrix protein. Upon resection
of these tumors, the clinical and biochemical abnormalities typically resolve. The dif-
ferential diagnosis of the XLH phenotype also includes rickets observed in the linear
sebaceous nevus syndrome, consisting of sebaceous nevi, seizures, and mental retarda-
tion. Finally, the phenotype of primary hypophosphatemia may be observed with neu-
rofibromatosis and with the McCune-Albright syndrome.

HEREDITARY HYPOPHOSPHATEMIC RICKETS WITH HYPERCALCIURIA

In contrast to XLH, hereditary hypophosphatemic rickets with hypercalciuria (HHRH)
is an autosomal recessive disorder in which there is a primary impairment of renal
phosphate handling with an appropriate physiologic response of the 1α-hydroxylase
enzyme to the ambient hypophosphatemia. Thus, circulating 1,25(OH)2D levels are
elevated, resulting in increased intestinal calcium absorption, suppressed PTH levels,
osteopenia, hypercalciuria, and the propensity to develop nephrolithiasis. Mutations in
the renal sodium phosphate cotransporter, NaPi2, were not present in several affected
families (8). Most cases have been described in North African and Middle Eastern
populations, but sporadic cases have been reported elsewhere.

X-LINKED HYPERCALCIURIC NEPHROLITHIASIS

Hypophosphatemic hypercalciuric rickets may occur in the X-linked hypercalciuric
nephrolithiasis (XLHN) family of syndromes. Four clinical phenotypes are described,
all with X-linked recessive inheritance and proximal renal tubulopathy leading to even-
tual renal failure. Hypophosphatemic rickets may occur within the spectrum of
syndromes of XLHN, particularly in Dent’s disease and X-linked recessive hypo-
phosphatemic rickets, in which the rachitic findings can be severe. Various mutations in
the voltage-gated chloride channel gene CLCN5 have been identified in this group of
disorders (9), however, the mechanism by which the altered chloride channel results in
proximal renal tubular dysfunction and hypercalciuria is not known.

Phosphopenic rickets may occur in association with Fanconi syndrome, a heteroge-
neous group of disorders characterized by excessive urinary losses of glucose, phos-
phate, bicarbonate, and amino acids. Some patients with this disorder present with
hyperchloremic acidosis in addition to hypophosphatemia and proteinuria. The syn-
drome may be inherited as a primary tubulopathy, or secondary to such inborn metabolic
disorders as cystinosis, tyrosinemia, fructose intolerance, galactosemia, Lowe syndrome,
Wilson’s disease, or type I glycogen storage disease.
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Rickets-like Disorders

Several related conditions manifest rickets-like deformities. These include hypo-
phosphatasia, a rare autosomal recessive disorder characterized by deficiency of tissue
and serum alkaline phosphatase (for review, see ref. 10). Four forms of hypophosphatasia
have been described, with the severity of the disease being inversely related to the age
at presentation: a defective lethal form; an infantile form presenting within the first 6 mo
of life with rachitic- like skeletal defects resulting in recurrent respiratory tract infection,
poor growth, increased intracranial pressure, and death in 50% of cases; a milder child-
hood type presenting after 6 mo of age with premature loss of deciduous teeth, rachitic-
like lesions, and craniosynostosis; and an adult-onset form with recurrent fractures and
pseudofractures. Other skeletal dysplasias include the Schmid type metaphyseal dyspla-
sia, an autosomal dominant disorder due to a mutation in the type X collagen (COL10A1)
gene (11) may resemble metabolic rickets clinically and radiographically. Type X col-
lagen expression is restricted to hypertrophic chondrocytes in areas undergoing endoch-
ondral ossification. The deficiency in growth plates can result in a lesion resembling
rickets; however, there are no abnormalities in serum calcium, phosphate, and alkaline
phosphatase in patients with this skeletal dysplasia.

TREATMENT

Calciopenic Rickets
The immediate goal of medical treatment is to heal the active epiphyseal lesions,

thereby preventing progression of bow or knock-knee deformities, which, in untreated
disease, may become irreversible and require corrective orthopedic intervention. It
should be noted that while this review focuses on tertiary prevention—i.e., management
of patients already known to be affected by rachitic disease—efforts need to be expended
as well on primary prevention by educating the public and the general pediatric commu-
nity about the importance of adequate dietary supplementation with vitamin D and
calcium. Secondary prevention of nutritional calciopenic rickets has also been proposed
in select groups. For example, routine supplementation of the premature infants with
800 IU per day of vitamin D as well as preventive use of breast milk fortifiers to ensure
adequate mineral supplementation in the premature infant have been recommended.

Some have also advocated secondary prevention of vitamin D deficiency rickets by
targeted screening for vitamin D deficiency rickets in high-risk groups, such as dark-
skinned breastfeeding infants, children with low intakes of milk and dairy products, and
infants living in areas where colder winter weather precludes outdoor activity. Another
group of children recently found to be at risk includes international adoptees from the
former Soviet Union; these are children formerly residing in orphanages who are reported
to have had limited sunlight exposure and no vitamin supplementation prior to entering
the US (12).

The 1998 American Academy of Pediatrics Pediatric Nutrition Handbook recom-
mends that all dark-skinned, breast-fed infants and those with inadequate sun exposure
be supplemented with 400 IU per day of vitamin D for secondary prevention of rickets
(13). Interestingly, an unforeseen consequence of the promotion of breastfeeding may
be the “reemergence” of vitamin D deficiency rickets. Currently 1/3 of all American
infants are breast-fed at 6 mo of age (14); only 15% of African American infants ever
begin breastfeeding (15). The “Healthy People 2010” initiative has set a target of 75%



Chapter 21 / Rickets 373

of American infants breastfeeding in the early postpartum period and 50% by six mo. If
this goal is attained, and a major increase in the frequency and duration of breastfeeding
were to occur among African Americans, then an epidemic of rickets is inevitable unless
widespread vitamin D supplementation is provided to infants of these breastfeeding
mothers. Indeed, those with the greatest potential for increased breastfeeding in the U.S.
(African Americans) are also those with the highest risk for the development of rickets.

VITAMIN D DEFICIENCY RICKETS

 Overt vitamin D deficiency rickets is typically treated with 1000–2000 IU/d of vita-
min D. Some prefer the administration of intermediate amounts of oral vitamin D (8,000–
16,000 IU/d). After radiographic evidence of healing of rachitic lesions, the dosage can
be decreased to 400 IU/d, the generally recognized recommended daily allowance. If
there is a concern about compliance, the so-called stoss from of therapy is used, which
consists of the administration of a single oral or im dose of 600,000 IU of vitamin D;
alternatively, this large oral dose may be divided into two or three doses given several
hours apart over a 24-h period. Children with vitamin D deficiency rickets require
supplemental calcium, as these children often have a low dietary intake of calcium. In
addition, supplemental calcium protects against hypocalcemia, which may arise due to
the hungry bone syndrome; the latter occurs during the early stages of vitamin D supple-
mentation, when movement of calcium from the intravascular compartment to the skel-
etal compartment can exceed the replenishment of circulating calcium. Finally, it has
been shown that vitamin D stores may be depleted rapidly in the setting of a concomi-
tantly low dietary intake of calcium (16). Thus, supplemental calcium (usually as cal-
cium glubionate or calcium carbonate) should be included in the therapy of vitamin D
deficiency rickets such that the child receives a total daily intake of 30–50 mg/kg/d of
elemental calcium.

CALCIUM DEFICIENCY RICKETS

Isolated calcium deficiency, a rare cause of calciopenic rickets in the U.S., responds
well to calcium supplementation. In a recent study in Nigerian children, calcium (at a
dose of 1000 mg/d), with or without vitamin D supplementation, was more effective than
vitamin D alone in achieving biologically important changes in biochemical and radio-
graphic measures of rickets (17). The children with rickets in this study were somewhat
older (median age of 46 mo) than would be expected for children presenting with typical
vitamin D deficiency, and had adequate sunlight exposure. Most had serum 25-hydro-
xyvitamin D concentrations within the normal range, thus pointing to calcium deficiency
as the primary etiology of the rickets in this population.

1α-HYDROXYLASE DEFICIENCY

Patients with 1 alpha-hydroxylase deficiency are best treated with 1,25(OH)2D3;
typical initial dosages range from 0.5–3.0 µg/d, and maintenance dosages range from
0.25–2.0 µg/d. Adequate dietary calcium should be provided. Monitoring for hypercal-
cemia and hypercalciuria are indicated.

HEREDITARY VITAMIN D RESISTANCE

Patients with hereditary vitamin D resistance have been treated with megadoses of
vitamin D or vitamin D metabolites with variable responses to therapy. Parenteral
administration of calcium has been shown to completely correct the skeletal abnor-
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malities in severe forms of this disorder. The disorder may be a spectrum of mild
disease, responding to dietary calcium supplementation or extremely severe. Treatment
should be performed by a pediatrician experienced in the management of metabolic
bone disease.

OTHER CAUSES OF CALCIOPENIC RICKETS

For disorders affecting vitamin D absorption in the proximal small intestine and
disorders of fat malabsorption, treatment with 5000–10,000 IU of vitamin D daily has
been recommended, with monthly follow-up of mineral and vitamin levels so that appro-
priate adjustments in dosing can be made. Others have suggested the use of the more
polar 1,25(OH)2D3, which is, in part, absorbed in water-soluble form and is therefore less
dependent on intact fat absorption.

Vitamin D deficiency rickets resulting from impairment of 25-hydroxylation in severe
hepatobiliary disease may be treated with high doses of vitamin D (up to 50,000 IU/d)
or 25-(OH)D (1–3 mg/kg body weight per day).

Rickets and osteomalacia associated with chronic renal failure is treated with
1,25(OH)2D3 in oral dosages of up to 1.5 mg/d, which can be used to suppress the
hyperparathyroidism that often occurs in this disorder. Dietary phosphate intake should
be restricted, and hyperphosphatemia is usually treated with calcium carbonate rather
than aluminum hydroxide.

Individuals receiving anticonvulsant therapy should receive the recommended dietary
allowance of vitamin D (400 IU) from the usual sources for secondary prevention of
vitamin D- deficiency rickets, and pharmacologic supplementation may be necessary if
overt vitamin D deficiency rickets results.

MONITORING AND COMPLICATIONS OF THERAPY FOR CALCIOPENIC RICKETS

In general, children with nutritional calciopenic rickets should be seen initially every
few weeks, with close monitoring of serum calcium, phosphate, alkaline phosphatase,
and vitamin D metabolite levels. Radiographic evidence of healing of rachitic lesions
may be seen within several weeks to months. Severe complications may occur with the
use of vitamin D metabolites in an unmonitored fashion. Most commonly, sequelae from
vitamin D intoxication are related to hypercalcemia and hypercalciuria, which have
long-term effects on renal function. Therefore, sampling of serum and urinary calcium
and creatinine is warranted within 2 wk of the initial dosing and after dose adjustments
are made. Patients on stable doses with long-term treatments may have these tests per-
formed every 3–4 mo. If serum calcium becomes greater than 11 mg/dL or the urinary
calcium/creatinine ratio is >0.35 mg/dL, adjustments in doses are warranted. Finally, if
severe hypercalcemia is present, vitamin D administration should be discontinued, and
specific measures for treatment of hypercalcemia should be instituted.

Phosphopenic Rickets
NUTRITIONAL PHOSPHATE DEPRIVATION

Secondary prevention of nutritional phosphopenic rickets by routine use of breast
milk fortifier is recommended in premature infants. If rachitic disease related to nutri-
tional phosphate deprivation develops in the premature infant, it can be treated with
20–25 mg of elemental phosphorus/kg body weight per day, given as an oral supplement
in 3–4 divided doses. It should be noted that phosphate deprivation may be only one of
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several components of rickets in the premature infant, and one should ascertain that
vitamin D and calcium intakes are adequate as well. If necessary, mineral supplemen-
tation may be administered parenterally, and newer amino acid formulations supple-
mented with the sulfur-containing amino acids taurine and cysteine allow greater
quantities of calcium and phosphate to remain in solution in total parenteral nutrition
(TPN) formulations. Bone disease in the premature infant may be complex and include
a component of osteoporosis as well.

X-LINKED HYPOPHOSPHATEMIC RICKETS (XLH)

Early diagnosis of X-linked hypophosphatemic rickets entails early screening of
infants at risk in kindreds known to be affected with this disorder. Serum calcium and
phosphate levels, alkaline phosphatase activity, and determination of TRP and TMP/
GFR ratio are obtained at 1–2 mo-of-age, and if unrevealing, at 3–4 mo intervals during
the first 6–9 mo of life. Early diagnosis is useful in that early therapy is likely to improve
long-term outcomes. Mutational analysis is also commerically available.

Treatment of XLH consists of the administration of phosphorus in conjunction with
1,25(OH)2D3, a regimen which has been demonstrated to improve the rachitic lesions at
the growth plates and mineralization in trabecular bone (18). Because of the propensity
to develop secondary, and in some instances, tertiary hyperparathyroidism with large
doses of phosphate, and because of the concern for the complication of vitamin D
intoxication, careful attention must be paid to dosing regimens.

In early infancy, 250–375 mg of elemental phosphorus, provided in 2–3 divided doses
is usually prescribed; a useful preparation for infants is Phospha-Soda solution contain-
ing 127 mg of elemental phosphorus per mL. In older children, it is more convenient to
use Neutra-Phos or Neutra-Phos K powder (250 mg elemental phosphorus per packet)
dissolved in water. Almost all children will complain of abdominal discomfort or mani-
fest diarrhea soon after the initiation of phosphate therapy, but this usually resolves
within days to weeks. Occasionally, administration of phosphate must be suspended and
restarted at lower dosages, and very rarely, diarrhea, bloody stools, or persistent dose-
related abdominal pain occurs with this therapy, indicating a need for a substantial
decrease in the dose. When the child is old enough to chew or swallow a tablet, K-Phos
Neutral, or K-Phos #2, each of which contains 250 mg of elemental phosphorus per
tablet, is preferred. In the older child an average of 1 g of elemental phosphorus per day
is used; it is seldom necessary to prescribe more than 2 g/d. Finally, it should be noted
that parents need not wake children in order to administer phosphate throughout the
night, as it is clear from nocturnal monitoring studies that serum phosphate levels rise
at night, independent of phosphate administration (19).

Administration of 1,25(OH)2D3 is important for a successful outcome of therapy in
XLH. This metabolite enhances calcium and phosphate absorption and dampens
phosphate-stimulated PTH secretion, however, the mechanism for its skeletal action in
XLH is not entirely understood. Starting doses for an infant in the first 2 yr of life are
generally 0.25 µg once or twice daily. In early infancy, the oil solvent in a calcitriol
capsule can be extracted using a 1 mL syringe and an 18 gauge needle. The liquid can
be given to the child in formula or directly into the child’s mouth from the syringe after
removal of the needle. Others have orally administered the intravenous preparation,
Calcijex. This form of 1,25(OH)2D3 is supplied in small glass ampules. Such formula-
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tions are awkward for the small child, and parents usually supervise a child swallowing
the entire capsule as soon as practical. Recently, calcitriol has become available in a
liquid formulation for oral administration; we have not had the opportunity to formally
assess the bioavailability of this preparation, but it should be a welcome alternative to
capsule extraction. The liquid formulation of dihydrotachysterol is also a reasonable
alternative for this very young age group.

Several investigators have examined human growth hormone as a therapeutic agent
in XLH, but none have addressed final height in a controlled fashion. Some have shown
that growth hormone in combination with standard therapy results in improved circulat-
ing phosphate concentrations, and an improvement in height velocity in the short term.
Others have shown that children with XLH and very short stature may benefit from
adjunctive growth hormone therapy. A recent review of seven trials of growth hormone
therapy in XLH involving a total of 77 patients with this disorder (20) concluded that the
long-term impact of GH treatment on final adult height in patients with XLH remains
unknown; thus, at present, GH therapy should be considered an investigational therapy
in children with this disease. If this measure is applied it may be important to carefully
monitor skeletal age in the patient.

Finally, the effect of 24,25(OH)2D3 in combination with 1,25(OH)2D3 and phosphate
has been recently examined. Modest skeletal improvement and parathyroid suppressive
effects were observed (21). Use of this metabolite as a specific therapy for secondary
hyperparathyroidism in XLH is useful in the short term; other non-hypercalcemic vitamin
D analogs and calciomimetic agents should be a promising approach in the near future.

MONITORING AND COMPLICATIONS OF XLH
Complications of therapy for XLH include hyperparathyroidism, soft-tissue calcifi-

cation, and hypervitaminosis D. In order to avoid these complications patients should be
appropriately monitored. Treatment must provide adequate mineral to improve rachitic
lesions, but must not be so excessive that soft-tissue calcification or derangement of
parathyroid hormone function will occur. Hyperparathyroidism occurs frequently in
XLH (19); thus, PTH levels must be routinely monitored during therapy. The parathy-
roid glands in XLH have a propensity to readily hypersecrete PTH, and circulating PTH
levels may be elevated before the initiation of any therapy in the disease. The further
stimulation of PTH secretion by phosphate intake is well-described. Phosphate supple-
mentation should therefore never be given as single therapy in XLH, but always in
combination with calcitriol. Prolonged or severe hyperparathyroidism may further com-
promise renal phosphate retention, provoke hypercalcemia, or enhance calcification of
soft tissues. It is possible that chronic exposure to high concentrations of PTH may
adversely affect the skeleton. Parathyroidectomy is warranted should complications of
this development become significant.

Soft-tissue calcification of the renal medullary pyramids (nephrocalcinosis) is com-
mon, and can be detected by renal ultrasonography. This phenomenon is related to the
mineral load that the treatment regimen provides. Most compliant patients demonstrate
nephrocalcinosis within 3–4 yr of beginning therapy, but in general, no significant
clinical sequelae in patients with nephrocalcinosis are usually seen. In one long term
survey of several patients with long- standing low-grade nephrocalcinosis a mild, a
urinary concentrating defect of limited clinical significance was the only identified
abnormality (22). Severe hyperparathyroidism in XLH has been associated with myo-
cardial and aortic valve calcifications. Finally, calcification of the entheses (not thought
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to be treatment-dependent) and ocular calcifications are described. Hypervitaminosis D
is manifest by hypercalcemia and/or hypercalciuria. This complication was formerly
encountered with high dose vitamin D therapy, when monitoring of serum and urine
biochemistries was infrequently performed. The newer 1α-hydroxylated vitamin D
metabolites are more polar, are not stored in fat, and escape from toxic effects more
rapidly than with native vitamin D. Unrecognized vitamin D intoxication has resulted in
death in XLH, but has not been observed recently.

Children with XLH should be seen every 3–4 mo with concomitant monitoring of
serum calcium, phosphate, and alkaline phosphatase. Calcium and creatinine excretion
should be determined in a randomly voided urine sample. Circulating PTH should be
measured at least twice a year. Accurate height measurements and assessment of the bow
defect should be performed at all visits. Radiographs of the epiphyses of the distal femur
and proximal tibia are obtained every 2 yr or more frequently if bow deformities fail to
correct, or if progressive skeletal disease is grossly evident.

The development of secondary hyperparathyroidism is an indication to alter the
calcitriol/phosphate balance by decreasing phosphate or increasing the calcitriol dosage.
In the event of a poor clinical response (as assessed by radiographic changes of the
epiphyses, or growth rate), an increase in the phosphate dose with a concomitant increase
in the calcitriol dose is indicated. Phosphate dosage should NOT be increased on the basis
of a decrement in serum phosphate, as the underlying reason for decreases in serum
phosphate may be advancing hyperparathyroidism. An inappropriate increase in phos-
phate dosage generally exacerbates the hyperparathyroidism, and no improvement in
serum phosphate is likely. Although some decrement in serum alkaline phosphatase
activity usually occurs with initial therapy, the value rarely normalizes until adulthood.

HEREDITARY HYPOPHOSPHATEMIC RICKETS WITH HYPERCALCIURIA

Hereditary hypophosphatemic rickets with hypercalciuria is generally managed by
the administration of phosphate salts alone. Bone disease and hypercalciuria require
attention. The strategy aims to decrease ambient circulating 1,25(OH)2D, thereby
decreasing intestinal calcium absorption, while providing phosphate to enhance skeletal
mineralization. There is usually no risk of hyperparathyroidism, although experience
with monitoring this rare condition is limited. The skeletal disease is complex, involving
osteomalacia and osteoporotic defects. It is possible that bisphosphonates may prove to
have an important role in adjunctive therapy for this disease. Finally, the importance of
generous hydration and avoidance of a high sodium intake is recommended.

Other Causes of Phosphopenic Rickets

Finally, phosphopenic rickets occurring secondary to other renal diseases, such as
tubulopathies and Fanconi syndrome, or associated with other systemic diseases, requires
specific treatment of the underlying disease. In apparent sporadic phosphopenic rickets,
an exhaustive search for a tumor should be sought, especially if the patient presents
as an older child or adult, and excision of the tumor will result in resolution of biochemi-
cal and skeletal abnormalities.

PSYCHOSOCIAL CONSIDERATIONS

Nutritional rickets is an easily treated disorder and, if diagnosed in a reasonable time
frame, is completely reversible before long-standing skeletal damage results. It is impor-
tant to point out to families that remodeling of the skeleton may require several years,
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while biochemical changes and acute epiphyseal remodeling occur within weeks to
months of the onset of treatment. Many children are initially misdiagnosed with muscu-
lar dystrophy, cerebral palsy, or skeletal dysplasia, owing to the common misconception
that nutritional rickets no longer occurs in our society.

In contrast to the rapid and complete recovery with treatment of nutritional rickets,
inherited forms usually require long-term treatment. 1 α-hydroxylase deficiency usually
completely responds to medical therapy, as do many cases of hereditary vitamin D
resistance, although life-long therapy is usually required in order to maintain a normal
skeleton. In that certain cases of hereditary vitamin D resistance may be unresponsive
to high dose 1,25(OH)2D3, and may require intermittent continuous or intravenous cal-
cium therapy, management should always involve a center with considerable experience
in the treatment of metabolic bone disease.

XLH is a particularly frustrating disorder to manage over the long term, as current
therapy does not correct the underlying defect. A number of long-term complications
may occur, including arthritis, spinal canal stenosis, hearing difficulties, impaired frac-
ture healing, and chronic bone pain. Such complications over years have resulted in
considerable disability and limited capacity for employment in some individuals. Those
in earlier generations where medical therapy has been limited, or in social situations
where compliance with treatment has been poor, have been associated with worse out-
comes. Psycho-social support is most important in these situations as to avoid depression
and other problems such as substance abuse. Individuals with XLH will be better served
when improved therapies are available.
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INTRODUCTION

Delayed puberty is defined as the absence of any sign of puberty in a child at a
chronological age two standard deviations above the mean age of pubertal development
for a given population. By current standards, this is defined as absence of an increase in
testicular volume (less than 4 mL) at 14 yr in a boy or absence of any breast development
at 13 yr in a girl (1,2). In addition, pathologic abnormalities may be associated with
abnormal progression through puberty once initial pubertal changes have begun, and are
worthy of further evaluation. In boys, a period of 3.2 +/– 1.8 (mean +/– SD) years is
necessary to achieve adult testicular volume after the onset of puberty. In girls, the period
from breast budding to menarche is 2.4 +/–1.1 (mean +/– SD) years (3). Therefore,
evaluation is warranted if more than 4–5 yr has elapsed from the onset of puberty to adult
testicular size in boys or menarche in girls. Further evaluation is necessary to determine
the etiology of pubertal delay, and for determination of necessary therapy. Clinical and
laboratory assessment is aimed at differentiating a lag in normal pubertal development
from abnormalities in need of further investigation and/or therapy.

CLASSIFICATION

Normal puberty is initiated by the onset of pulsatile secretion of gonadotropin-releas-
ing hormone (GnRH) from the hypothalamus. These pulses cause release of luteinizing
hormone (LH) and follicular stimulating hormone (FSH) from the pituitary gland. These
pituitary gonadotropins then circulate to the gonads and stimulate production of sex
steroids. The differential diagnosis of pubertal delay is extensive, but can most easily be
divided into three categories: The first group represents temporary delays of puberty that
are functional disorders, most commonly, constitutional delay of growth and puberty.
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The second is hypogonadotropic hypogonadism, in which hypothalamic or pituitary
failure results in deficiency of circulating gonadotropins. Finally, hypergonadotropic
hypogonadism results from primary gonadal failure, with subsequent lack of negative
feedback of sex steroids at the hypothalamic and pituitary levels resulting in elevated
serum gonadotropin levels. Table 1 lists the various etiologies of hypogonadism result-
ing in delay or failure of pubertal development.

Delays of Pubertal Development
Delays of pubertal development are more common than failure of development, and

can most easily be divided into two groups: constitutional delay, and delay caused by
underlying chronic disease.

CONSTITUTIONAL DELAY OF PUBERTY

The most common cause of delay is constitutional delay of puberty and growth. These
children represent the extreme of the normal physiologic variations in the timing of the
onset of puberty. Children with constitutional delay are more likely to be short for age,
with a history of relatively normal growth rate, and to have delays in bone maturation.
Frequently, there is a family history of late menarche in the mother or sisters or a delayed
growth spurt in the father. However, sporadic cases are also seen. The degree of delay
in clinical manifestations of puberty is variable, but delay is usually not extreme, falling
within the range of 2–4 yr (3). The diagnosis of constitutional delay is made more often
in boys than in girls. This may be partly explained by a higher degree of social pressure
placed on boys with delayed development, and, subsequently, a higher frequency of
referral for evaluation.

CHRONIC SYSTEMIC DISEASE

A variety of chronic diseases are associated with delayed growth and puberty and may
be diagnosed in the context of endocrinological evaluation of an otherwise asymptom-
atic child. Gastrointestinal disorders such as inflammatory bowel disease or celiac dis-
ease, as well as chronic renal failure, cardiac disease, and other severe chronic illnesses
are causes of pubertal delay (Table 1). These disorders are!ÂDually associated with
impaired availability or utilization of fuels, although clinical evidence of malnutrition
may be absent. Similarly, patients with nutritional disorders, including anorexia nervosa,
may present with delays in growth and/or pubertal development (4). In the case of
anorexia nervosa, the cause is most likely both lack of energy intake, as well as a central
nervous system effect altering neuroendocrine control of gonadotropins (5). Excessive
energy expenditure, such as that seen in young gymnasts and long-distance runners,
causes pubertal delay by similar mechanisms (6,7).

ENDOCRINOPATHIES

Other endocrinopathies can also be associated with delays of puberty and growth.
Isolated growth hormone deficiency is an important differential diagnosis with constitu-
tional delay of puberty, since both present with decreased growth velocity for chronologi-
cal age and bone age retardation. Furthermore, growth delay in children with constitutional
delay may develop early and, therefore, make the distinction between these two entities
more difficult. Acquired hypothyroidism and hyperprolactinemia also may cause delay
or arrest in pubertal development. Cushing’s syndrome may cause delayed growth and
puberty, though it may also result in premature development of sexual hair.
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Table 1
Etiologies of Delay or Failure of Pubertal Development

Delays of Puberty

Constitutional delay of growth and/or puberty Suprasellar tumors (craniopharyngiomas, etc.)
Sporadic Histiocytosis X
Familial Effects of radiotherapy

Chronic illness (gastrointestinal disease Effects of surgery
[inflammatory bowel disease, celiac Cranial trauma
disease], renal failure, hepatic disease, Effects of infection
hematologic abnormalities [sickle cell
disease, hemolytic anemia], malignancy, Hypergonadotropic Conditions
pulmonary disease [asthma, cystic Congenital
fibrosis]) Males

Nutritional Disorders Klinefelter’s syndrome (XYY)
Malnutrition Noonan’s syndrome
Anorexia nervosa Gonadal dysgenesis (XO/XY)
Excessive energy expenditure, exercise Defects in testosterone

Endocrinopathies biosynthesis/action
Diabetes mellitus Inborn errors of testosterone
Growth hormone deficiency synthesis
Hypothyroidism 5a-Reductase deficiency
Hyperprolactinemia Partial androgen insensitivity
Glucocorticoid excess Anorchia (Vanishing Testis

syndrome)
Hypogonadotropic Conditions Leydig cell agenesis or hypoplasia

Congenital Females
Idiopathic hypogonadotropic Turner’s Syndrome (XO)

hypogonadism Gonadal dysgenesis (XO/XY, or XX)
Kallman’s syndrome Androgen insensitivity
GnRH receptor defects Both Sexes
LHβ mutations Polymalformation syndromes
FSHb mutations Acquired
PROP-1 mutations Males
Adrenal hypoplasia congenita Bilateral Orchitis
Panhypopituitarism Surgical or traumatic castration
Septo-optic dysplasia Chemotherapy, radiotherapy
Prader-Willi syndrome Females
Laurence-Moon-Biedl syndrome Surgical or traumatic castration

Acquired Premature idiopathic ovarian failure
Autoimmune ovarian failure
Chemotherapy, radiotherapy

Hypogonadotropic Hypogonadism
Disorders in this category are characterized by low circulating levels of the pituitary

gonadotropins, LH and FSH. This may be the results of genetic defects altering hypo-
thalamic and/or pituitary development, defects in hormonal synthesis or action, or may
be acquired due to intracranial disease or trauma.
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Idiopathic Hypogonadotropic Hypogonadism
Defects in the production or regulation of gonadotropin-releasing hormone (GnRH)

in the hypothalamus, and subsequent lack of LH and FSH production by the pituitary,
are the cause of idiopathic hypogonadotropic hypogonadism (IHH). In these individuals,
exogenous administration of GnRH usually initiates pubertal development (8). Though
the GnRH gene is the most likely candidate for mutations causing GnRH deficiency in
IHH patients, no mutations in this gene have been identified in humans to date (9–13).

KALLMAN SYNDROME

Kallman syndrome is a well-recognized form of hypogonadotropic hypogonadism
consisting of gonadotropin deficiency accompanied by anosmia. It is frequently trans-
mitted as an X-linked recessive trait, but may also have autosomal dominant inheritance
with variable expressivity (14). The X-linked form of Kallman syndrome has been
associated with defects in the KALIG-1 gene, located on the pseudoautosomal region of
Xp (15,16). The protein product of the KALIG gene has neural cell adhesion molecule
properties and provides scaffolding for GnRH neuron and olfactory nerve migration
across the cribiform plate to their appropriate synapses (17). In the absence of the KALIG
protein, GnRH and olfactory fibers do not synapse properly, producing GnRH defi-
ciency and anosmia. Males with Kallman syndrome may have a variety of other associ-
ated anomalies including visual abnormalities, renal agenesis and midline facial defects,
congenital deafness, cryptorchidism, and microphallus. Despite the identification of the
KAL gene, mutations are found in less than 5% of patients with idiopathic hypogo-
nadotropic hypogonadism, suggesting significant heterogeneity in this syndrome (18).
Further evidence that other genes cause gonadotropin deficiency with anosmia is
supported by the lack of identification of KAL gene mutations in female patients with
IHH (17).

OTHER INHERITED FORMS OF HYPOGONADOTROPIC HYPOGONADISM (HH)
Several other gene mutations have been shown to produce hypogonadotropic hypogo-

nadism. Mutations in the AHC gene are associated with HH and adrenal hypoplasia
congenital (AHC), a form of adrenal insufficiency owing to lack of proper adrenal
development. The protein product of the AHC gene, DAX-1, is predicted to be a
transcription factor necessary for proper development of the pituitary gonadotrophs and
the adrenal cortex. Adrenal hypoplasia congenita is inherited in an X-linked recessive
manner, with the gene located in the region Xp21. Over 50 AHC gene mutations have
been described in patients with AHC and HH (19). While males are most frequently
affected due to the X-linked inheritance pattern, a female patient with HH, but not AHC
has been identified in a family of males with AHC and HH and was found to possess an
AHC gene mutation (20).

An autosomal recessive form of hypogonadotropic hypogonadism has been associ-
ated with mutations in the gonadotropin-releasing hormone receptor gene. Patients iden-
tified with this defect by Roux et al. (21) have incomplete GnRH deficiency, with late
progression into puberty followed by decreased libido in the male and amenorrhea in the
female. Those identified by Layman et al. (22) had complete HH with delayed puberty.
This discrepancy most likely relates to functional differences between the mutations
involved. Both groups of patients appear to have a level of GnRH resistance with vari-
able responses in gonadotropin levels following stimulation testing.
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Defects in the genes coding for the subunits of the pituitary gonadotropins have also
been isolated in cases of delayed puberty. Pituitary glycoprotein hormones consist of a
common α-subunit encoded by a single gene, and a β-subunit that is specific for LH,
FSH, hCG, and TSH. No α-subunit mutations have been described in humans (17).
However, β-subunit mutations have been identified in both LHβ- and FSHβ. Weiss et
al. (23) described a male patient who presented at age 17 with delayed puberty, elevated
serum LH levels, but low FSH and testosterone levels. He was found to have an autoso-
mal recessive defect in the LHβ gene that produced immunoactive LH, measurable by
current assays, but had decreased bioactivity, resulting in delayed puberty. Similarly,
mutations have been identified in the FSHβ gene, causing delayed puberty and hypogo-
nadism. Matthews et al. (24), and Layman et al. (25) each described young women with
no evidence of thelarche, undetectable FSH levels and elevated LH. Both young women
had no FSH response to GnRH stimulation, but exaggerated rise in LH to menopausal
levels. In females, FSH deficiency is expected to produce delayed puberty as a result of
lack of follicular development, estradiol production, and maturation of oocytes, as has
been described. However, in males, as LH stimulation is responsible for testosterone
production, one would predict normal pubertal development, but azoospermia or oli-
gospermia result because of the lack of FSH stimulation (17).

Several patients with combined pituitary hormone deficiency, characterized by defi-
ciencies in growth hormone, TSH, prolactin, and gonadotropins, have been shown to
have mutations in the PROP1 gene (26,27). PROP1 is a transcription factor felt to be
necessary for differentiation of multiple pituitary cell lineages, and its absence results
in lack of proper pituitary cellular development.

Leptin deficiency and leptin receptor defects have also been associated with hypogo-
nadism. Patients with defects in leptin production or action typically have extreme
obesity, and hyperinsulinemia, in addition to hypogonadism (17).

ASSOCIATED SYNDROMES

Hypogonadotropic hypogonadism is also associated with other more complex syn-
dromes. Gross abnormalities of the pituitary gland, such as those seen in panhy-
popitiutarism and septo-optic dysplasia cause deficiencies in all pituitary hormones
including gonadotropins. Hypogonadism is also a frequent feature of other genetic syn-
dromes such as Prader-Willi syndrome and Laurence-Moon-Beidl syndrome, among
others. The etiology of gonadotropin deficiency in these syndromes remains unclear,
though further investigation of the genetic causes of the underlying syndrome may
provide important insights into regulation of this complex system.

ACQUIRED CAUSES OF HYPOGONADOTROPIC HYPOGONADISM

Intracranial disease processes, or therapy designed to treat such diseases are well
known causes of hypogonadotropic hypogonadism. Histiocytosis X may be associated
with HH, depending on the extent of pituitary involvement. Suprasellar tumors, such as
craniopharyngiomas, frequently involve the pituitary and/or hypothalamus. Gonadotro-
pin deficiency may be caused by tumor invasion, or by surgical removal of the tumor
with subsequent damage to the pituitary or hypothalamus. Radiation therapy for any
intracranial tumor may cause hypogonadism, depending on the field involved and the
dose of radiation received by the hypothalamus and pituitary. The exact dose that is
required to cause hypothalamic or pituitary dysfunction is unclear. However, hypotha-
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lamic GnRH neurons and the pituitary gonadotrophs appear to be less sensitive to radia-
tion effects than somatotrophs, making gonadotropin deficiency unusual in the absence
of growth hormone deficiency (28). Cranial trauma causing hypothalamic or pituitary
damage, as well as infection involving these areas of the brain are also associated with
gonadotropin deficiency.

Hypergonadotropic Hypogonadism
Disorders in this category are characterized by elevated gonadotropin levels. The

hypothalamic-pituitary-gonadal axis is activated with the release of GnRH in a pulsatile
manner from the hypothalamus, resulting in subsequent increases in LH and FSH, and
circulation of these hormones to the gonads. If the gonads cannot properly respond by
producing estrogen or testosterone, there is a failure in the normal feedback to the
hypothalamus and pituitary, with a compensatory increase in gonadotropin levels above
the normal range. Patients present with lack of pubertal development, low serum test-
osterone or estrogen levels, and inappropriate elevation of LH and FSH.

KLINEFELTER’S SYNDROME

Klinefelter’s syndrome is the most frequent form of hypogonadism in males with an
incidence of approximately 1:500–1000 males (29). The pubertal delay in this syndrome
is caused by seminiferous tubule dysgenesis. These children have a karyotype of 47
XXY or its variants, including mosiacism, 48 XXXY, 49 XXXY, and male 46 XX. They
usually enter into puberty at an average age, but do not appropriately progress. Typical
phenotypic characteristics include tall stature with long legs and arms, micropenis,
small, firm testes, poor muscular development, borderline IQ, and poor social adapta-
tion. Physical examination also typically reveals so-called “eunucoid” proportions with
an upper to lower segment ratio of less than one, demonstrating increased long bone
growth despite lack of pubertal development.

TURNER’S SYNDROME

Turner’s syndrome, characterized by a karyotype of XO or its mosaics, is the most
common cause of primary hypogonadism in females. The syndrome is characterized by
abnormal karyotype, short stature, webbed neck, low posterior hairline, hypertelorism,
and left-sided cardiac defects. Ovarian function varies in girls with Turner’s syndrome,
giving variable progression through puberty, but patients seldom reach menarche. In
girls presenting with short stature and pubertal delay, possible phenotypic features of
Turner’s syndrome should be evaluated and a karyotype considered.

VANISHING TESTES SYNDROME (CONGENITAL ANORCHIA)
Bilateral anorchia is found in approximately one in 20,000 males. Their external

genitalia are normal, implying normal testicular function during the first 14–16 wk of
embryonic development. However, at birth, no testicular tissue is present, resulting in
the term “vanishing testes.” These patients are born with cryptorchidism and either fail
to develop secondary sexual characteristics, or have incomplete progression through
puberty, depending on the presence of Leydig cell tissue. Unlike males with abdominal
crytorchidism, these patients have no increase in testosterone levels following human
chorionic gonadotropin administration.
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CONGENITAL LEYDIG CELL APLASIA

Male patients with this disorder have poor Leydig cell development, either aplasia or
hypoplasia. Several patients with Leydig cell hypoplasia or aplasia have been shown to
have mutations in the luteinizing hormone receptor gene (30–33). The degree of mascu-
linization is variable, depending on the particular mutation, ranging from microphallus
to genital ambiguity. Testes are small to normal size, FSH levels are normal, with low
serum testosterone, but LH levels are elevated, implying resistance. Women identified
with LH receptor defects appear to present with amenorrhea (32).

NOONAN’S SYNDROME

Noonan’s syndrome shares many phenotypic features with Turner’s syndrome
including short stature, webbed neck, low posterior hairline, hypertelorism, and hypogo-
nadism. However, patients with Noonan’s syndrome have a normal XX or XY karyo-
type. Females with Noonan’s syndrome undergo normal pubertal development and have
normal ovarian function. Male patients, in contrast, typically have undescended testes
and abnormal Leydig cell function, causing hypergonadotropic hypogonadism.
Noonan’s syndrome is caused by mutations on the long arm of chromosome 12, and is
inherited in an autosomal dominant manner (34).

GONADAL DYSGENESIS

In phenotypic females, pure gonadal dysgenesis is defined by the complete or nearly
complete absence of ovarian tissue. Genotype in these girls may be 46 XX, 46 XY, or
45XO/46XY mosaic. In cases of 46 XY, genetic studies have shown microdeletions on
either the Y (35) or the X chromosome (36). Girls with pure gonadal dysgenesis may
have complete lack of pubertal development, or some degree of breast development, but
remain amenorrheic. Pelvic ultrasonography reveals a normal, prepubertal uterus, with-
out measurable ovaries. Pure gonadal dysgenesis is also associated with other malfor-
mations, as well as trisomy 13 and 18 (37).

Ovarian dysgenesis may also be associated with defects in the FSH receptor gene.
These patients are clinically similar to patients with pure ovarian dysgenesis, presenting
with variable development of secondary sexual characteristics, primary or early second-
ary amenorrhea, and high serum FSH and LH levels. However, women with FSH recep-
tor mutations frequently have ovarian follicles present on ultrasound examination,
possibly due to residual receptor activity (38).

Gonadal dysgenesis causing male pseudohermaphroditism and hypogonadism is also
associated with Denys-Drash syndrome (nephropathy, Wilms tumor and genital abnor-
malities), and WAGR complex (Wilms tumor, aniridia, genital abnormalities, and men-
tal retardation).

DEFECTS IN TESTOSTERONE BIOSYNTHESIS

Inborn errors of enzymes required in the biosynthetic pathway of testosterone can
result in incomplete male sexual differentiation and incomplete progression through
puberty. Five enzymes are necessary for testosterone production, three of which are
common to the pathway of cortisol production as well. The phenotypic presentation of
patients with these defects varies with the location of the enzyme defect in the pathway
of steroid production.
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Cholesterol side-chain cleavage deficiency (20–22-desmolase) results in total lack of
masculinization in males and a severe neonatal salt-losing syndrome. 3β-hydroxysteroid
dehydrogenase deficiency presents with adrenal insufficiency with salt-losing and ab-
normal sexual differentiation. Males have genital ambiguity and females may be normal,
or have moderate clitoromegaly. As this enzyme complex is common to synthesis of all
active steroid hormones, puberty is incomplete in both sexes (39).

17α-hydroxylase is essential for biosynthesis of androgens, glucocorticoids, and
estrogens. Deficiency causes pseudohermaphroditism in genetic males, with elevated
LH and FSH and low testosterone levels in puberty. 17,20-desmolase deficiency impairs
production of androgens and estrogens with normal cortisol and aldosterone. Genetic
males with this deficiency may present with incomplete virilization, or as phenotypic
females with absent uterus, and lack of pubertal virilization.

In 17β-hydroxysteroid dehydrogenase deficiency, affected genetic males present with
female external genitalia, and moderate labioscrotal fusion. At puberty, breast develop-
ment is associated with acne, hirsuitism, voice deepening, and amenorrhea. These
patients have elevated plasma androstenedione and estrone levels with low or normal
testosterone (39).

5α-REDUCTASE DEFICIENCY

5α-reductase enzyme activity is necessary for the conversion of testosterone to
dihydrotestosterone (DHT). DHT is necessary for masculinization of the fetal external
genitalia. Autosomal-recessive defects in this enzyme result in female external genitalia
with male internal genital structures, and a urogenital sinus with a perineal opening.
Partial virilization may be seen at puberty because of increases in testosterone produc-
tion and residual enzymatic activity (39).

ANDROGEN INSENSITIVITY

Androgen insensitivity syndrome (AIS) is a heterogeneous disorder caused by muta-
tions in the androgen receptor gene (40). Phenotype in affected patients varies greatly
from normal female to ambiguous forms more closely resembling male (partial andro-
gen insensitivity [PAIS]). This variation is dependent on the location and extent of
mutation and the subsequent activity of the androgen receptor (41). Karyotype in these
patients is 46 XY, and, under the influence of Mullerian inhibitory substance, they have
male internal structures. However, they fail to develop male external genitalia that
normally results from androgen effects in embryonic development. Phenotypic females
usually enter puberty with breast development as a result of aromatization of testoster-
one to estrogen, but there is little or no body hair development. However, they frequently
present with primary amenorrhea. Phenotypic males will have variable progression
through puberty depending on the activity of the androgen receptor.

ACQUIRED CAUSES OF GONADAL FAILURE

Bilateral testicular torsion, surgical castration and severe trauma to the scrotum and
testes are known causes of hypergonadotropic hypogonadism in males. Bilateral orchitis
(e.g., mumps) is also an unusual, but known cause of gonadal failure. Exposure to
chemotherapeutic agents may cause gonadal failure, but is more likely to affect Sertoli
cell development and cause infertility rather than pubertal delay (42). Inclusion of the
testis in the direct field of radiation usually causes testicular failure. While exposure to
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total-body radiation associated with bone marrow transplantation raises concern for
possible gonadal failure, at least one recent study showed no clear association with delay
in pubertal development (43).

Autoimmune ovarian failure is seen in girls, either as an isolated autoimmune phe-
nomenon, or, more frequently, in association with polyglandular autoimmune disease.
Idiopathic premature ovarian failure is also an infrequent cause. As with boys, ovarian
failure may also be associated with chemotherapy or radiation therapy, as well as sur-
gical or traumatic injury to the ovary.

Evaluation of Pubertal Delay
HISTORY

A thorough medical history and family history are essential in the evaluation of
pubertal delay. In cases of constitutional delay of puberty, a family history of late devel-
opment may be present in up to 90% of cases. A family history of significant pubertal
delay, treatment for such delay or a history of infertility may point to an underlying
genetic abnormality. The review of systems must probe for historical details that are
consistent with systemic disease or chronic disorders associated with pubertal delay.
Review of previous growth data, including weight for height, is essential. Plotting growth
data on a longitudinal growth curve (e.g., Bayer and Bayley (44)) is useful to demon-
strate a pattern of growth consistent with constitutional delay. These patients frequently
have slow growth in childhood with normal growth velocity. Growth data may also point
to an underlying systemic disorder. Low weight for height may indicate nutritional
disorders or underlying gastrointestinal disease. Patients with hypothyroidism, gluco-
corticoid excess, or Prader-Willi syndrome may have slightly or significantly increased
weight for height.

PHYSICAL EXAMINATION

Physical examination should include careful evaluation of pubertal staging, as subtle
changes may indicate the spontaneous onset of puberty and alleviate the necessity for
further evaluation.

BOYS

Increase in testicular size is usually the first sign of puberty in boys. In general,
testicular size greater than 4 mL in volume or a longitudinal measurement greater than
2.5 cm is consistent with the onset of pubertal development. Scrotal skin also changes
in texture and reddens in early puberty. Pubic hair development usually correlates with
genital development in boys, as both are under androgen control, but pubertal stage is
best assessed by evaluating these factors separately (45). Gynecomastia is a common
finding in early puberty, but may also be associated with Klinefelter’s syndrome or
partial androgen insensitivity.

GIRLS

Breast development in girls begins with formation of breast buds. This development
is frequently unilateral for several months. Enlargement of the areolar diameter usually
accompanies breast budding. Development of axillary and pubic hair may or may not
accompany the onset of puberty, as androgens are mainly produced by the adrenal gland,
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which is under separate control. Under the influence of estrogen, the vaginal mucosa
changes from a reddish tint to pink, and a whitish vaginal discharge may be seen.

In addition to height and weight, arm span and lower segment measurements should
be performed. The lower segment measurement is the distance from the pubic symphysis
to the floor when standing. An upper to lower segment ratio can be determined by
subtracting the lower segment measurement from the standing height (upper segment)
and evaluating the ratio. During normal pubertal development, this ratio changes from
greater than one pre-pubertally (with torso length greater than leg length) to slightly less
than or equal to one with increased long bone growth at puberty. In patients with
Klinefelter’s syndrome, the upper to lower segment ratio is low due to long bone growth,
but without significant signs of pubertal development.

A careful neurological evaluation is particularly important in the evaluation of delayed
puberty. Neurologic deficits may indicate the presence of central nervous system dis-
ease. Physical abnormalities suggestive of genetic syndromes such as Turner’s,
Noonan’s, Prader-Willi, Klinefelter’s, and Kallman syndrome as described above should
be specifically evaluated, as well as finding which could suggest underlying chronic
illness or endocrinopathy.

INITIAL DIAGNOSTIC EVALUATION

In patients with findings suspicious of underlying chronic disease, either by history
or physical examination, individual evaluation aimed at the suspected diagnosis should
be undertaken. This may include erythrocyte sedimentation rate for evaluation of
inflammatory disease, complete blood cell count, electrolytes, renal or liver panel, or
gastrointestinal studies.

Bone age evaluation is frequently helpful in the assessment of delayed puberty. Skel-
etal age more closely correlates with sexual development than does chronological age.
A skeletal age of 10 in girls and 12.5 in boys usually correlates with the onset of pubertal
development. If bone age is appropriate for chronological age, further evaluation for the
etiology of pubertal delay is appropriate. If a patient’s bone age is significantly delayed
(2 SD), pubertal delay may be caused by underlying chronic disease or endocrinopathy,
and further diagnostic evaluation is indicated. In constitutional delay, bone age is usually
comparable to height age, and observation may be appropriate.

In patients who are apparently healthy, and have no indications for etiology of delay,
most authors recommend initial assessment of serum or urine gonadotropin levels (LH
and FSH). If elevated, demonstrating hypergonadotropic hypogonadism, the etiology
for gonadal failure should be further investigated based on the differential diagnoses in
Table 1. However, low gonadotropin levels may represent constitutional delay, or
hypogonadotropic hypogonadism. This distinction may be quite difficult without obvi-
ous clinical sign associated with true hypogonadotropic hypogonadism.

LH and FSH pulsatility, as measured by 24 h sampling, has been used in several
studies to distinguish between constitutional delay of puberty and hypogonadotropic
hypogonadism. Lack of LH pulsatility is associated with hypogonadotropic hypogo-
nadism. While such detailed study is not recommended in the routine evaluation of
pubertal delay, these studies may provide useful insight. Odink et al. (46) concluded that
low FSH levels in children of adolescent age (random FSH of less than or equal to 1.11
in boys, or 2.86 in girls) discriminated patients without LH pulse from those with normal
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pulses. Thus, random FSH may be a useful tool in distinguishing constitutional delay
from hypogonadotropic hypogonadism.

Assessment of estradiol levels is infrequently helpful in early puberty. Elevations are
reassuring for onset of early puberty, but levels below the limit of many standard assays
may be seen in early puberty. Morning serum testosterone levels may be useful in
determination of progression into early puberty. One study determined that an 8AM

serum testosterone level greater than 0.7 nmol/L predicted an increase in testicular size
to >4 mL within 1 y in 77% in boys and within 15 mo in 100% of boys. In boys with levels
<0.7 nmol/L, only 12.5% of boys progressed to the same point within 1 yr (47).

GnRH stimulation testing is not helpful in distinguishing between constitutional delay
of puberty and hypogonadotropic hypogonadism, as both may show pre-pubertal pat-
terns of gonadotropin secretion in response to stimulation. Such testing may be useful
in distinguishing gonadotropin gene mutations from other etiologies of hypogo-
nadotropic hypogonadism at a later point in time, but should not be used in routine
evaluation.

Karyotype determination, while not routinely indicated, should be carried out if physi-
cal examination suggest the presence of a genetic syndrome such as Klinefelter’s,
Turner’s, Noonan’s, or Prader-Willi syndrome. It should also be performed in cases of
hypergonadotropic hypogonadism to evaluate for karyotypes typically seen in gonadal
dysgenesis.

Cranial magnetic resonance imaging should be performed in patient suspected of have
intracranial lesions or defects on the basis of initial physical examination. In other
patients, such imaging may be considered after further evaluation is completed, but need
not be performed as part of the initial evaluation. Similarly, in phenotypic males with
cryptorchidism or phenotypic females suspected of having androgen insensitivity, pel-
vic ultrasound may be part of the initial assessment, though deferred for later evaluation
in most cases.

Determination of the etiology of hypogonadotropic hypogonadism, and distinguish-
ing this permanent deficit from constitutional delay may be extremely difficult. As a
result, conservative management with observation over 6 mo to 1 yr may be warranted.
However, in cases of clearly permanent hypogonadism, therapy should be initiated at a
normal pubertal age to avoid the delay of growth and psychological effect of pubertal
delay. Cases of probable constitutional delay must be evaluated on an individual basis
for psychosocial distress, and subsequent need for intervention.

TREATMENT OF DELAYED PUBERTY

Boys: Testosterone therapy is utilized for induction of puberty in boys with constitu-
tional delay of puberty, hypogonadotropic hypogonadism, and hypergonadotropic
hypogonadism. While several preparations of testosterone are available internationally,
testosterone esters are the most commonly used. These compounds must be used intra-
muscularly to avoid hepatic metabolism. Testosterone enanthate and cypionate have
longer duration of action than testosterone propionate due to longer side-chain esterifi-
cation. Following injection, testosterone is hydrolyzed from the ester and becomes
metabolically active and identical to endogenous testosterone (48). Two transdermal
systems for delivering testosterone are currently available: a scrotal patch and a non-
genital patch. When applied daily, both transdermal systems result in similar testoster-
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one concentrations to those seen in normal young men in magnitude and diurnal varia-
tion. However, transdermal system are substantially more expensive than testosterone
esters and can produce skin reaction at the site of placement (48). Further, while
transdermal systems have been used in adults, their effectiveness in induction of puberty
remains unclear (49).

Constitutional delay of growth and puberty can cause significant psychosocial stress,
particularly in males. As a result, a variety of strategies have been examined for treatment
in these cases. Induction of a pubertal growth spurt with oxandrolone has been advocated
by some. While the mechanism of action of oxandrolone in unclear, it is a non-
aromatizable anabolic steroid that increases growth velocity without promoting exces-
sive skeletal maturation (49). Doses of 1.25 or 2.5 mg/d given orally have been used for
up to 1 yr (49,50). In a study by Tse et al., there was no compromise in final adult height
as a result of oxandrolone treatment. A randomized placebo-controlled study by Wilson
et al. (51) similarly found an increase in both height and weight velocity, but found that
this increase was not associated with a greater improvement in psychosocial status
compared to the control group.

While most physicians advocate a period of “watchful waiting”, including periodic
evaluation, reassurance, and psychological counseling in boys with probable constitu-
tional delay of growth and puberty, a short course of testosterone therapy may be initi-
ated in order to stimulate pubertal development in some cases. A low dose of testosterone
enanthate (50–100 mg given intramuscularly every 4 wk) for 4–6 mo will stimulate
linear growth and secondary sexual characteristics without inappropriately accelerating
bone age (48). When distinction between constitutional delay and true hypogonadotropic
hypogonadism is difficult, a short course of therapy (4–6 mo) followed by discontinu-
ation and monitoring for 4–6 mo for progression of puberty may be of diagnostic use.
Enlargement of testicular volume after testosterone treatment becomes extremely
obvious in patients with constitutional delay as opposed to those with hypogonadotropic
hypogonadism (49). In addition, patients with constitutional delay may continue with
pubertal progression following a “jump start” with testosterone therapy (37). However,
one 6-mo course may not be sufficient, even in patients with true constitutional delay.

Testosterone esters are also appropriate therapy for permanent hypogonadal states.
Testosterone enanthate, administered by intramuscular injection, is the most common
method of pubertal induction and maintenance for hypogonadal states. Various schemes
have been proposed, but most authors advocate a starting dose of 50 mg every 4 wk.
When the pubertal growth spurt is well established, the dose should be gradually increased
to a full adult dose of 200 mg every 2 wk. When hypogonadism is diagnosed at a pre-
pubertal age, due to known abnormality, testosterone therapy may be started as early as
a bone age of 11–12 yr to decrease the psychological disturbance associated with delays
in pubertal development (52).

The side effects of androgen therapy are associated with their physiologic effects.
Frequent side effects include acne, oily skin, and some gynecomastia (due to aromati-
zation to estrogen). Beneficial effects include decline in total plasma cholesterol and
LDL concentrations, increased lean body mass, and decreased risk of osteoporosis based
on improvement in bone mineral density (48).

Girls: Estrogen therapy induces breast development in girls with hypogonadism, with
either long-term low doses, or gradual increases in dose providing adequate time for
pubertal growth, and gradual breast development. While opinions vary as to the optimum
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method for achieving normal breast development and longitudinal growth, the scheme
proposed here is commonly used by clinicians. In cases where further growth is desired
due to short stature, a starting dose of 5 µg ethinyl estradiol given orally on a daily basis
is recommended. This low dose may be continued for 12–18 mo, and increase in 5 µg
steps every 6 mo to reach a dose of 20–30 µg adult replacement, as desired height is
approached (53,54). Alternatively, Premarin (conjugated estrogen) may be used at a
dose of 0.3 mg every other day for 6 mo followed by an increase to every day for 6 mo.
As breast development and pubertal growth increase, this dose can be increased to
0.625 mg. A progestagen should be added when 15 µg of ethinyl estradiol (or 0.625 mg
Premarin) has been reached, or if spotting occurs. This is usually administered as Provera
(medroxyprogesterone) at a dose of 5–10 mg for 10–14 d. Dose and duration should be
tailored to the individual patient based on occurrence of side effects, such as nausea. The
simplest regimen for the adolescent patient in continuous estrogen therapy with
medroxyprogesterone added the first 10–14 days of the calendar month. After adult
doses of estradiol and medroxyprogesterone are reached, oral contraceptive pill may be
substituted for separate preparations of these compounds.

In girls without a uterus, such as in androgen insensitivity or XY gonadal dysgenesis,
the same guidelines for estrogen replacement can be used, but there is no need for the
addition of progestagen.

Hormonal replacement is associated with some behavioral changes in hypogonadal
adolescents. Specifically, boys have an increase in nocturnal emissions and touching
behaviors at higher doses (55). However, in at least one study, estrogen or testosterone
therapy was found to have minimal effects of behavior problems or mood in adolescents.
In this study, low-dose estrogen therapy was associated with an increase in withdrawn
behavior (56), but no other association was found when assessed using a variety of
behavioral testing tools.

GNRH AND GONADOTROPIN THERAPY

In some cases of hypogonadotropic hypogonadism, pulsatile administration of gona-
dotropin releasing hormone has resulted in induction of puberty (57). However, as a
practical matter, such therapy is most frequently used for stimulation of spermatogenesis
or induction of ovulation in infertile adult patients. Similarly, gonadotropin therapy has
not been commonly used in adolescents, but reserved for therapy for adult infertility.
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INTRODUCTION AND NORMAL DEVELOPMENT

Precocious puberty has been a focus of interest for both the pediatric endocrinologist
and the primary pediatrician for many years. Twenty years ago, the development and
application of GnRH-agonist (GnRHa) therapy to treat central precocious puberty sig-
nificantly changed our approach to this disorder. More recently, application of molecular
biological techniques has provided us with a better understanding of the intricacies of the
regulation of gonadotropin and sex-steroid production characteristic of normal pubertal
development and provided us with the tools to elucidate the etiologies of previously
uncharacterized disorders of precocious puberty.

The Hypothalamic-Pituitary-Gonadal Axis
The onset of puberty requires the re-activation of the hypothalamic-pituitary-gonadal

axis. Maturation of the hypothalamic-pituitary-gonadal axis initially occurs by mid-
gestation (1). GnRH or gonadotropin-releasing hormone is a decapeptide secreted by
neuroendocrine neurons residing in the supraoptic and ventromedial nuclei of the pre-
optic and medial basal hypothalamus. Their nerve termini are found in the lateral por-
tions of the median eminence adjacent to the pituitary stalk. GnRH secretion by these
neurons is coordinated in such a way that, when grown in culture, individual cells exhibit
pulsatile secretion that becomes synchronous when the cells are placed in physical
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proximity to each other. These cells interestingly are one of the few cell-types that
originate outside of the central nervous system, in the region of the olfactory placode (2).
During fetal development, they migrate with the olfactory neurons to their final location
in the hypothalamus (Fig. 1) The initial secretion of GnRH appears unrestrained and
occurs between 100–150 days of gestation. The pulsatile secretion is essential to the
activation of the pituitary gonadotropes and the pulses must be of sufficient amplitude
and frequency to regulate the release of follicle stimulating hormone (FSH) and lutein-
izing hormone (LH). The frequency of the pulses has been shown to alter the pattern of
LH and FSH secretion such that faster frequencies increase gonadotrope release of both
LH and FSH, slower frequency pulses increase the secretion of FSH relative to LH, and
a constant infusion inhibits the release of both LH and FSH (3). Maturation of negative
feedback to the effects of sex steroids occurs after 150 d gestation with a progressive
decrease in GnRH secretion resulting in low level GnRH secretion at term (4,5). The
GnRH “pulse generator” is highly functional 12 d after birth, presumably secondary to
the withdrawal of maternal and placental sex steroid exposure. This leads to prominent
FSH and LH release until approximately 6 mo of age in males and 12 mo in females.
These gonadotropin levels lead to transient increases in sex steroids in infants that can
approximate those seen in mid-puberty (6). Negative feedback control of FSH and LH
secretion becomes highly sensitive to sex steroids by 2 yr of age. The role of sex steroid
negative feedback in this period has been supported by the observation of high gonadot-

Fig. 1. Ontogeny of the GnRH neurosecretory neurons in the mouse. The migratory route of the GnRH
neurons is indicated by the black dots. Their progression is illustrated according to embryonic day of
development. At d 11–11.5 the neurons are in the area of the vomeronasal organ (VNO) and the medial
wall of the olfactory placode. By d 13 the cell number has increased and their distribution has extended
to the olfactory bulb (OB) and the ganglion terminalis (GT). By d 14 the cells approach the preoptic
area (POA) and begin to enter the hypothalamus. By d 16 the migration is nearly complete. (Adapted
from Schwanzel-Fukuda M, Pfaff DW. Origin of luteinizing hormone-releasing hormone neurons.
Nature 1989; 338:161–164; with permission)

GUEST
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ropin levels in agonadal infants such as those with Turner syndrome (1). Beyond 3–4 yr
of age, until puberty, the mechanism by which GnRH secretion is inhibited is less well
understood since LH and FSH secretion is suppressed even in the agonadal individual.
In part, this finding has led to the hypothesis that there is an “intrinsic CNS inhibitory
mechanism” that prevents secondary sexual development until “disinhibition” occurs at
the time of puberty. Studies in non-human primates have identified gamma-aminobutyric
acid (GABA) as an inhibitory neurotransmitter responsible for restricting GnRH release
(7). Reduction in tonic GABA inhibition appears to allow an increase in the response to
other neurotransmitters such as glutamate that stimulate GnRH release (8,9).

At the time of the normal onset of puberty, GnRH pulsatile secretion is re-established,
presumably following reduction in GABA inhibition of the pulse generator and decreased
negative feedback sensitivity to low levels of sex steroids. This leads to increased GnRH
pulsatility that is initially sleep-associated. As puberty progresses, there is an increase
in LH pulse amplitude during the daytime as well, leading to sex steroid production and
progressive development of secondary sexual characteristics. By mid to late puberty,
spermatogenesis is established in males and a positive feedback mechanism develops in
females resulting in the capacity to exhibit an estrogen-induced LH surge that leads to
ovulation.

Normal Pubertal Development
Normal puberty involves activation both the hypothalamic-pituitary-gonadal axis

(gonadarche) as well as maturation of the adrenal axis (adrenarche). Adrenarche is
associated with an increase of adrenal androgen production that leads to pubarche, or
the first appearance of pubic hair. This increase in adrenal androgens begins approxi-
mately 2 yr prior to elevations of pituitary gonadotropins and gonadal sex steroids
(10,11). Adrenarche and gonadarche are independent events, as evidenced in agonadal
children and those with Turner syndrome who exhibit adrenarche, but not gonadarche.
The mechanism by which adrenarche is initiated remains unclear despite various theo-
ries and investigations over many years. The 17,20-lyase activity of the P450c17 enzyme
is dramatically increased, particularly in the zona reticularis of the adrenal cortex lead-
ing to increased dehydro-epiandrosterone (DHEA) and androstenedione production.
There has been speculation that a pituitary factor is responsible for stimulating the
maturation of the zona reticularis, however there are no definitive data to support this
claim (12). Preliminary evidence has suggested that post-translational phosphorylation
of the P450c17 enzyme may cause the increase in 17,20 lyase activity with a consequent
increase in adrenal androgen production (13,14).

The secondary sexual features of puberty in the male are first noted between the ages
of 9–14 yr. The first physical sign of puberty is testicular enlargement to greater than
2.5 cm in longest diameter or 3 cc in volume. This is largely due to an increase in Sertoli
cell and seminiferous tubular volume with a small contribution by the Leydig cells. Pubic
hair appears within a few mo. Tanner stages of genital and pubic hair development are
illustrated in Fig. 2. Increasing androgen levels lead to increased oiliness of the hair and
skin resulting in acne, adult body odor, deepening of the voice, penile erections, and
nocturnal emissions. Normal variations in androgen to estrogen ratios can lead to tran-
sient breast budding or gynecomastia in a majority of pubertal boys (15).

Puberty in females is heralded by breast development, or thelarche, between the ages
of 8–13 yr. Breast development may be unilateral for 6 mo prior to the development of
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the contralateral breast. Pubic hair appears within a few months during Tanner 2 breast
development with menarche typically occurring approximately 2 yr after the onset of
puberty, during Tanner 4 breast development. This age range was called into question
in 1997 by a study coordinated by the American Academy of Pediatrics (16). Analysis
of data collected by primary physicians on 17,077 girls of mixed ethnic background
suggested that pubarche may occur as early as 5 yr in African-American females and
7 yr of age in Caucasian females. Menarche is not a presenting feature of puberty and its
presence should prompt investigation into the possibility of a foreign body or invasive
lesion of the vaginal vault, cervix, or uterus. The stages of breast and pubic hair devel-
opment are summarized in Fig. 3. As indicated in Fig. 4, in contrast to males, the pubertal
growth spurt follows shortly after the onset of puberty. This is clearly evident when one

Fig. 2. Tanner stages of male genital and pubic hair development according to Marshall and Tanner
and Reynolds and Wines (Photos from Van Wieringen JD, Wafelbakker F, Verbrugge HP, et al.
Growth Diagrams 1965 Netherlands: Second National Survey on 0–24 Year Olds. Netherlands Insti-
tute for Preventative Medicine TNO. Groningen: Wolters-Noordhoff, 1971; with permission).
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Fig. 3. Tanner Stages of female breast and pubic hair development according to Marshall and Tanner and Reynolds and Wines (Photos from Van
Wieringen JD, Wafelbakker F, Verbrugge HP, et al. Growth Diagrams 1965 Netherlands: Second National Survey on 0–24 Year Olds. Netherlands
Institute for Preventative Medicine TNO. Groningen: Wolters-Noordhoff, 1971; with permission)
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surveys the relative tall stature of females as compared to males at approx 12 yr of age.
Additional features of puberty in the female include growth of the body of the uterus and
“estrogenization” of the vaginal mucosa as the epithelium is transformed, the vaginal pH
drops (acidifies), and leukorrhea appears. The uterus, as evaluated by pelvic ultrasound,
is judged as pubertal in configuration when the body of the uterus is larger than the
cervix, with a length >3.5 cm or a volume greater than 18 mL.

Precocious Puberty: Definitions

Recent discussions among pediatricians and pediatric endocrinologists have focused
on the determination of the current definition of precocious puberty in females. In 1997,
the Pediatric Research in Office settings Network of the American Academy of Pediat-
rics reported that the onset of puberty in girls in the US is occurring earlier than previous
studies have documented (16). The study reported that breast and pubic hair develop-
ment is occurring 1 yr earlier in Caucasian girls and 2 yr earlier in African-American girls
despite no change in the age of menarche. These findings would indicate that girls are
entering puberty at an earlier age, but progressing at a slower rate. More recent data by
Biro and colleagues on almost 2400 females further demonstrate that adult height in
females is associated with age at menarche in both races. The early maturing, more
rapidly growing girls are the tallest early on but become the shortest adults (17). This
study also highlighted the finding that puberty starts earlier in females with greater body
mass index (BMI), specifically with increased adiposity. This is not an insignificant
position, as it implies that pubertal development is not precocious in Caucasian females
older than 7 yr and African-American girls older than 6 yr. This prompted a review of
the literature and the issuance of standards of practice by the Lawson Wilkins Pediatric
Endocrine Society (18). The Drugs and Therapeutics and Executive Committees of this

Fig. 4. Sequence of pubertal development in males and females. Relative growth velocity, testicular
volume or menarche and Tanner staging are indicated for age. (From Tanner JM. Growth at Adoles-
cence. Oxford, England:Blackwell Scientific Publications;1962:30–36; with permission.)
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body concluded; “recent data demonstrate that in the United States, the onset of puberty
in girls is occurring earlier than previous studies have documented, with breast and pubic
hair development appearing on average 1 year earlier in white girls and 2 yr earlier in
African-American girls.” They concluded that aggressive evaluation and treatment are
unlikely to be beneficial in African-American females having onset of puberty after 6 yr
of age and white females with the onset of puberty after age 7 yr. It must be noted that
many in the field of pediatric endocrinology think that the adoption of these new stan-
dards is premature and carries the risk of overlooking pathology. In our opinion, until
additional studies are performed, premature sexual development in Caucasian girls
younger than 8 yr and African-American girls younger than 7 yr deserves a medical
evaluation (19).

Precocious puberty is secondary to either central or peripheral mechanisms. Several
forms of premature puberty, including both premature thelarche and premature pubarche,
are generally considered benign. Premature thelarche is the early appearance of isolated
breast development. Premature pubarche is the early appearance of pubic hair, which is
most often secondary to premature adrenarche, an “early awakening” of the adrenal
gland. Adrenarche occurs in association with increased adrenal androgen production
leading to the appearance of pubic hair and other androgen effects such as acne, body
odor, and axillary hair development. Central precocious puberty or gonadotropin-depen-
dent precocious puberty results from the premature activation of the hypothalamic-
pituitary-gonadal (HPG) axis leading to premature secondary sexual development that
proceeds in a fashion similar to normal pubertal progression. Potential triggers of central
precocious puberty are listed in Table 1. In contrast gonadotropin-independent preco-
cious puberty occurs in the absence of HPG axis activation and may be secondary to
numerous etiologies, including those listed in Table 2. Because of the significant mor-
bidity associated with many of these lesions, determination of the etiology is essential.
In addition, any child with premature sexual development is at risk for psychological and
social stresses, including sexual abuse. One of the most significant consequences of
untreated, rapidly progressive, central precocious puberty is a compromise in final adult
height.

BENIGN PREMATURE DEVELOPMENT

Premature thelarche and premature adrenarche may be the consequence of benign,
self-limited processes that require no therapeutic intervention. Premature thelarche is
limited to modest breast development, but may also include estrogenization of the vagi-
nal mucosa and rarely, vaginal bleeding. Premature adrenarche results in the appearance
of pubic and/or axillary hair and occasionally acne and body odor. In general, these
conditions are not associated with significant growth acceleration or skeletal maturation.
Of note however is increasing attention to studies that question the benign nature of
premature adrenarche (20–25).

Premature Thelarche
Premature thelarche is the isolated premature appearance of breast development in

girls that occurs during the first 3–4 yr of life (26), with a peak prevalence in the first
2 yr (27, 28). It should be differentiated from neonatal breast hyperplasia which is
generally present at birth, is a consequence of gestational hormones, and generally
spontaneously resolves within the first few mo of life. Growth acceleration, significant
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bone age maturation, or other signs of precocious puberty do not accompany benign
premature thelarche (29). The breast development may be unilateral or bilateral with a
waxing and waning course. Regression often occurs within 18 mo. However, it has been
suggested that complete regression may only be seen if the onset of development is prior
to 2 yr of age (27,28). Furthermore, girls with more than Tanner 2 breast development
are also less likely to have breast tissue regression (30).

The precise etiology of premature thelarche remains unknown. It has been postulated
that in some girls, the glandular breast tissue is particularly sensitive to low levels of
circulating estrogen (31,32). It is important to exclude ingestion or exposure to exog-

Table 1
Differential Diagnosis of Gonadotropin-Dependent Precocious Puberty

Idiopathic
Sporadic
Familial
Adoption from developing country
Following chronic exposure ot sex steroids

Central Nervous System Disorders
Hypothalamic Hamartoma
Congenital Anomalies

Hydrocephalus
Myelomeningocele
Midbrain developmental defects

Cysts
Arachnoid
Glial
Pineal

Neoplasms
Astrocytoma
Craniopharyngioma
Ependymoma
Glioma
Neuroblastoma
Pinealoma

Vascular lesion
Global CNS Injury
Cranial Irradiation
Infection

Abscess
Encephalitis
Meningitis

Syndromes
Neurofibromatosis type 1
Russel-Silver syndrome
Williams syndrome
Klinefelter syndrome
Cohen syndrome
Pallister-Hall syndrome
Solitary maxillary incisor
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enous estrogenic agents such as oral contraceptives or creams in girls with premature
thelarche. Environmental pollutants including xenoestrogens, such as plasticizers
classified as endocrine disruptors, or phytoestrogens may exhibit estrogenic and
antiandrogenic activities and have also been implicated in the etiology of premature
breast development (33). Increased levels of sex-hormone-binding globulin (SHBG)
levels in conjunction with decreased free testosterone can lead to an alteration of the ratio
of androgens to estrogens, and is another postulated etiology for premature thelarche
(34). Serial and stimulated gonadotropin measurements in these girls have revealed
elevated FSH levels consistent with those seen in early puberty (35–38). It has therefore
been suggested that premature thelarche may be a consequence of early and slowly
progressive activation of the hypothalamic-pituitary-ovarian axis and thus, may repre-
sent part of the continuum of central precocious puberty.

Premature thelarche may be difficult to diagnose in obese females. Adipose tissue
over the pectoral area may appear much like breast tissue, and may be difficult to
differentiate from glandular tissue. Palpation of the breast may reveal an absence of
tissue in the subareolar area, which some clinicians to refer to as “the doughnut sign.”

Table 2
Differential Diagnosis of Gonadotropin-Independent Precocious Puberty

Autonomous Gonadal Function
McCune-Albright Sundrome
Peutz-Jeghers Syndrome
Familial Male Precocious Puberty (Testotoxicosis)
Ovarian Cysts

Gonadal Tumores
Ovarian

Granulosa cell
Theca cell
Combination

Testicular
Leydig cell
Sertoli cell

Extogenous Steroid Ingestion/Exposure
hGC Secreting Tumors*

Hepatoblastoma
Pinealoma
Germinoma

Thymic
Testicular

Choriocarcinoma
Teratoma

Adrenal Disorders
Congenital adrenal hyperplasia
Adenoma
Carcinoma

Severe Primary Hypothyroidism

*hCG is a gonadotropin however, for the purposes of classification of causes of precocious puberty it
is generally defined as being a cause of gonadotropin-independent precocious puberty.
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During initial breast development, glandular tissue first appears in the subareolar region
and subsequently extends outwards. Ultrasound examination may rarely be useful to
make this distinction or to identify a cyst, abscess, or breast tumor (39). Pelvic ultrasound
may reveal small ovarian cysts in children with premature thelarche. However, because
this finding is usually seen in normal pre-pubertal girls, it is not usually a helpful diag-
nostic test. On occasion, girls with premature thelarche may have a single, large follicu-
lar cyst that produces estradiol. Some of these cysts are self-limited and resorb
spontaneously. However, girls prone to ovarian cyst development may have cyst recur-
rence.

Serial observation and reassurance of the family is all that is necessary for a girl with
isolated premature thelarche. A bone age radiograph may be indicated to gauge the
extent of estrogen exposure. Evidence of advanced skeletal maturation usually suggests
more significant pathology than premature thelarche. It should be kept in mind, however,
that the bone age might be slightly advanced in obese children. Although premature
thelarche has been viewed as a self-limited variation of normal development, these
patients should be followed at three to six month intervals, unless the condition resolves.
Long-term studies have indicated that as many as 18% of girls with premature thelarche
may progress to central precocious puberty despite their typical presentation (26,
28,37,40).

Premature Pubarche
Premature pubarche is defined as the appearance of pubic and/or axillary hair prior to

8 yr of age. The child with premature pubarche typically presents with the early appear-
ance of pubic and possibly axillary hair. In addition, there may be children that also
manifest features of mild hyperandrogenism, including apocrine or adult body odor and
comedones. The pubic hair is generally limited to Tanner stage 2 development with few
scattered hyperpigmented curly hairs appearing over the labia majora or perineum in
females or at the base of the penis in males. The presence of clitoromegaly is highly
suggestive of serious pathology and is not seen in benign premature pubarche. Similarly,
hirsutism is not a feature of benign premature pubarche. If considerable hirsutism exists,
it can be quantified utilizing the Ferriman-Gallwey index (Fig. 5).

Premature pubarche is most commonly a consequence of premature adrenarche, which
is more common in females and often observed in children with CNS abnormalities.

As was noted above, work by Herman-Giddens, et al. and the National Heart, Lung,
and Blood Institute suggests that puberty and adrenarche may be occurring in younger
females, particularly those of African-American descent (16). However, we continue to
recommend that caution should be exercised in assigning a diagnosis of “normal variant”
pubertal development to females younger than 7–8 yr of age. As many as 20% of girls
with premature adrenarche have been reported to progress into central precocious puberty
(41). Benign premature adrenarche does not alter normal pubertal progression and is
generally thought to be self-limited. However, recent studies suggest that premature
pubarche may not be completely benign. These studies indicated higher association with
later hyperandrogenism, menstrual irregularities and infertility in females. These studies
suggest that premature adrenarche may be the presenting feature of polycystic ovary
syndrome (PCOS) (20). Associations between premature adrenarche, elevated adrenal
androgens (DHEA-S), and insulin resistance have also been reported in individuals with
a history of intrauterine growth retardation (IUGR) (42–44). IUGR, in turn, has been
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Fig. 5. The Ferriman and Gallwey system for scoring hirsutism. A score of 8 or more indicates hirsutism. (From R Hatch, RL Rosenfield, MH Kim,
et al., Hirsutism: Implications, etiology, and management. Am J Obstet Gynecol 1981;140:815, the chart is adapted from D Ferriman and JD Gallwey,
Clinical assessment of body hair growth in women. J Clin Endocrinol Metab 1961;21:1440, by permission)
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associated with an increased risk of Syndrome X (insulin resistance, hypertension, and
hyperlipidemia) in adult life (45). Since additional prognostic indicators for PCOS and
Syndrome X do not exist, long-term follow-up of these individuals may be warranted (46).

Signs of excess virilization such as deepening of the voice, increase in muscle mass,
clitoral enlargement in females or testicular/phallic enlargement in males are not fea-
tures of benign premature adrenarche. When present they should raise the concern of
significant pathology. The differential diagnosis includes late-onset or non-classical
congenital adrenal hyperplasia (NCAH), rare virilizing adrenal or gonadal tumors, and
central precocious puberty in boys. In addition, poorly controlled classical congenital
adrenal hyperplasia may cause elevations in androgen levels and excess viralization.

Enzymatic defects in adrenal steroidogenesis may lead to hyperandrogenism. Con-
genital adrenal hyperplasia is the result of one of several autosomal recessive defects in
one of a number of steroidogenic enzymes necessary for cortisol production (Fig. 6).
Defects leading to virilization result from the inability to synthesize sufficient quantities
of cortisol to adequately suppress hypothalamic corticotropic-releasing-hormone (CRH)
and pituitary adrenocorticotropic hormone (ACTH). This leads to elevated ACTH levels
that stimulate steroidogenic acute regulatory protein (StAR) and p450SCC leading to an
overabundance of intermediary precursors proximal to the enzymatic defect. The excess
quantities of these precursors leads to a shunting of hormone production to androgens.
Defects in P450c21, P450c11AS, and 3 beta-hydroxysteroid dehydrogenase (3βHSD)
lead to increases in adrenal androgen synthesis. Classical defects cause severely com-
promised or absent enzymatic function causing marked and early hyperandrogenism
during fetal development leading to ambiguous genitalia in newborn females. However,
partial defects may lead to less severe or absent phenotypic findings in females and may
escape detection in male infants. The less severe defects do not lead to substantial
mineralocorticoid or glucocorticoid deficiency but instead may cause hyperandrogenism
later in life (nonclassical congenital adrenal hyperplasia - NCAH). The incidence of
NCAH varies widely depending upon the ethnicity of the population being studied.
Rates range from 0.3% in the general population to almost 4% in Ashkenazi Jews (47).
Studies of screening for NCAH in females with premature adrenarche report incidences
ranging from 6–40% (46,48,49).

Fig. 6. Biosynthetic pathway of adrenal steroidogenesis.
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Virilizing tumors of the adrenal may rarely present as premature pubarche. Such
tumors generally lead to marked virilization, growth acceleration, and skeletal advance-
ment. This occurs in the absence of testicular enlargement in the male.

Evaluation of a child with premature pubarche may not require extensive evaluation.
Typically, a bone age x-ray reveals that skeletal maturation is within 2 SD of chronologic
age. Androgen levels in premature adrenarche are usually consistent with those seen in
Tanner stage 2–3 pubic hair development (50). We recommend obtaining a DHEAS
level to help confirm this diagnosis. Clitoromegaly, rapidly progressive or excess viril-
ization and advanced skeletal maturation warrant determination of additional androgen
levels including 17-OH progesterone, androstenedione, and testosterone. ACTH stimu-
lation testing with 100 µg of iv/im synthetic ACTH (Cortrosyn) allows one to compare
baseline and stimulated levels of adrenal steroid hormone precursors in order to pinpoint
possible enzymatic defects. Adrenal computed tomography (CT) scan or ultrasound
should be used to identify mass lesions if significant virilization occurs and hormonal
evaluation does not reveal an adrenal enzymatic disorder. Tumors may be differentiated
from CAH, as they do not typically respond to ACTH stimulation or glucocorticoid
suppression.

Therapy, if indicated, is dictated by the etiology of the excess androgens. In the case
of NCAH, glucocorticoid replacement therapy is recommended to inhibit excess hypo-
thalamic/pituitary stimulation of adrenal steroidogenesis and consequent hyperandro-
genism. Virilizing tumors require surgery, preferably by a pediatric surgeon experienced
in such procedures. Although surgical excision is often curative, chemotherapy may be
indicated for cases with evidence of tumor extension or for recurrence. The recent
association of premature adrenarche and PCOS may support a search for evidence of
hyperinsulinism with a consideration of oral contraceptive and/or insulin sensitizers or
metformin therapy in postmenarchal females (51–53).

CENTRAL PRECOCIOUS PUBERTY

Central precocious puberty (CPP) is a gonadotropin dependent process. It results from
premature activation of the hypothalamic-pituitary-gonadal axis. Secondary sexual
development follows the sequence of normal puberty, however beginning at an earlier
age. The etiology is most commonly idiopathic in girls, but is identified in the majority
of boys (54,55). The reason for this sex difference is unclear. However, it has been
proposed that the female axis is more readily activated by various factors. As listed in
Table 1, a multitude of CNS abnormalities can lead to CPP, presumably by interrupting
the normal prepubertal neuronal pathways that typically inhibit activation of the hypo-
thalamic-pituitary-gonadal axis.

The most common identifiable cause of CPP is a hypothalamic hamartoma. It has been
identified in 10–44% of CPP cases (55). These “tumors” are usually benign congenital
malformations arising from disorganized central nervous tissue including GnRH neuro-
secretory neurons. They are best visualized by magnetic resonance imaging (MRI) and
typically appear as a pedunculated mass attached to the hypothalamus between the tuber
cinereum and the mamillary bodies, just posterior to the optic chiasm (55,56). Rarely,
these tumors may be associated with gelastic (laughing) seizures, secondary generalized
epilepsy, behavioral difficulties, and variable cognitive deficiencies (56). Most hama-
rtomas rarely enlarge, cause mass effects or increased intracranial pressure and thus,
invasive surgery is not indicated. Furthermore, some studies have shown that complete
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resection of these lesions can fail to halt pubertal progression (57). Like other children
with CPP, children with hypothalamic hamartomas respond well to GnRH analog therapy
(56,57).

A variety of other CNS lesions can result in central precocious puberty (Table 1). It
is believed that they also, cause disruption of tonic inhibitory signals to the hypothala-
mus, leading to pulsatile GnRH release and activation of the hypothalamic-pituitary-
gonadal axis. Such activation has been seen with optic gliomas of the chiasm in
neurofibromatosis type 1 (58), CNS developmental defects such as septo-optic dysplasia
and myelomeningocele, and in isolated hydrocephalus. High dose cranial irradiation
used in the treatment of pediatric malignancies has also been shown to cause precocious
puberty in up to 25% of cases (59). CNS irradiation with doses as low as the 18–24 Gy
used in CNS prophylaxis therapy for childhood leukemia can also predispose children
to central precocious puberty. In these cases, the age of onset of precocious puberty is
often correlated with age at the time of radiation therapy.

Central precocious puberty may also arise following exposure of the hypothalamus
to elevated sex steroid levels associated with peripheral precocious puberty. We con-
sider this secondary central precocious puberty because the activation of the hypotha-
lamic-pituitary-gonadal axis occurs as a phenomenon secondary to the primary peripheral
cause of precocious puberty. Patients with uncontrolled congenital adrenal hyperplasia,
virilizing adrenal tumors, McCune-Albright syndrome, familial male precocious
puberty, ovarian tumors, and exogenous sex steroid exposure have all been reported to
develop central precocious puberty, usually after successful treatment of the primary
disorder has lowered the sex steroid levels (60–63). The mechanism responsible for
activation of the GnRH neurosecretory neurons in these cases is unknown. It has been
hypothesized that “maturation” of the axis leads to disinhibition of the GnRH pulse
generator. The degree of bone age advancement appears to be correlated with the onset
of CPP. The majority of reported cases have had bone ages in excess of 10 yr at onset
of central activation. An exception is the report of a 5 yr old girl who developed CPP at
a bone age of only 5.5 yr following removal of an ovarian tumor that had been diagnosed
at 7 mo of age.

The evaluation of a child with premature sexual development includes a detailed
medical and family history and a history of potential exogenous sex steroid exposure.
Prior growth data are invaluable in determining if growth acceleration has occurred. A
thorough physical examination to accurately document growth parameters as well to
assess for the presence of acne, adult body odor, breast development, axillary and pubic
hair, estrogenization of the vaginal mucosa, and physiologic leukorrhea is critical. A
bone age determination to evaluate the degree of skeletal maturation is essential for both
diagnosis and long-term therapy.

The “gold standard” for detecting activation of the hypothalamic-pituitary-gonadal
axis is a GnRH stimulation test. In the most widely utilized version of this test, synthetic
GnRH (Factrel®) is administered intravenously and gonadotropin levels are drawn at
baseline and at subsequent intervals over one hour. A quiescent axis under tonic inhibi-
tion does not respond to a single GnRH stimulus, an activated axis generates a brisk
response in gonadotropins and, consequently, sex steroids. Variations on this method
have utilized subcutaneous GnRH followed by a single measurement for gonadotropins
(64) and the use of GnRH agonists, such as leuprolide and nafarelin to induce gonadot-
ropin release (65–67). Although an “LH predominance” is classical in CPP, intermedi-
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ary responses have been described in early puberty and premature thelarche. Higher
sensitivity assays have more recently revealed that circulating LH and FSH levels are
pulsatile in prepubertal children, albeit at much lower frequencies and pulse amplitudes
(68–71). Peripubertal increases in LH are first seen at night followed by greater increases
in daytime levels (72). The recent development of ultra-sensitive LH assays may be
sufficient to differentiate prepubertal from pubertal levels of gonadotropins, without the
aid of GnRH stimulation of the pituitary gonadotropes, thus replacing the need for a
GnRH stimulation test.

If CPP is suspected, a cranial MRI is indicated to determine the anatomy of the
hypothalamic-pituitary area and to rule out potential pathology. A bone age radiograph
will indicate the degree of sex-steroid exposure and consequent to skeletal maturation
with ascertainment of growth potential. Pelvic ultrasonography can reveal adrenal and
ovarian lesions and can document ovarian and uterine size. Multiple studies have shown
that 53–80% of prepubertal females have small (<9 mm) ovarian cysts. Cyst size does
not vary with age, and the finding of multiple cysts within a single ovary is not rare.
Pubertal ultrasound findings include a uterine length greater than 3.5 cm and a fundus
to cervix ratio of >1 on midline endometrial measurement (73).

Therapy for gonadotropin-dependent precocious puberty must first address the etiol-
ogy of the disorder. Consultation with experienced pediatric oncologists and/or pediatric
neurosurgeons should be sought for potentially invasive CNS lesions. Early exposure of
the epiphyses to elevated estrogen in the female and the male (via aromatization of
androgens) leads to premature epiphyseal fusion and a compromise in adult height. Thus,
a decision to treat a child is primarily based on the risk for adult short stature. Second-
arily, treatment is aimed at reducing the rate of progression of secondary sexual devel-
opment.

Until the early 1980s, therapy for CPP was limited to progestational agents such as
medroxyprogesterone acetate (MPA, Provera®). They act by interfering with steroido-
genesis and directly inhibiting both GnRH and gonadotrope secretion. Although they
were successful in preventing menses and providing at least partial regression of second-
ary sexual characteristics, they were unsuccessful in slowing skeletal maturation with
the resultant effect being a compromise in final height. “Super-agonist” therapy with
long-acting GnRH analogs is currently the most widely used and effective therapy for
CPP. These agents were initially utilized in the treatment of prostate cancer because they
induce a “medical gonadectomy” and limit the further growth of testosterone-responsive
tumors. Modification of the GnRH decapeptide in the sixth and tenth positions results
in greater receptor affinity with resultant increases in GnRH potency and duration of
action. The rapid and sustained binding of these analogs to GnRH receptors typically
causes a brief (<4–6 wk) stimulation of gonadotrope release and sex steroid production,
followed by a consequent decrease in LH and FSH, which results in a decrease in gonadal
sex steroid production and release. The frequent administration required of early genera-
tion subcutaneous and intranasal agonists led to difficulties in maintaining compliance
and, on occasion, there was actually progression of pubertal development secondary to
intermittent agonist administration. Currently, the most widely used agent in the US is
Lupron® (depot leuprolide acetate) given as 0.2–0.3 mg/kg im every 28 d. Adequacy of
therapy is assessed by clinical, radiographic and biochemical means. Slowing the rate of
breast and pubic hair development is common and gonadotropin and sex steroid levels
are suppressed (74). The return of ovarian and uterine volumes to age appropriate sizes
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usually occurs within 6 mo of initiation of therapy. Similarly, testicular volume decreases
in boys. Children treated with GnRH analogs achieve significant long-term improve-
ments in adult height when compared with predicted adult height at the start of therapy
and with untreated historic controls (75–77). Studies to document final height data are
vital because the predicted adult height at the completion of therapy frequently overes-
timates final height. This may be a consequence of rapid pubertal progression occurring
after agonist therapy is discontinued (78).

Following initiation of GnRH agonist therapy, there is a deceleration in growth
velocity. On occasion, especially when the bone age is greater than 11 yr, the growth
velocity is significantly decreased (<4 cm/yr). This has led to investigation of the role
of sex steroids in the GHRH - growth hormone axis (79,80). In a number of studies,
addition of growth hormone therapy has been shown to improve growth velocity and
predicted adult height (81). The effect on final height remains a topic of debate, but
should be clarified within the next few years as ongoing studies are concluded. GnRH
agonist therapy may decrease bone mineral density (BMD) somewhat during the course
of therapy. However, most reports indicate that BMD remains normal within the range
for chronologic age and/or bone age during therapy (82) and at the attainment of final
height (83). For the individual clinician and patient, it is important to weigh the potential
benefit in height against the financial cost of this therapy.

Although there is a single report that suggests an increased risk for the development
of PCOS in girls with a history of CPP treated with GnRH agonists, this finding has not
been confirmed by other investigators (84).

The decision as to the appropriate time to discontinue GnRHa therapy should be
reached by individualized discussions between the physician and the family. The most
important factors include the child’s predicted adult height and the child’s maturity level
and ability to adjust to progressive sexual development and, for girls, menstrual cycles.
Most girls experience menarche and develop appropriate ovulatory cycles within 1–2 yr
of terminating therapy (85).

PERIPHERAL PRECOCIOUS PUBERTY

It is important to differentiate gonadotropin-dependent and gonadotropin-indepen-
dent forms of puberty because the differential diagnosis and therapeutic approach differ.
Peripheral precocious puberty or gonadotropin-independent precocious puberty can
arise from a variety of disorders (Table 2). They range from exposure to exogenous sex
steroids to carcinomas. The diagnostic and therapeutic approaches to these children are
dependent on the sex of the child and whether there are signs of virilization, feminization
or both. Prolonged sex-steroid exposure may cause maturation of the hypothalamic-
pituitary-gonadal (HPG) axis and lead to CPP secondarily.

Exogenous Sex Steroid Exposure
The evaluation of every child with sexual precocity should include a thorough review

of potential exposure to exogenous sex steroids. Ingestion of oral contraceptives, estro-
gen contaminated foods, and topical exposure to transdermal preparations of estrogens
and androgens have all been shown to be capable of causing gonadotropin-independent
precocious puberty (86–88). Recent investigations have also suggested that specific
environmental pollutants may exhibit estrogenic effects and might be causes of prema-
ture sexual development (33).
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Ovarian Cysts
Before widespread use of ultrasound imaging, the pre-pubertal ovary was believed to

be dormant and the frequency of ovarian cysts among pre-pubertal girls was thought to
be low. It is now appreciated that the ovary undergoes continuous change from fetal
development to puberty and through adulthood. In utero, follicular cysts develop under
maternal, placental, and fetal hormones. Cysts have be been detected as early as 28 wk
of gestation. After birth and removal from hormonal stimulus, regression of both folli-
cular and luteinized cysts often occurs. Small follicular cysts (<9 mm) are present
throughout childhood (89) and 50–80% of prepubertal girls have small cysts detected by
ultrasound. Cyst size does not appear to vary with age and multiple cysts within a
homogeneous ovary are not uncommon. Cysts are bilateral in up to 23% of cases and
usually suggest gonadotropin stimulation rather that intraovarian stimuli. Typically
prepubertal cysts do not release appreciable quantities of estrogen however they may
become transiently functional, thereby elevating estradiol levels and causing transient
breast development.

McCune-Albright Syndrome
McCune-Albright syndrome (MAS) is characterized by the triad of gonadotropin-

independent precocious puberty, polyostotic fibrous dysplasia of bone, and irregular
café au lait lesions (“Coast of Maine”) (90). However, the syndrome is occasionally
difficult to diagnose due to its variable phenotypic expression. The clinical findings
result from the autonomous hyperactivity of tissues that produce products regulated by
intracellular accumulation of cyclic adenosine monophosphate (cAMP). The constitu-
tive over-production of cAMP is caused by an autosomal dominant somatic mutation of
the alpha subunit of the stimulatory guanine nucleotide binding protein (G-protein), Gsα
(91,92). The guanosine triphosphate (GTP) binding proteins consist of three subunits
(α, β, and γ). The activated α-subunit stimulates adenylate cyclase, increasing the pro-
duction of cAMP. It also acts as a guanosine triphosphatase, catalyzing the hydrolysis
of bound guanosine triphosphate to guanosine diphosphate and inactivating the G-pro-
tein. Normally, this leads to a decrease of intracellular cAMP and resetting of cellular
quiescence. The mutation resulting in MAS leads to unrestrained production of gene
products derived from the affected cells. The defect occurs early during embryogenesis
and leads to mosaicism. The distribution of the progeny of the affected somatic cell
determines the cell types affected and the phenotype of the individual patient.

Mutations of the Gsα gene are found in both endocrine and non-endocrine tissues of
patients with MAS (93). The clinical presentation is extremely variable ranging from
patients with multiple endocrine and non-endocrine abnormalities to hyperfunction of
the ovary alone (94). Affected endocrine organs may include the gonads, thyroid,
adrenals, pituitary, and parathyroids (95–97). Non-endocrine disorders may include
hepatobiliary dysfunction, hyperplasia of the thymus, spleen, and pancreas, gastrointes-
tinal polyps, and abnormal cardiac muscle cells (98). MAS also can present with only
fibrous dysplasia lesions of bone and precocious puberty in the absence of cutaneous
lesions (95).

The inheritance of MAS is sporadic and has been reported in all ethnic groups (99).
It is most frequently diagnosed in females, although it occurs in both sexes (100). The
most common presentation is a girl with precocious puberty secondary to estrogen
production of autonomously functioning ovarian tissue (101). Vaginal bleeding may
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appear as the result of spontaneous cyst regression or unopposed estrogen leading to
breakthrough bleeding. Menses have rarely been reported to occur prior to significant
breast development (99).

Laboratory evaluation of MAS children with precocious pubertal development reveals
periodic elevations of sex steroids with prepubertal gonadotropin levels. GnRH stimu-
lation test results indicate that gonadotropin levels are suppressed, unless sufficient sex
steroid exposure has occurred to cause secondary maturation of the HPG axis (central
precocious puberty).

The variable presentation of the precocious puberty in children with MAS and the
waxing and waning nature of the autonomous gonadal function have made assessment
of therapy difficult. In the absence of hypothalamic activation, the precocious puberty
of MAS is unresponsive to GnRH analog therapy. However, in cases of “secondary
CPP,” GnRH agonist therapy has proven beneficial (62,102). Therapeutic interventions
have focused on ameliorating the hyperestrogenic state by inhibiting estrogen produc-
tion or blocking estrogen action. Cyproterone acetate, a steroidal antiandrogen possess-
ing progestin and antiestrogenic effects, has been used in Europe with limited success
(103). It has been reported to modestly control breast development and menses; how-
ever, growth velocity and skeletal maturation were unaffected. Testolactone, a weak
aromatase inhibitor, has been reported to effectively decrease estrogen levels, prevent
menses, and also improve predicted height (104). Unfortunately, compliance has been
hindered by side effects (headache, diarrhea, and typically transient abdominal cramp-
ing), the large number of pills required to achieve adequate dosing, and a rapid increase
in serum estradiol levels with cessation of therapy (105). Ongoing studies are investigating
the use of potent aromatase inhibitors. Our own experience has suggested that the non-
steroidal estrogen-antiestrogen tamoxifen may have a role in the suppression of estrogen
action and precocious puberty in patients with MAS, with results superior to those
achieved with aromatase inhibitors (106). Despite these difficulties, female MAS patients
can achieve normal menses and fertility and mildly affected patients have achieved
normal adult height. The skeletal lesions generally increase in severity and number with
increasing age in childhood and then stabilize after puberty. Adult patients may suffer
conductive hearing loss secondary to temporal bone sclerosis. In severe cases, Cushing
syndrome, growth hormone excess, and the bone disease cause significant morbidity.
Anecdotally, there appears to be an increased prevalence of breast cancer in young
women who had a prior history of precocious puberty (author’s observations).

Familial Male Precocious Puberty
Familial Male Precocious Puberty (FMPP), or testotoxicosis, is a male-limited form

of gonadotropin-independent precocious puberty. It is caused by a heterozygous muta-
tion of the LH receptor, leading to constitutive activation in Leydig cells. Mutations have
been identified in the first, second, third, fifth, and sixth transmembrane domains, and
in the third intracellular loop of the receptor (107–111). The Leydig cell produces tes-
tosterone constitutively despite suppressed gonadotropins. Mutations are typically au-
tosomal dominant, however, sporadic mutations have also been identified (112). The
finding that females with these mutations do not manifest precocious puberty is not
surprising given that both LH and FSH are required for ovarian sex steroid production
(95). It is interesting to note that no other signs of LH hypersecretion in females, such
as polycystic ovarian syndrome, have been reported.



Chapter 23 / Precocious Puberty 417

Boys with FMPP typically present by 4 yr of age with a family history of precocious
puberty in males, progressive virilization (acne, pubic and axillary hair, modest testicu-
lar enlargement, penile growth, increased musculature, bone age advancement), sper-
matogenesis, and growth acceleration. The testes are small for the degree of virilization
and demonstrate Leydig cell hyperplasia (113). Serum testosterone levels are in the adult
male range and baseline and GnRH stimulated gonadotropin levels are suppressed (114).
These boys mature rapidly and premature epiphyseal fusion causes short stature. Fertil-
ity is generally normal, but oligospermia and testicular dysfunction have been reported
in some adult patients (115–117).

Therapy targeting androgen synthesis and action has been fairly effective. Early
therapy utilized medroxyprogesterone acetate (MPA) (118) to inhibit steroidogenesis.
It was modestly effective in decreasing testosterone levels and decreasing growth veloc-
ity. However, its effects on glucocorticoid synthesis and testicular morphology limit its
application. More effective therapies include ketoconazole (119) (an antifungal and
inhibitor of the 17,20 lyase activity of P450c17 - Fig. 6), and a combination of spirono-
lactone (an androgen receptor blocker) and testolactone (an aromatase inhibitor) (120).
Ketoconazole has been associated with toxicity (rash, nausea, headache, hepatotoxicity,
pneumonitis, and renal failure) and requires careful monitoring (121). The addition of
an aromatase inhibitor to the anti-androgen treatment is necessary because the elevated
androgens may undergo aromatization leading to feminization and an enhanced estrogen
effect on skeletal maturation. As in MAS, GnRH agonist therapy is indicated if CPP
occurs following long-term sex steroid level elevations (122).

Congenital Adrenal Hyperplasia

Congenital adrenal hyperplasia (CAH) is the result of an autosomal recessive defect
in one of a number of steroidogenic enzymes necessary for cortisol production (Fig. 6).
As detailed above, non-optimal glucocorticoid therapy of patients with classical CAH,
and partial defects in P450c21, P450c11AS, and 3 beta-hydroxysteroid dehydrogenase
(3βHSD) insufficient to cause phenotypic changes in the neonate may lead to increased
adrenal androgen synthesis later in life and presentation of non-classical CAH (NCAH).

Tumors

Although sex steroid producing tumors are rare in children, their diagnosis is critical.
The presentation depends upon the tumor location and the class and quantity of the sex
steroids produced.

OVARIAN TUMORS

Primary ovarian tumors are quite rare in children although they comprise approxi-
mately 6% of all tumors in adult women. The neoplasms may originate from sex-chord/
stromal tissue, epithelium, or the germ-cell line (123). Granulosa-cell tumors account for
5% of all ovarian tumors, but the juvenile variety is the most common before 20 yr of
age. The most common presentation of juvenile granulosa cell tumors is precocious
puberty, frequently in a precipitous manner of weeks to months. The mean age of pre-
sentation is 10 yr, but ovarian tumors have been discovered in infants (124). The majority
of ovarian tumors produce estrogen, causing feminization, but they may also produce
androgens, causing virilization (123,125). Tumors frequently cause local symptoms
including pain, distension, ascites, and mass effects. The frequency of precocious puberty
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varies but has been reported to be as high as 70% in one series of 17 granulosa/theca cell
tumors (126). The diagnosis is usually based upon the identification of a solid ovarian
mass and an elevated serum estradiol in conjunction with suppressed gonadotropins. The
association between CPP and granulosa cell tumors prompted the recent examination of
4 females with juvenile granulosa cell tumors. No activating mutations were identified
in exon 10 and it was suggested that activating mutations at other exons of the FSH
receptor or associated G proteins might be responsible for granulosa cell tumors (127).
Surgical resection with a unilateral salpingo-oophorectomy is typically the only required
therapy and carries a good prognosis, particularly in the case of juvenile granulosa-cell
tumors. Pubertal regression should ensue.

TESTICULAR TUMORS

Leydig cell tumors account for only 3% of all testicular neoplasms (128), but they are
the most common gonadal stromal tumors associated with precocious puberty in boys.
Although 10% of these tumors are malignant, they are typically benign in children. Boys
usually present between 5–9 yr of age with virilization, palpable unilateral testicular
enlargement, and elevated testosterone levels. The rare Sertoli cell tumor, most com-
monly seen in Peutz-Jeghers syndrome, may present with gynecomastia in addition to
virilization (129). Surgical resection of these tumors will halt pubertal development
(130). It should be noted that testicular adrenal rest hyperplasia in the male with poorly
controlled CAH may present with testicular enlargement (more commonly bilateral)
secondary to the stimulatory effects of elevated ACTH levels. ACTH and GnRH stimu-
lation testing and testicular ultrasound and biopsy may be necessary in order to distin-
guish adrenal rest tissue from other tumors.

ADRENAL TUMORS

Adrenal tumors typically present with virilization however feminization may occur
(131). As noted above in the segment on premature pubarche, adrenal tumors may be
differentiated from CAH, as they do not typically respond to ACTH stimulation or
glucocorticoid suppression. Adrenal adenomas often produce DHEAS, whereas andros-
tenedione and testosterone are the primary products of carcinomas. Surgical resection is
often curative with resolution of the precocious puberty. However, chemotherapy may
be required if there is evidence of tumor extension or in the event of recurrence.

hCG-PRODUCING TUMORS

Human chorionic gonadotropin (hCG) and LH possess identical α subunits and simi-
lar β subunits. It is therefore not surprising that germ cell tumors secreting hCG may
cause precocious puberty. They have been reported to arise in the liver (132), lungs
(133), mediastinum (134), pineal gland (135), basal ganglia, thalamus, and hypothala-
mus (136). In boys, hCG simulates Leydig cell production of testosterone. Precocious
puberty in the setting of hCG producing tumors is quite rare in females because both LH
and FSH are typically required for ovarian follicular development. The one reported case
of a female with a suprasellar germinoma was explained by the demonstration of
aromatase activity in the tumor (137). An hCG secreting tumor should be suspected in
a boy presenting with marked virilization but without significant testicular enlargement.
Hepatoblastomas comprise the majority of these tumors although hCG may arise from
pinealomas, intracranial germinomas or choriocarcinomas, and thymic or testicular germ
cell tumors (138). Tumor markers that have been quite useful in the diagnosis and
follow-up of these tumors include: alpha-fetoprotein, human chorionic gonadotropin
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(hCG), and pregnancy specific beta 1-glycoprotein (139). The diagnosis of an extra-
testicular germ cell tumor should prompt an evaluation for Klinefelter syndrome because
such tumors are 50 times more common in these individuals (140). This increased tumor
risk has been identified even in those males with low level mosaicism for Klinefelter
syndrome (138).

Severe Hypothyroidism

Severe hypothyroidism may rarely present with precocious puberty (Van Wyk-
Grumbach Syndrome). The cardinal sign of this disorder is the child presenting with
sexual precocity, poor growth and skeletal delay. Girls may present with breast devel-
opment, galactorrhea, ovarian cysts, and vaginal bleeding (141,142) (Fig. 7). Boys may
develop testicular enlargement with minimal virilization. Thyroid hormone replacement
results in regression of the secondary sexual characteristics with the exception of the
macroorchidism (143). The mechanism for the sexual precocity is still somewhat un-
clear. There is evidence for mechanisms at both the gonadal and pituitary levels; cross-
reaction of high levels of TSH and α-subunit can occur at the gonadal FSH receptor (144)
and stimulation of gonadotrope FSH secretion may occur by elevated TRH levels (143).
We have seen several patients with primary hypothyroidism and precocious puberty that
had a pubertal gonadotropin profile classical for central precocious puberty.

Gynecomastia
The reported prevalence of pubertal gynecomastia in boys has ranged from 30 to

>90% (145). Prepubertal gynecomastia, on the contrary, is quite rare and almost always
abnormal. The published data report an age of onset between 2–7 yr with both unilateral

Fig. 7. Left and center, Precocious puberty in a 7 1/2 year old female with severe, chronic hypothy-
roidism secondary to autoimmune thyroiditis presenting with breast development, vaginal bleeding,
and galactorrhea. (height, –1SD; bone age 5 3/12 yr) Right, Identical female after 8 mo of thyroid
hormone replacement therapy. Her height increased 7 cm, she had a decrease in breast size, and
cessation of galactorrhea. (From Williams Textbook of Endocrinology, 9th Edition. 1998. WB
Saunders; with permission.)
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and bilateral breast development. The etiologies include gonadal, adrenal, and hCG-
secreting tumors (146), exogenous estrogen exposure (88,147,148), and “idiopathic”
(149). It is likely that some familial cases of gynecomastia are secondary to an aromatase
excess syndrome (150). A thorough evaluation for sex steroid origin is required in the male
with prepubertal gynecomastia. Tumor excision permits pubertal regression. In the case of
idiopathic gynecomastia, surgical excision of glandular tissue is curative. Antiestrogens
or aromatase inhibitors are currently being investigated for this indication.

CONCLUSION

Physicians involved in the care of children commonly encounter premature sexual
development. The first step in evaluating such a child is the ascertainment of secondary
sexual characteristics through a thorough physical examination. Isolated breast devel-
opment in a female between 12–30 mo of age may be benign premature thelarche. On
the other hand, accelerated linear growth and advanced skeletal maturation suggest a
more serious or progressive disorder. Isolated virilization in a female indicates excess
androgen production. Arriving at a correct diagnosis permits the selection of the appro-
priate therapy.

Although we have gained much insight into the diagnosis and management of preco-
cious puberty, numerous areas of controversy remain. The age of onset of normal puberty
is still being hotly debated. GnRHa therapy has revolutionized treatment for children
with central precocious puberty. For some girls with idiopathic central precocious
puberty, progression can be quite slow, without an apparent compromise in final height
(151–154). Follow-up of these select patients suggests that therapeutic intervention may
not be warranted (41,155,156). Advances have been made in the molecular diagnosis of
several forms of gonadotropin-independent precocious puberty. However, therapy for
these disorders remains suboptimal. While much has been learned, much remains to be
discovered.
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INTRODUCTION

The birth of an infant with ambiguous genitalia is a crisis for parents as well as the
primary care physician. In some instances, parents have been forewarned by the results
of genetic testing or ultrasound examinations of the uterus during the fetal period. In the
absence of prior knowledge, parents must be informed at the first opportunity that the
genital ambiguity prevents precise identification of their infant’s sex. Because this is an
extremely traumatic experience, the physician should emphasize any positive aspects of
the infant such as good health including normal cardiac, pulmonary and neurologic
function. Also, they are told that chromosome analysis and other diagnostic tests are
needed to identify the cause of the problem and to provide a basis for sound sex assign-
ment decisions. They need to be reassured that they will be kept completely informed and
that they will help in the decision making process once the tests are completed. Under
ideal circumstances, an experienced team of specialists in pediatric endocrinology,
pediatric urology, genetics, psychology, and radiology come together promptly to help
parents and primary care physicians understand which tests are being ordered and how
these studies will help in deciding sex assignment. When the information becomes
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available, parents should be given accurate detailed information about the infant’s karyo-
type, genital anatomy, the hormone levels and, when known, the gonadal histology.
Parental understanding and involvement are key elements to successful long-term care
of the child. Despite every effort to be inclusive, the infant is the sole member of the team
with no input during the decision-making process.

From the outset, parents must be given simplified information about the mechanisms
controlling sexual differentiation in fetal life in order to understand that males and
females share common primordial tissues that eventually are transformed into the sex
structures that distinguish a female from a male infant. The roles of specific sex
determining genes and gonadal hormones must be discussed. The primary care physician
and the team of experts must have current knowledge about this topic if they are to give
families an accurate overview of the possible events responsible for the genital find-
ings (1–9).

Traditionally, sex assignment decisions have been influenced by the following fac-
tors: 1) potential for sexual functioning, 2) potential for fertility, and 3) requirement for
sex hormone replacement during puberty and adulthood. Recent feedback by former
patients has emphasized the importance of avoiding surgeries that improve genital
appearance but may lead to loss of genital sensation and sexual arousability, or surgeries
that may result in genital discomfort that comprises satisfactory sexual functioning. At
present, emphasis is being given to preservation of the normal sexual response and to
issues of genital comfort, whereas in the past, genital appearance was the main priority.

At present, the medical management of infants born with ambiguous genitalia is
undergoing critical reevaluation as to the decision making process of sex of assignment
and rearing, timing of surgery, extent and goals of surgery, and the guidelines for optimal
physician-parent-patient relationships that span childhood to adulthood (2–7,10–13).
The current sparseness of data concerning the long-term outcomes of decisions made in
past decades has undermined the confidence previously held by professionals in this
field. Until we collect more information, we are obligated to present current options in
the context of today’s knowledge. The challenge for today’s health care provider is how
best to maintain open communications with the family as the consequences of medical
decisions made during infancy become part of the child’s life experience.

It is widely accepted that good outcomes involve having the child feel comfortable in
their sex of rearing and with the medical care provided during infancy and early child-
hood. Certain strategies must be in place: 1) from the outset, physician sensitivity and
privacy are of essential importance. These children must not be used as teaching objects,
whereby their genital malformations are displayed and discussed in front of medical
students, residents, and other uninvolved health professionals; 2) From an early age,
these children should be told gradually and age-appropriately about the normal sexual
anatomy of boys and girls, since this background eventually provides a context within
which they can learn details about their own anatomy. Also, they should be told they will
be given sex hormone replacement if they have absent or poorly functioning gonads.
Furthermore, they will need advice about adoption if they are unable to reproduce. In
some instances, it is reasonable to hold out the hope that someday medical science may
make it possible for them to produce a child. A psychologist with expertise in pediatric
endocrinology is the best equipped individual to educate and help children and their
parents develop the ability to discuss frankly the many issues which arise throughout
childhood, adolescence, and adulthood. Family dynamics impact in a major way. Com-
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municative, positive thinking parents are more likely to have a well adjusted child than
are couples who cannot accept or support what has happened to their youngster. The
latter group will need more intensive counseling from a mental health professional with
expertise in this area.

The aims of this chapter are: 1) to provide a concise update on the mechanisms
controlling normal and abnormal sexual differentiation since this is essential to the
education of the parents; 2) to give a glossary of commonly used sex terminology; 3) to
outline practical information about the diagnosis and management of infants born with
ambiguous genitalia; and 4) to discuss current differences of opinions about the care of
infants born with genital defects. A discussion of infants who are born with disorders of
sexual differentiation and normal appearing genitalia will also be included.

MECHANISMS INVOLVED IN SEXUAL DIFFERENTIATION:
TISSUES, GENES, AND HORMONES

The Bipotential Gonad
The bipotential gonad is destined to become either a testis or an ovary depending on

the sex chromosome constitution of the germ cells (classified as gonadal or primary sex),
as well as other critical sex determining determining genes that control the male vs
female pathway of sex development. At conception, the genetic sex (XX or XY) of the
fetus is determined when a Y or X bearing sperm fertilizes the ovum. Subsequently, the
developing germ cells migrate in the early weeks of fetal life from their point of origin
near the anal region to their final destination within the primitive gonad.

TESTICULAR DIFFERENTIATION

Testicular differentiation depends primarily on the SRY gene located on the short arm
of the Y chromosome; its mode of action is not fully understood. Two mechanisms have
been proposed: 1) SRY activates a cascade of genes needed for male development or 2)
SRY inhibits a repressor of male determining genes based on the clinical observations
of autosomal recessive inheritance of SRY negative XX males. Either mechanism would
give the same end result. In the activator model, the male pathway is dominant and the
female pathway is the default pathway. In contrast, the repressor model suggests an
active female development pathway which must be suppressed by a male gene. The SRY
gene product is a 204 amino acid protein (a transcription factor) that binds to and bends
the DNA strands, thus allowing access by other transcription factors. In humans, SRY
is expressed in the testis and a variety of brain structures; whether this influences sexual
behavior is unknown. SRY expression is tightly regulated because it is seen early in
development and is very transient. SRY induces Sertoli cell development, followed by
differentiation of seminiferous tubules and the formation of Leydig cells. The middle
third of the SRY protein has a DNA-binding domain known as the HMG box protein
(high mobility group) which belongs to a family of transcription-regulating proteins
known as the HMG box proteins. Mutations within the HMG region of the SRY gene
results in sex reversal due to testicular failure with a female phenotype or genital ambi-
guity (1,14,15).

SRY is not responsible for all cases of sex reversal in 46 XY females. Nor does it
explain the presence of testes in 46 XX males with genital ambiguity. Clearly, other
genes must be involved. Only 25% of 46 XY females who present with gonadal dysgen-
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esis (streak gonads) and female phenotype have an SRY mutation. Also, SRY is present
in only 10% of 46 XX true hermaphrodites and 10% of 46 XX males with ambiguity. In
contrast, among 46 XX males with unambiguous male genitalia and testes, a majority
have been found to be SRY positive. It is possible that the role of SRY may be under-
estimated in some populations of sex reversed individuals if it is present only in the
gonad and not in peripheral blood lymphocytes (1).

Recently, some non-Y genes have been discovered to encode proteins, which have
similarities to the SRY HMG box region. They have been termed SOX genes (an abbre-
viation for SRY-homeobOX - like genes). One of this family, SOX 9 is essential for
Sertoli cell differentiation from cell precursors in interstitium of the primitive gonad.
This gene’s contribution was discovered when a 46 XY infant with a SOX 9 mutation
presented with skeletal dysplasia (Campomelic Dwarfism), female phenotype (sex
reversal), and streak ovarian-like gonads (15). The clinical presentation has been attrib-
uted to haploinsufficiency resulting from loss of one copy of SOX 9. Since SOX 9 is
located on17q24–25, the female phenotype in 46XY males with this mutation has been
classified as autosomal sex reversal. In the testis, SRY is presumed to activate SOX 9 by
suppressing DAX 1 that normally inhibits SOX 9; SOX 9 expression in turn mediates
Sertoli cell development and testis differentiation. Consequently, SOX 9 is an autosomal
gene which plays a pivotal role in male sexual development (Fig. 1).

OVARIAN DIFFERENTIATION

Ovarian differentiation is poorly understood but recent evidence suggests that the
process is actively regulated by a network of genes and transcription factors. It is no
longer believed that ovarian development is a passive or default process. Ovarian devel-
opment appears to depend on suppression of SOX 9 which is a testis-inducing gene, as
well as simultaneous activation of ovary inducing genes. The probable candidate genes
for suppression of testis differentiation include DAX 1, SOX 3, and Wnt 4. Presumably,
DAX 1 inactivates SOX 9, thereby blocking testicular development. In the differentiat-
ing ovary, Wnt 4 appears to prevent androgen production by precursors of Leydig cells
in the interstitium, stabilizes oocytes, and induces Mullerian development. Deletion of
Wnt 4 leads to masculinization in both XX mice and XX humans and degeneration of
Mullerian duct derivatives (16). Duplication of SOX 9 is another autosomal cause of 46
XX sex reversal (17). The ovary activating genes have not been completely identified,
but are probably located on the X-chromosome and likely have dosage-sensitive func-
tions since Turner syndrome is associated with total or partial absence of an X chromo-
some and loss of germ cells. The sequence of genetic events in ovarian development is
depicted in the following theoretical model: 1) Activation of Dax 1 and SOX 3 antago-
nizes SF 1 and SOX 9; 2) granulosa cells develop from the supporting cells while Sertoli
cell differentiation is blocked; 3) Wnt 4 induces differentiation of Mullerian structures
into uterus, fallopian tubes, and upper third of vagina; and d) Wnt 4, produced by ovarian
somatic cells, prevents interstitial precursor cells from developing into Leydig cells (1).
Hence, no testosterone can be produced by fetal ovary (Fig. 1).

The roles of DAX 1 in the testis and ovary need to be reviewed in more detail. The
DAX 1 gene is located on the X chromosome and males inherit it from their mother’s X
chromosome. It appears to be an important anti-testis gene in the ovary, but further
evidence is needed to substantiate this hypothesis. In the testis, DAX 1 is suppressed by
SRY, thereby permitting expression of SOX 9 and male development. However, in 46
XY males who inherit a duplication of DAX 1, SRY cannot suppress fully the double
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dose of DAX 1, leading to a female phenotype (sex reversal) and gonadal dysgenesis
(18,19). The DAX 1 duplication may be located on one X-chromosome or, alternatively,
the DAX 1 locus can be normally located on the X chromosome along with a second
translocated DAX 1 gene being present on the Y chromosome. The term DAX 1 derives
from Dosage- sensitive sex reversal Adrenal hypoplasia congenita critical region of the
X chromosome, gene 1.

Other mechanisms have recently been shown to cause 46 XY female phenotype or sex
reversal. Wnt 4 appears to act upstream of and in concert with DAX 1. In 46 XY indi-
viduals, duplication of Wnt 4 causes upregulation of DAX 1 in the testes, suppression
of SOX 9 and female phenotype (20,21). Hence, duplication of either DAX 1 or Wnt 4
causes dosage sensitive 46 XY sex reversal because SRY is unable to suppress DAX 1.

Fig. 1. Pathway of sexual differentiation.
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Also, mutations in the SF1 gene and other sex determining genes are known to cause of
46 XY gonadal dysgenesis and female phenotype (Tables 1 and 2).

In 46 XY males, the DAX 1 gene also has a major influence on adrenal development
as well as gonadotropin production by the fetal pituitary gland. Hence, 46 XY males
lacking DAX 1 present with Congenital Addison Disease (Adrenal Hypoplasia Congenita
or AHC) as well as microgenitalia, i.e., micropenis and hypoplastic testes due to
hypogonadotropic hypogonadism (22). They do not have ambiguous genitalia. However,
their testes are very small and they have a micropenis because of congenital gonadotropin
deficiency. In contrast, the genetic female with a DAX 1 gene mutation or a duplication
of DAX 1 has normal ovarian development, normal fertility, and normal adrenal gland
function. Females are protected because they normally have two DAX 1 genes, and a
mutation or a duplication appears to have no consequence on adrenal, pituitary, or go-
nadal function. However, when an X-chromosome lacking DAX 1 is passed to an 46XY
offspring, the male has AHC and hypogonadotropic hypogonadism. Hence 46 XY males
need one functional DAX 1 gene in order to have to have normal adrenal function and
gonadotropin production. The lack of a functional DAX 1 gene in the testes does not
prevent testes differentiation which is controlled by SRY and SOX 9 (15).

In summary, when 46 XY males have two functional DAX 1 genes, the clinical
presentation is testicular dysgenesis and sex reversal. The SRY and DAX 1 genes appear
to act antagonistically in gonadal differentiation. In normal 46 XY males, SRY inhibits

Table 1
Genes Controlling Sexual Differentiation

SEX DETERMINING GENES

Gene/chromosome Family/function Clinical phenotype

SRY, Yp11 HMG Protein, XY Gonadal Dysgenesis
Transcription Factor

WT1, 11 p 13 Zinc Finger Protein, Denys - Drash S.
Transcription Factor Frasiers S.

SF1, 9 q 33 Nuclear Receptor XY Gonadal Dysgenesis
Transcription Factor Adrenal Insufficiency

DAX 1, X p 21.3 Nuclear Receptor Duplication causes:
Transcription Factor - XY Sex Reversal

Mutation causes:
- XY Adrenal Hypoplasia
Congenita (AHC)

and
Gonadotropin Deficiency

SOX 9, 17 q 24 HMG Protein Mutation causes:
Transcription Factor - XY Sex Reversal

- Campomelic Dysplasia
Duplication causes:
- XX Sex Reversal

Wnt- 4, 1p 32.36 Growth Factor Duplication causes:
- 46,XY sex reversal

Deletion causes:
- Masculinization of 46,XX
female
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DAX 1 thereby turning off the female pathway and permitting male development to
proceed. In normal 46 XX females, SRY is absent; DAX 1 suppresses SOX 9 and
activates the female pathway and DAX 1 also inhibits the male pathway. Hence DAX
1 appears to work in two ways in the female fetus: i.e., promoting ovarian development
as well as suppressing testis formation. However, more information is needed to identify
which of these roles is dominant in the development of the fetal ovary (1).

The Paired Internal Ducts—Wolffian and Mullerian Ducts
Wolffian Duct differentiation into epididymus, vas deferens, seminal vesicles, and

ejaculatory ducts in 46 XY males is dependent on the local (paracrine) production of
testosterone by the Leydig cells, which is initially regulated by Human Chorionic
Gonadotropin (hCG). Genetic males who are agonadal exhibit involution of the Wolf-
fian ducts and also have Mullerian duct development because anti-Mullerian hormone
(AMH) is not produced. Normally, AMH is produced by the Sertoli cells in the fetal
period and this continues until the age of 8–10 yr in boys. Hence, AMH is a marker of
Sertoli cell function in patients with genital abnormalities.

MULLERIAN DUCT

Mullerian Duct differentiation progresses in the absence of AMH, a glycoprotein
hormone, and results in the development of the fallopian tubes, uterus, cervix, and upper
third of vagina. The Wnt 4 gene appears to play an important role in Mullerian duct
differentiation as well as ovarian function during fetal life. Female transgenic mice in
whom the Wnt 4 genes are knocked out fail to develop Mullerian structures and lose
oocytes. Also, they manifest hypersecretion of ovarian androgens derived from Leydig
cell precursors in the interstitium and exhibit masculinization of the Wolffian ducts.
Thus, it appears that Wnt 4 acts to suppress androgen production by precursors of Leydig
cell in the interstitium of the ovary in addition to being a regulator of mullerian duct
development.

The Bipotential External Genitalia

The primordial structures of the male and female external genitalia are identical in the
absence of androgens. Thus, the external genitalia of genetic males cannot be distin-
guished from genetic females at 8 wk of fetal life. Furthermore, female appearing exter-
nal genitalia will persist if the fetus has no gonads, streak gonads, non-functional testes,

Table 2
Causes of 46,XY Testicular Dysgenesis

1. XY gonadal dysgenesis
2. Denys-Dash Syndrome WT-1 Mutation
3. Frasier Syndrome WT-1 Mutation, Also Nephropathy, Gonadoblastoma
4. XO/XY Mosaicism - Mixed Gonadal Dysgenesis
5. Campomelic Dysplasia - SOX 9 Mutation
6. DAX - 1 Duplication (DSS Syndrome)
7. Wnt 4 Duplication
8. SF-I Mutation
9. Deletions: 9p–, 10 q–

10. Duplication: x p +
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androgen insensitivity, or normal ovaries regardless of the sex chromosomes. The out-
come and physical appearance is totally androgen dependent. The major embryonic
components are:

Genital Tubercle is the precursor of the clitoris or the glans penis.
Urethral Folds develops into the labia minora or the penile shaft and urethra
Labioscrotal or Genital Swellings become the labia majora or the scrotum

MALE EXTERNAL GENITALIA

Development of male external genitalia depends on the adequacy of testosterone (T)
and 5-α-dihydrotestosterone (5α DHT) production as well as functional androgen recep-
tors (AR). The testis is formed by 6–7 wk of fetal life and the leydig cells are initially
stimulated by hCG from the placenta in the first trimester and by fetal pituitary LH in the
second trimester. Male external genital differentiation is complete by 12 wk; additional
penile enlargement in the second trimester is dependent on Leydig cell stimulation by
LH from the fetal pituitary gland.

Complete masculinization of external male genitalia requires the conversion of T to
5α DHT; the enzyme responsible for this conversion is 5-α-reductase which is present
in the genital tissues. 46 XY infants with 5-α-reductase deficiency have normally func-
tioning testes; the predominantly female phenotype in early childhood is due to defective
conversion of T to 5α DHT during early fetal life. In many societies spontaneous sex
reassignment to a male gender role usually occurs in puberty because 5α DHT is not an
essential androgen for adult male virile muscular development, whereas it is critical for
normal external male genital differentiation in fetal life (23–25).

FEMALE EXTERNAL GENITALIA

Female external genitalia will be normal except when exposed to androgens in early
fetal life. The androgens may be derived from: 1) the mother (ingested or endogenously
produced); or from 2) the fetus (Congenital Adrenal Hyperplasia (CAH); or 3) due to
homozygous or heterozygous mutations in both aromatase genes which leads to a defi-
ciency of aromatase and failure to convert androgens to estrogens; or 4) to true hermaph-
roditism; or 5) mixed gonadal dysgenesis (26–29). The degree of virilization is dependent
on the quantity, timing, and actions of androgens to which the female fetus is exposed;
i.e., clitoromegaly alone vs severe posterior fusion of the labia majora, absence of the
labia minora and vaginal orifice, a urogenital sinus and a large phallic appearing clitoris
that resembles a hypospadic penis. Rarely, extreme virilization causes complete
labioscrotal fusion and a “penile urethra.” In the last example, “ambiguity” is not present
and the only clue is the absence of palpable gonads often mistakenly thought to represent
cryptorchidism. All virilized 46 XX CAH females have a uterus and ovaries and the
potential for fertility.

GLOSSARY OF SEX TERMINOLOGY

1. Genetic sex refers to the chromosome make up of the individual, i.e., the sex chromo-
somes. Normally, the sex chromosomes are XX or XY, but this pattern may differ in
true hermaphroditism, mixed gonadal dysgenesis, Klinefelter Syndrome, Turner Syn-
drome, etc.

2. Gonadal sex refers to the individual’s gonad, i.e., ovary, testis, or rarely, ovotestes.
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3. Internal sex refers to internal reproductive structures, and to Mullerian or Wollffian
derivatives.

4. External sex refers to the external genital structures.
5. Sex of assignment refers to the decision to rear the infant as a boy or a girl.
6. Gender identity is the subjective conviction of an individual as male, female or ambiguous.
7. Gender role refers to public behaviors, manner, and style of dress culturally labeled as

masculine or feminine.
8. Sexual orientation refers to the object of one’s sexual arousal, i.e., heterosexual, homo-

sexual, or bisexual.
9. Dysgenetic gonad: abnormal development which causes defects in the structure and

function of gonads: example, a gonad that is fibrous with poorly differentiated histology
as well as decreased or absent function.

CLINICAL APPROACH TO CARE OF INFANTS
WITH AMBIGUOUS GENITALIA

If the health professional in charge of the delivery fails to acknowledge the infant’s
genital birth defect, the primary care physician must assume the responsibility of giving
this information to the parents. Parents usually know something is wrong and are at a loss
if their health care providers avoid talking with them openly. In most circumstances, the
first health professionals to see the infant’s genitalia are obstetricians, general practitio-
ners, pediatricians, midwives, and nurses. Physical appearance will not reveal if the
infant is: 1) an incompletely virilized genetic male; or 2) a masculinized genetic female;
or 3) a true hermaphrodite; or 4) mixed gonadal dysgenesis. If a gonad is palpable, it is
highly likely that the infant is either a genetic male, a true hermaphrodite or mixed
gonadal dysgenesis. In the past, physicians would try to complete the studies in 3–4 d to
shorten the period of anxiety for parents; they would also inform the parents of the sex
of assignment decision with little or no input from the family and often with incomplete
disclosure as to precise genetic or anatomic information. Sometimes, a Y chromosome
was called a shortened X chromosome and the testis was referred to as abnormal ovary
when a female sex of rearing was chosen for the baby. The intention was to lessen
parental discomfort and facilitate acceptance of their daughter. Not all physicians fol-
lowed this practice; some were totally frank with families. These practices are being
modified in that while urgency is still present, informed parents are willing to accept
longer waiting times in order to obtain all the data from the molecular studies and other
diagnostic tests because they realize the enormity of their decision on their child’s future.

At the outset, the following simple questions will help the physician with the differ-
ential diagnosis:

1) Is the infant a genetic female (46 XX) exposed to fetal androgens? (i.e., female pseudoher-
maphrodite)

2) Is the infant an undervirilized genetic male (46 XY) due to underproduction or under-
action of androgens? (i.e., male pseudohermaphrodite)

3) Does the infant have a complex sex chromosome disorder? (such as true hermaphrodit-
ism in which 80% of patients have 46 XX chromosomes or possibly mixed gonadal
dysgenesis, 45X/46 XY, etc.)

4) Is the genital defect the result of a birth defect in structures that distorts the genitalia? (i.e.,
epispadius, cloacal exstrophy, or aphallia)
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The following is an outline of a protocol we follow at our institution when a baby is
born “in house “or is transferred in from a regional hospital. Our team consists of
pediatric endocrinologists, pediatric psychologists with extensive endocrine expertise,
pediatric urologists, geneticists, radiologists, and the child’s primary care physicians.

1) The first physician to receive the consult request alerts the team members that they need
to see the infant as soon as possible; i.e., within a few hours. It is important to determine
if the baby was announced as a boy or a girl in the delivery room. If a sex assignment
already has been made or a name given to the baby, we do not change this information.
However, parents are informed that the diagnostic studies may indicate the need to
consider reannouncement of the baby’s sex. If the infant arrives with no chosen name or
sex, the entire staff and parents are asked to refer to the infant as “baby or infant” usually
with the family name included, i.e., “baby Jones”.

2) The team leader is often the pediatric endocrinologist who organizes the exchange of
information with team members and usually examines the infant with the urologist or
others. However this changes depending on who is first contacted. In some cases, the
team leader has been one of the psychologists. The advice of the urologist is critical
because this is the expert who will have to do the penile reconstructive surgery if and
when it is necessary. In some centers, a pediatric surgeon rather than a urologist is the
surgical expert. Parents are always relieved to learn that their infant will be cared by a
team of experts who have cared for many babies with similar problems. They are also told
that they will be given details about the studies being carried out, as well as the usual time
required to get back the results. Parents are also told they will be given all the test results
and they are assured that they will be part of the decision making team when the time
arrives to discuss what is best for the baby.

The pediatric endocrinologist or, in some centers, a trained psychologist or geneticist
is the usual person to give an overview of the process of sexual differentiation in males
and females, stressing the common origins of the sexes and how errors along the pathway
change the external genital appearance. Diagrams are helpful. Repetition is essential.
Examining the infant with the parents helps them to understand the changes that have led
to the ambiguous genital appearance. Sometimes parents want grandparents and close
relatives to be involved. A member of the team needs to have daily contact with the
primary care physician as this professional will be involved with the child and family for
many years. The baby should be protected from curious residents or nurses from other
medical services, as this is a stress to the parents. The pediatric psychologist is probably
the most important person who will work with parents on a daily basis because they will
reveal their most hidden fears to this individual and will tell of other stresses in the family
that may complicate the acceptance of their infant. Such frequent contact also allows the
parents to grieve over the birth of their infant with serious medical problems. Meetings
between the parents and other members of the team at a scheduled time each day goes a
long way towards reducing the level of anxiety experienced by families.

3) The endocrinologist and team members promptly schedule diagnostic studies that include
hormone assays, genetic studies, ultrasound exams to define pelvic and abdominal
structures (uterus, gonads, renal anatomy), and vaginogram, as well as voiding cystoure-
throgram to define the location of the urethra and the possible presence of the vagina. The
endocrinologist must call the genetics and endocrine laboratories to alert them to the
urgency of the tests. Also the radiologist must be personally contacted.

4) The team meets to review the results of the diagnostic studies and to arrive at a consensus
as to what is best for the infant. Often the cause of the genital defect is identified, but
occasionally, a specific etiology is not readily available. Regardless, the team must come
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together with a unified decision to present to the parents, fully aware that parents may or
may not accept the team’s advice as to sex of assignment. We have advised rearing
genetic males with hypospadius as boys if they have a reconstructible phallus. Also, we
recommend a male sex of rearing if the infant has unambiguous micropenis with or
without hypoplastic testes; these infants are given testosterone therapy monthly for 3 mo.
The one possible exception to this rule is a micropenis with no corpora present.

5) The final step is to meet with the parents at which time the following occurs:

• Full disclosure of all the test results.
• Discuss pros and cons of sex assignment as male or female: consequences of each
choice.
• Give outcome information, re: fertility, need of hormone treatment, psychosexual
data if known.
• Answer parents’ questions and get their feedback. They may need time to make a
decision. We also inform parents that the medical care of their infant will not be
compromised should they decide on a sex of rearing that is different than the team’s
recommendation (i.e., for religious reasons, etc.).
• The sex assignment is made and the name of the baby is announced.

6. Follow-up care is scheduled with team members, re: medical or surgical care. The psy-
chologist sees the family at regular intervals to support and to educate them about when
and what to say to their child as time goes by. Eventually the child will meet with the
psychologist who, with the parents, will educate him/her about the medical history over
time. The goal is total knowledge of the endocrine condition with eventual full partici-
pation of the child in their medical care.

THE MEDICAL MANAGEMENT OF AMBIGUOUS GENITALIA

Medical History
The following is needed: maternal health, drug use (body building steroids, testoster-

one in oral contraceptives, etc.), endocrine status (development of maternal hirsutism or
virilization), and family history (infertile non-menstruating hairless adult female rela-
tives suggest androgen resistance which is familial and transmitted by females because
the AR gene is on the X chromosome) (30). Also, check for consanguinity in the parents
(e.g., homozygous 5-α-reductase deficiency, etc.). Retrieve all data, re: amniocentesis
genetic studies for chromosome analysis or ultrasound exams performed prenatally.
Discordance between fetal karyotype (46,XY) and ultrasound genital findings (no phal-
lus) may be evidence of androgen resistance or aphalia.

Physical Exam

A gonad located in the inguinal canal by either manual inspection or by ultrasound
exam is highly informative. Almost always, an external gonad is a testis. In the absence
of an external gonad, the genetic sex of the infant cannot be identified by inspection. It
is best to avoid using definitive terms such as penis or scrotum until the diagnostic studies
are completed. Instead, the phallic structure (clitoris or penis) is measured and examined
for presence of chordee, which is a downward curving phallus due to a shortened ventral
surface. The phallic measurement is not easy since it may be hard to measure an erectile
mass buried in pubic fat and curved. A tape measure placed from the point of origin on
the pubic ramus along the dorsum of the “erectile mass” will give a reasonable estimate
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of length (31,32). If the stretched length is less than 2.0 cm, the phallus is considered
“micro”. The width of the erectile tissue and its consistency should also be recorded.
The opening or openings should be recorded. The location of a single urethral opening
is classified as 1st degree (asymmetric on “glans”), 2nd degree (mid phallic shaft), 3rd
degree (junction of phallus with scrotum), or 4th degree (perineal, closer to anus). Not
infrequently, the obstetrician has labeled the phallus as a penis with hypospadias. The
record should record if a vaginal dimple or entroitus is also present. In 46,XY babies
with complete androgen resistance (AR), the urethra and vaginal pouch are in the
female positions but there is no uterus. Rarely, 46,XX infants with salt losing CAH (21-
OH deficiency) have extreme virilization classified as Prader 5 because they have a
penile urethra, a totally fused empty scrotum, and no ambiguity (33). They resemble
male infants with cryptorchidism and are at risk for death from salt-losing dehydration
and shock.

In most infants with ambiguous genitalia, the labioscrotal folds look like two adjacent
sacs separated by an indentation giving the appearance of a “bifid scrotum,” either flat
or rounded. Gonads may not be palpable. The labioscrotal folds may be smooth or
rugated with many linear creases on the surface. The severity of posterior perineal fusion
of the labioscrotal folds may be slight or complete; the latter is indistinguishable from
a scrotum. Often, the physician is misled as to the actual location of the urethral opening,
which may be more posteriorly located but is hidden because the phallus is “enwrapped”
in the fused labioscrotal folds.

In addition to the genital appearance, the record should specify the presence or absence
of dysmorphic features or skeletal abnormalities. Campomelic dwarfism is a fatal
condition in 46,XY infants who have striking skeletal dysplasia and female phenotype
(sex reversal).

Diagnostic Tests
The following are tests which are informative:

1. Karyotype (may include SRY, SOX9, DAX 1,Wnt 1, etc.)
2. Serum hormone levels:

17-OH progesterone
Testosterone (first weeks of life)
DHT
Androstenedione
17-OH pregnenolone
LH
FSH
DHEAS
Renin
Electrolytes after 8–10 d of life

3. Radiologic services:

ultrasound of pelvis for uterus, gonads
ultrasound of kidneys for malformations
ultrasound of inguinal canals for gonads
urethrogram/vaginogram/voiding cystogram -position of urethra, reflux, presence
of vagina.
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An algorithm which links the diagnostic tests to clinical diagnosis is provided in Fig. 2.
The most common cause of ambiguous genitalia is 21-OH deficiency in 46 XX genetic

females; 75 % are salt losers who will develop a low sodium, high potassium, and marked
weight loss during the second week of life. Prior to clinical dehydration, the asymptom-
atic salt loser can be identified by high renin levels. 46 XY males are at high risk for shock
because their genitalia are entirely normal. In the US, screening of newborns for CAH by
measuring serum 17 hydroxyprogesterone (OHP) have protected infants from erroneous
sex assignment as well as high morbidity and death. Female sex assignment is relatively
straight forward in virilized CAH girls because these infants have a uterus and ovaries
(26). Vaginal reconstructive or constructive surgery is usually done in late adolescence
by an experienced highly trained genital surgeon, although some centers advocate early
correction. Infants with a urogenital sinus that connects to the upper vagina usually need
early limited surgery to create a vaginal opening and to separate the vagina from the
urethra thereby preventing backflow and pooling of urine. Clitoral recession rather than
clitoridectomy is the usual practice now and efforts are being made to preserve the glans,
the neurovascular bundle and sensory response. However, some young women have
complained of discomfort resulting from genital surgery done in past decades. More data
is also needed on the outcomes of early vs later vaginal surgery vis a vis vaginal width,
depth, and comfort during intercourse. If vaginal surgery is postponed to late adoles-
cence, the female patients have to be mature enough to do all of the postoperative care in
order to have a fully functional vagina. The level of maturity and commitment are crucial
variables in selecting the timing of surgery. Although many 46 XX CAH individuals with
penile urethra have been raised as females following phallectomy and genital reconstruc-
tive surgery because they have ovaries and uterus, others have been successfully reared
as males and have undergone gonadectomy and hysterectomy (33). There is on going
debate as to the best choice for these individuals who actually have unambiguously male
external genitalia with female internal sex structures.

The most difficult decisions involve 46,XY infants with micropenis, either isolated
or associated with hypospadius. The testes may be normal size, hypoplastic, or
dysgenetic. Partial androgen insensitivity is a concern because male genital growth is
permanently compromised. At present, many pediatric endocrinologists believe that
46,XY males with isolated unambiguous micropenis and fused scrotum should receive
a short course of depot testosterone (25 mg im q month for 3 injections) in infancy and
reared in the male role. The outcome of these infants in adult life appears to be reasonably
good, even though penis size may not be within the normal range (34–37). Sex reassign-
ment of unambiguous microphallic 46,XY males to a female role is a practice that is
being challenged more today within the medical profession. Similar treatment is usually
given to 46,XY males with micropenis and hypospadius. This approach has been chal-
lenged on the basis that early phallic growth may not be a predictor of subsequent penile
growth potential. However, many pediatric endocrinologists and urologists believe that
rapid increases in length and width of the phallus are good prognosticators of future
penile growth. Also, it facilitates the reconstructive surgery to correct hypospadias. In
the most severely affected 46,XY males with negligible phallic tissue, the urologist will
likely advise the team and parents that penile reconstruction is not possible. In these
circumstances, the parents will make the final decision about accepting a female sex of
rearing and the need for gonadectomy and later vaginal construction. However, religious
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Fig. 2. Differential Diagnosis of Ambiguous Genitalia. The main features included in this diagram
are the presence or absence of external gonads, the status of the Mullerian duct derivatives (uterus,
etc.), the serum level of 17-hydroxyprogesterone, the karyotype, and possible clinical outcomes using
this information. Disorders of sexual differentiation which do not cause ambiguous genitalia are not
included in this diagram. Examples are 46,XY androgen resistance, 46,XY 17-α-hydroxylase defi-
ciency, 46,XX males, and 46,XY females. All of these individuals have unambiguous female or male
genitalia with discordant sex chromosomes.

MPH1 = Male Pseudohermaphroditism. These are XY males with testes and incompletely virilized
external genitalia due to:

(a) Structurally abnormal dysgenetic malfunctioning testes.
(b) Structurally normal testes that

(1) Underproduce testosterone due to a defect in the biosynthetic steroidogenic path
way; lack of LH receptor, etc.

(2) Produce normal amounts of testosterone which fails to act on the external genitalia
because of a defect in the androgen receptor (androgen resistance)
or
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beliefs may control the decision of parents in that all genetic males must be reared male
regardless of penile size or future function. It is essential to give parents all the options
as to sex of rearing including the pros and cons of each choice. If language barriers exist,
an interpreter must assist communication. In some cultures, a male sex of rearing is
considered an advantage regardless of the genital deformities. The medical team needs
to be open minded and supportive even though they fear the worst outcome. Parents have
to be comfortable with the chosen sex assignment decision since they are responsible
for rearing their child. If they oppose the recommendation of the medical team and are
forced to accept a decision they disagree with, the emotional well being of the child and
family is placed in jeopardy. The level of parental understanding may require prolonged
discussions and great patience by the medical team. The trained psychologist is particu-
larly helpful in this situation.

(Continued from Fig. 2 on p. 442)
(3) Because of a deficiency of 5-a-reductase in the fetal genital tissues leading to a lack

of 5-a-dihydrotestosterone, the essential androgen needed for male external genital
differentiation.

TH2 = True Hermaphroditism. It is characterized by the simultaneous presence of ovarian and
testicular tissue in an individual (germ cell of both gonads). Most TH patients have 46,XX karyotype
but 46,XY and 46,XX/46,XY mosaicism are also seen. The appearance of the external genitalia varies
from mild to complete virilization depending on the functional capacity of the leydig cells. Also, the
presence or absence of the Mullerian duct derivatives (uterus, etc.) is determined by the ability of Sertoli
cells to make Anti mullerian hormone (AMH). Very virilized infants with TH are usually reared as male
and undergo oophorectomy; they may or may not need later testosterone replacement in puberty and
adult life; almost all are infertile because spermatogenesis is lacking in the testes of TH. The function
of the fetal testes rather than the karyotype is the main determinant of sex assignment decisions. Female
sex assignment is usually chosen if virilization is slight and the infant has a uterus and an ovary.

Mixed Gonadal Dysgenesis3 is characterized by dysgenetic testes and streak gonads. Many infants
have normal male external genitalia and others present with mild to severely virilized ambiguous
genitalia. Subsequent short stature is common and the phenotypic features of Turner Syndrome are
variably present.

FPH4 = Female Pseudohermaphroditism. These are females with 46,XX chromosomes, ovaries,
and uterus and virilized external genitalia. The most common cause is androgen production from the
fetal adrenal gland due to 21 hydroxylase deficiency (CAH, 75% are salt losers) which interferes with
the synthesis of cortisol and aldosterone but leaves the androgen steroidegenic pathway intact. The
degree of virilization is classified using the Prader criteria. A penile urethra in a 46,XX CAH female
is classified as Prader 5. This means the external appearance is entirely male whereas internally a
uterus and ovaries are present. Other causes of FPH are:

(a) Androgens ingested by mother during gestation or produced by a maternal androgen-
secreting tumor.

(b) Aromatase deficiency (p450 aromatase) is an autosomal recessive disorder which results
from homologous or heteralogous mutation in the p450 aromatase genes. Consanguinity
in parents may exist. Aromatase is a critical enzyme for estrogen production from precur-
sor androgens. Aromatase deficiency in the fetus and placenta blocks the conversion of fetal
androgens to estrogen leading to virilization of the female fetus as well as the mother
during gestation. The 46,XY male fetus is not affected. During childhood, the 46,XX
female does not exhibit androgen excess until onset of puberty when progressive viril-
ization occurs. Estrogen replacement suppresses the elevated levels of gonadotropins
and androgens and improves bone mineral density.
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Disorders of sexual differentiation may be present in infants with normal or nearly
normal external genitalia (2,30). For example, 46,XY males who have complete andro-
gen resistance (AR) or 17-α-hydroxylase (P450C17 or CYP17) deficiency are born with
normal appearing female genitalia. 46,XY females with complete AR present either in
childhood with a hernia containing a testis or in late adolescence or  adulthood because
of primary amenorrhea and absence of sexual hair. 46,XY females with 17-α-hydroxy-
lase deficiency present with primary amenorrhea and hypertension due to ACTH medi-
ated excess of mineralocorticoids from the adrenal glands. This condition is an autosomal
recessive condition and consanguinity may be present in the parents. These patients fail
to make all sex steroids because this enzyme plays a pivotal steroidogenic role in both
the testis and adrenal glands. They are hairless and sometimes are misdiagnosed as
androgen resistant (AR) females. The sertoli cells of the testes function normally, ex-
plaining why they lack of a uterus. A 46,XX female with the same genetic defect will also
lack sex hormones and be hypertensive but she will menstruate when given estrogen
replacement because she has a uterus. Androgen replacement in patients with 17-α-
hydroxylase deficiency will result sexual hair growth that distinguishes them clinically
from androgen resistant individuals.

Current Issues
The overall care of infants with ambiguous genitalia is currently undergoing

re-examination by both the medical profession and by the lay public. In the past, 46,XY
infant males with micropenis, with or without hypospadius, were often reassigned to a
female sex of rearing (38,39). This recommendation was based on the belief that it was
easier to make a functional vagina than a functional penis. Thus, a female sex of rearing
was predicted to result in a more favorable psychosexual outcome. The proponents of
this recommendation appreciated the influences of intrinsic genetic forces (i.e., nature)
as well as the impact of environmental factors (i.e., nurture) but reasoned that the envi-
ronmental influences within the family were more dominant than the genetic forces if the
sex reassignment was done within the first year of life (40). With this strategy, the genital
reconstructive surgery in infancy was done without a prior trial of testosterone therapy
to enlarge the micropenis because it was believed that the penile response to treatment
would not accurately predict the size of the penis in adulthood. Also, it was held that a
micropenis at birth was synonymous with a micropenis at death. The validity of this
premise had been undermined by follow- up studies of male infants with micropenis
reared male who have reported satisfactory sexual function as adult men, even though
they expressed concerns about their penis size (34–37). Furthermore, some formerly
male infants with micropenis who were sex reassigned and reared female have criticized
the medical profession for performing surgical procedures to make female appearing
external genitalia. These women now complain of genital discomfort and a lack of sexual
arousability in adult life (41). If this outcome is reported by larger numbers of patients,
the rationale for female sex assignment decisions will be one which is not supported by
scientific evidence. At present, the most vocal feedback has come from dissatisfied
adults born with intersex who founded The Intersex Society of North America (ISNA)
in 1994 (42). They recommend avoidance of genital surgery in intersex infants without
the patient’s consent unless it is necessary for the child’s health and comfort, and they
advocate full disclosure of medical information given in a supportive emotional environ-
ment. Legally, parents have the authority to approve surgery for their infant with intersex
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because the infant is incapable of giving assent. However, it is evident that the challenge
of creating a comfortable, adequately sized, sexually responsive vagina was signifi-
cantly underestimated in past.

What have we learned in the past 4 decades about 46,XY infant males who were
reassigned to a female sex of rearing? We know now that female sexual arousability and
functioning is far more complicated than was assumed previously; it requires the pres-
ervation of erectile tissue and neural and vascular anatomy. Hence, a constructed vagina
that lacks intravaginal sensory responses or the ability to lubricate will not likely result
in satisfactory adult female sexual function. We also know that the clitoris is an impor-
tant sexual organ; total clitoridectomy in virilized 46,XX female infants with CAH leads
to a significant reduction of sexual sensation in adulthood. In addition, one recent follow-
up study of 58 adult male pseudohermaphrodites from Johns Hopkins University has
reported that a majority of those assigned either male or female were satisfied with the
gender to which they had been assigned and with their sexual functioning (43). A pre-
vious study of 46,XY adult pseudohermaphrodites by Money and collaborators also
showed that most intersex individuals remained with their assigned gender, but the
chances of adult patient initiated gender re-reassignment were higher in 46,XY patients
reared female changing back to male gender identity than in those reared male changing
to a female gender (44,45). These outcomes are at variance with the experience reported
by the ISNA group.

Has the poor prognosis previously given for 46,XY infant males with micropenis been
proven by scientific evidence or outcomes research? Adult penis size is still seriously
considered when decisions are made as to sex of rearing because a functional penis is
essential for penis-vaginal intercourse. The current practice of administering testoster-
one, 25 mg im monthly for 3 injections, to male infants with micropenis before advising
parents as to the need to consider reassignment to a female sex of rearing means that
parents must accept longer periods of uncertainty before a final decision about the sex
of rearing is made. Most families have the courage to tolerate this stressful experience
because of the finality of the decision. We still need more information about the growth
potential, erectile qualities, and minimal size requirement for a functional penis. Nev-
ertheless, recent data indicate that males born with a small penis that never fully catches
up in size are able to have satisfactory heterosexual adult experiences (34–37). This
means that we no longer should assume that a normal adult penis size is prerequisite for
a man to be well adjusted and sexually active. Parents need to know that while penis size
may not be fully restored to a normal adult range, the growth potential of an infant’s penis
is greater than was previously believed. Also, parents need information about the posi-
tive and negative aspects of choosing a female sex of rearing, since that decision will
mandate vaginal construction in late adolescence and lack of guarantees, re: sexual
arousability.

At present, there is general agreement as to the urgent need of feedback from former
patients reared male or female to obtain additional information as to their level of sat-
isfaction or dissatisfaction and their overall psychosocial/psychosexual adjustment.
Many changes in the approach to the care of these children are taking place (46,47). First,
clitoral recession is the usual procedure rather than clitoridectomy or clitoral amputation
in virilized 46,XX infants with CAH or other causes of androgen exposure. Second,
improved surgical techniques are being developed to minimize genital discomfort and
enhance sexual arousability in adulthood. Third, vaginal construction is usually post-
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poned until adolescence, in order to have the patient fully involved in accepting the
surgery as well as the responsibility for the post-operative care. Fourth, greater efforts
are now being made to include the child in the decision making process if surgery is
contemplated during the childhood and adolescent years. When all is said and done, the
health professionals and parents chose the sex of assignment for an infant with ambigu-
ous genitalia, but this does not guarantee that the child’s gender identity will be in
agreement with the chosen gender role.

Many important questions are still unanswered because we lack adequate follow-up
information about adult patients. To what extent does androgen imprinting influence
gender identity? The famous Joan-John patient was not an intersex infant, but rather a
healthy male infant born with normal male external genitalia who had a circumcision
accident at 7 mo that led to the loss of his penis; he also had a healthy twin brother. John
was reared male until 17 mo when it was decided to reassign him to a female gender and
he was renamed Joan; genital feminizing surgery was not done until he was 21 mo. In
adulthood, Joan self re-reassigned herself to a male identity and took the name of John.
The lateness of the sex reassignment at 17 mo and the prolonged period of a male sex of
rearing coupled with normal male hormone levels in early childhood combine to make
this a unique case that cannot be extrapolated to the care of 46,XY newborns with
intersex (48–52). We need more information about the gender identity of 46,XY males
born with agenesis of the penis and normal testes and or male infants with perinatal
traumatic loss of the penis in order to evaluate the significance of androgen imprinting
on the development male gender identity (53,54). The available outcome data on male
infants with penile ablatio or cloacal exstrophy of the bladder who were reared female
is conflicting, in that some, but not all individuals returned to a male gender. Androgen
exposure has a major influence on gender-role behavior, but does not appear to be the
primary determinant of gender identity (55,56). For example, severe genital virilization
of the 46,XX fetus with CAH because of high levels of androgens in utero is associated
with tomboyish behavior and a higher prevalence of homosexuality, but the subsequent
gender identity of these patients is female. Rarely do these virilized girls undergo a
gender change from female to male (57). Also, it is known that transexuals (male to
female or vice versa) have a gender identity conflict, yet they were born endocrinolo-
gically normal with normal genitalia. Hence, the development of gender identity is a
complex and incompletely understood phenomenon.

Concept of Sexual Dimorphism
Is the theory of sexual dimorphism a valid concept, i.e., is society comprised only of

males or females? This simple idea has prevailed in Western culture since antiquity.
Fausto-Sterling has challenged this belief by substituting five categories of gender (male,
female, true hermaphrodite, female pseudohermaphrodite, and male pseudohermaphro-
dite). This theory lacks practical relevance. Very little has changed in the way gender
identity is practiced. Most individuals consider themselves male, female, or bisexual.
Gender identity is not synonymous with genital anatomy. The best example of this is the
transsexual individual. At present we do not fully understand the forces controlling an
individual’s gender identity, even though we accept the interplay between genetic/hor-
monal /unknown factors and environmental influences (11,58–65).

The following comments address recent attempts to conceptualize sex as a function
of the genetic constitution of an organism and new efforts to re-interpret the meaning of
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genital malformations. The argument has been made that there are multiple genotypic
sexes in humans and other mammalian species; hence the dimorphic concept of sex is
scientifically inadequate to incorporate the variability in the genotypic makeup of indi-
viduals with disorders of sexual differentiation and the resulting clinical phenotypic
diversity. This concept is the basis for the argument that genital malformations because
of hermaphroditism, pseudohermaphroditism, and virilizing congenital adrenal hyper-
plasia should not be considered intersex conditions, but rather as expected variance of
genotypic sex (66). The end result of this line of reasoning is to abandon the dimorphic
concept of sex (i.e., male and female) and substitute the concept of multiple sexes. It is
argued that the dimorphic concept of sex has been one of the reasons for the current
controversies in clinical management of intersex conditions.

The above interpretation of multiple genotypic sexes is not validated by evidence
derived from molecular research, which details the precise contribution of many auto-
somal and sex chromosomal genes during each step in the process of fetal sexual differ-
entiation. While it may be politically acceptable to deny the presence of a genetic defect,
it is neither accurate nor scientifically sound to claim that genital malformations are the
result of expected variance of genotypic sex. Patients are entitled to accurate explana-
tions about the cause of their genital condition. When all goes well, there are only two
outcomes of normal sexual differentiation in humans; i.e., male or female (67). At
present, we are able to identify most of the gene mutations that cause phenotypic vari-
ability in infants with disorders of sexual differentiation. The scientific proof for the
existence multiple genotypic sexes and biologic phenotypic variability requires that
normal molecular processes result in a diversity of phenotypic outcomes. Such is not the
case; the phenotypic variability is always the result of abnormal gene function. It is our
opinion that the concept of multiple genotypic sexes and expected biologic variability of
phenotype will not simplify the care of infants born with genital defects. More impor-
tantly, this hypothesis is not validated by molecular genetic evidence. Until this debate
is resolved, it is essential that health professionals adhere to scientific principles and
maintain mutual respect for differing points of view. The ultimate goal is to educate and
support our patients so that they will participate in all of life’s experiences, fully under-
standing the past events in their medical care.
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INTRODUCTION

The menstrual disorders that concern endocrinologists are primary amenorrhea (fail-
ure of menses to begin at a normal age), secondary amenorrhea (cessation of menstrual
periods for 4 mo or more after initially menstruating), oligomenorrhea (less than 9
menstrual periods a year), and dysfunctional uterine bleeding (anovulatory bleeding
which is abnormally frequent or excessive) (1). Menses which occur excessively fre-
quently (at more often than 22 d intervals) are also suggestive of anovulatory cycles.

Adolescents require special consideration for three reasons. The first is because of the
normal variation in the age of onset of puberty. The National Child Health Survey
(NCHS) in the 1960s found menarche to occur at 12.7 ± 1.0 yr of age in the US (2). A
more recent prospective study in Cincinnatti, Ohio found that menarche occurred at
12.6 yr in Caucasians and 12.0 yr in Negros (3). Breast development has been estimated
from NCHS data to begin at 10.75 ± 1.0 (SD) yr of age in North America (4). The second
is that menarche will be delayed if puberty is delayed in onset, although there is a
tendency for puberty to be of shorter duration when it begins relatively late (5,6). The
third is that physiologic anovulation must also be taken into consideration. Adolescents
often have long periods of anovulation before they establish a menstrual pattern that is
normal by adult standards. About half of menstrual cycles are anovulatory in the 2 yr
after menarche (7). If irregular cycles persist for 2 yr after menarche, an approximate
67% probability of ongoing menstrual irregularity exists. The normal menstrual cycle
length varies with age, the interval between menstrual cycles decreasing in the first
several years after menarche (Fig. 1) (8).
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ETIOLOGY

Two general types of disorders cause these menstrual abnormalities: those that are
associated with genital tract disorders and, more often, those that result from anovula-
tion. The etiology of menstrual disorders is given in Table 1 (9).

Genital Tract Disorders

Failure of the onset of menses can result from structural abnormalities of the genital
tract that do not have an endocrinologic basis. If the uterus is intact, hydrometrocolpos
will occur, however. The vagina may have an imperforate hymen. The vagina or uterus
may be congenitally aplastic. Varying degrees of vaginal and uterine aplasia are asso-
ciated in the Rokitansky-Kustner-Hauser syndrome (10). This syndrome seems to occur
as a single gene defect or as an acquired teratogenic event that sometimes affects differ-
entiation of the urinary tract.

Uterine aplasia may also result from those intersex syndromes in which anti-Müllerian
hormone secretion by testicular tissue has occurred. For this reason, primary amenorrhea
may be the presenting symptom of phenotypic girls with complete androgen resistance
(testicular feminization syndrome) or congenital deficiency in one of the enzymes nec-
essary for testicular testosterone secretion. It is also a complaint in patients with ambigu-
ous genitalia due to partial versions of these disorders or due to 5α-reductase deficiency.

Intrauterine adhesions (Asherman’s syndrome) may result from trauma, such as post-
curettage or as a complication of radiation therapy of pelvic disease or chronic inflam-
matory disease (11).

Abnormal bleeding, on the other hand, can result from genital tract trauma or infec-
tion. The most common examples of these are sexual abuse and foreign body. Bleeding
may also result from genital tract tumors.

Anovulatory Disorders
Anovulatory disorders are otherwise the most common cause of menstrual disorders,

and the most common cause of these is pregnancy. Anovulatory disorders can be catego-

Fig. 1. Menstrual cycle lengths throughout reproductive life from menarche to menopause. Tenth,
fiftieth, and ninetieth percentiles are shown. Reproduced with permission from ref. (8).

GUEST
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Table 1
Causes of Adolescent Menstrual Disordersa

ABNORMAL GENITAL STRUCTURE
Aplasiab

Hymenal
Vaginal
Müllerian
Intersex

Endometrial adhesions
Ambiguous Genitalia

Intersex
Pseudointersex

ANOVULATORY DISORDERS
Hypoestrogenism: FSH Elevated

Primary ovarian failure
Congenital

Chromosomal disorders
Genetic disorders
Resistant ovaries
Bioinactive gonadotropin
Steroidogenic block

Acquired
Oophorectomy
Radiotherapy or chemotherapy
Oophoritis
Idiopathic

Hypoestrogenism: FSH Not Elevated
Gonadotropin deficiency

Congenital
Acquired

Organic
Functional (non-organic)

Delayed puberty
Constitutional delayb

Growth-retarding disease
Primary ovarian failure

Complete, if BA <11 yrb

Incomplete, if BA >11 yr
Virilization

Estrogenized: FSH Not Elevated
Pregnancy
Functional hypothalamic anovulation

Athletic amenorrhea
Psychogenic amenorrhea
Idiopathic functional hypothalamic amenorrhea
Post-pill amenorrhea

Secondary hypothalamic anovulation
Chronic disease
Undernutrition or obesity
Cushing’s syndrome
Hypothyroidism
Hyperprolactinemia

Hyperandrogenism

aAdapted with permission from ref. (9).
bCause only primary amenorrhea
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rized according to whether or not the patient is hypoestrogenic and whether or not
gonadotropins, particularly serum follicle stimulating hormone (FSH) levels, are
elevated (Table 1). Anovulation often results from various degrees of hypogonadism. If
hypogonadism is complete and is present prior to the onset of neuroendocrine puberty,
it causes sexual infantilism. If hypogonadism is slightly less severe or becomes manifest
in the early teenage years, it may permit some feminization, but too little to permit the
onset of menses. In either case, primary amenorrhea results. Milder, partial, or incomplete
forms of hypogonadism may cause either secondary amenorrhea or oligomenorrhea. At
its mildest, hypogonadism may present with the anovulatory symptoms of dysfunctional
uterine bleeding or with excessively frequent periods due to short luteal phase.

Hypoestrogenism with elevated FSH indicates primary ovarian failure (hypergonado-
tropic hypogonadism). The causes include both hereditary and acquired disorders. Chro-
mosomal disorders are well-known causes of ovarian failure. Gonadal dysgenesis due
to sex chromosome abnormalities, particulary deficiency of genes on the X-chromo-
some causing Turner syndrome, is the most common cause of primary ovarian failure,
with an incidence of about 1 in 2500 live born girls. About 5% of Turner syndrome
patients present with secondary amenorrhea, even though they have congenitally
dysgenetic ovaries (12). Autosomal aneuploidy (13) or gene mutations (14,15) can also
cause gonadal dysgenesis. Fragile X-chromosome premutation is associated with some
cases of X-linked premature ovarian failure (16). Premature ovarian failure may result
from hereditary gonadotropin resistance: LH receptor and FSH receptor mutations have
recently been found to cause autosomal recessive gonadotropin resistance (17). These
have been associated with a spectrum of defects ranging from primary amenorrhea to
oligomenorrhea. Partial gonadotropin resistance is common in the Albright osteodystro-
phy form of pseudohypo-parathyroidism because of the generalized defect in G-protein
signal transduction (18). On rare occasions, bioinactive gonadotropins may simulate
primary gonadal failure (19,20). Steroidogenic blocks in estradiol biosynthesis can also
cause secondary amenorrhea (21). Acquired ovarian failure commonly results from
irradiation, chemotherapy, trauma to the ovary, or autoimmune disease. Unexplained
acquired ovarian failure has an autoimmune basis in approx one-third of cases (22).

Hypoestrogenism without elevated FSH levels usually indicates secondary ovarian
failure (gonadotropin deficiency, hypogonadotropic hypogonadism) because a normal
gonadotropin level is inappropriate in the setting of hypoestrogenism. Gonadotropin
deficiency can be congenital or acquired. Congenital gonadotropin deficiency can occur
in association with cerebral, hypothalamic, or pituitary dysfunction, or as an isolated
defect (20). Congenital hypopituitarism may be due to a chromosomal disorder (such as
in Prader-Willi syndrome), be due to single gene mutations (as in Prop-1 deficiency), or
be associated with congenital brain defects of unknown origin. Congenital isolated
gonadotropin deficiency may result from autosomal recessive disorders, of which gona-
dotropin releasing hormone (GnRH) receptor deficiency is more common in women
than the anosmia-associated Kallmann’s syndrome (23).

Acquired gonadotropin deficiency may be organic or functional (non-organic).
Organic acquired gonadotropin deficiency can be a consequence of tumors, trauma,
autoimmune hypophysitis (24), degenerative disorders involving the hypothalamus and
pituitary (25), irradiation (26), or chronic illness of virtually any organ system (27).
Functional hypogonadotropinism is commonly caused by eating disorders (28). Anorexia
nervosa is the prototypic form, but bulimia nervosa, the binge-eating/purging variant, is
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easily overlooked because the weight is often normal and vomiting surreptitious. In these
disorders, low body fat blunts the secretion of leptin, which is important for the function
of the GnRH pulse generator (29). Stress-related neurotransmitter dysfunction causes
proopiomelano-cortin overproduction and a mild state of cortisol excess (30). Hyperpro-
lactinemia can also cause functional gonadotropin deficiency, as discussed below.

Delayed puberty seems to be a persistance of the prepubertal state of physiologic
isolated gonadotropin deficiency. It may be secondary to chronic disease of virtually any
organ system or, most commonly, it may occur as a familial extreme variation of normal
which is termed “constitutional delay in growth and pubertal development”.

Gonadotropin deficiency can also be mimiced by primary ovarian failure in two
circumstances. The most common is in children who are too young to have undergone
neuroendocrine puberty, as indicated by a bone age <11 yr. Gonadotropin levels may
also not be elevated in premature ovarian failure because gonadotropin levels may be
normal as the ovary begins to fail during the menopausal transition (31,32). Suppression
of gonadotropins and estrogens occurs in frankly virilizing disorders.

Menstrual disturbance in the presence of adequate estrogenization is probably the
single most common problem that is encountered. Pregnancy, hypothalamic anovula-
tion, with its diverse causes including hyperprolactinemia, and hyperandrogenism are
the considerations.

Hypothalamic anovulation occurs in patients who secrete sufficient gonadotropin
tonically to estrogenize normally, but have disorders that interfere with the ability to
produce a midcycle surge of luteinizing hormone. In this group of disorders, there are
disturbances of cyclic or pulsatile GnRH release that interfere with the positive feedback
mechanism. Functional hypothalamic amenorrhea is often seen in the setting of weight
loss, athletic stress, or psychogenic stress. Even when these factors are not obvious,
idiopathic functional hypothalamic amenorrhea bears resemblance to anorexia nervosa
(33). Post-pill amenorrhea may be suspected after the long-term use of hormonal
contraceptives. However, this entity usually results from an undetected antecedent
anovulatory disturbance or an intercurrent illness, so a work-up is required.

Chronic disease of virtually any organ system can mimic gonadotropin deficiency or
hypothalamic anovulation. Obesity is thought to cause amenorrhea via the overproduc-
tion of estrogen from plasma precursors in adipose tissue (34). Glucocorticoid excess
causes amenorrhea by multiple mechanisms, prime among which is interference with
gonadotropin responsiveness to GnRH (30,35). Thyroid disorders are well-known causes
of menstrual irregularity (36).

Hyperprolactinemia requires special consideration since it varies greatly in its presen-
tation. This is because it engenders variable degrees of gonadotropin deficiency. Prime
among the multiple mechanisms is disruption of GnRH pulsatility (37,38). Galactorrhea
is present in about half of the patients, particularly those with residual estrogen produc-
tion. The causes of hyperprolactinoma are diverse, and include hypothalamic or pituitiary
disorders, drugs, hypothyroidism, renal or liver failure, peripheral neuropathy, stress,
and idiopathic. It is not only in the differential diagnosis of hypogonadotropic hypogo-
nadism and hypothalamic amenorrhea, it may cause short or inadequate luteal phase
(characterized by menstrual cycles less than 22 d), dysfunctional uterine bleeding, or a
hyperandrogenic picture.

Hyperandrogenism is the most frequent cause of anovulation, after pregnancy, so it
is considered in more detail next.
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Hyperandrogenism
Androgen excess arises from abnormal ovarian or adrenal sources in the vast majority

of cases. It occasionally appears to be caused by abnormalities in the peripheral forma-
tion of androgen, rarely by tumors or by self-administration. The causes of hyperandro-
genism are listed in Table 2 (39).

POLYCYSTIC OVARY SYNDROME (PCOS)
PCOS is the most common cause of androgen excess presenting at or after the onset

of puberty. The classic Stein-Leventhal form accounts for nearly half the cases of chronic
hyperandrogenism. This is characterized clinically by various combinations of amenor-
rhea, hirsutism, and obesity, and endocrinologically by hyperandrogenemia, as well as
polycystic ovaries or elevation of serum LH (39–41). About two-thirds of patients with
classic PCOS, so defined, have hirsutism (or the hirsutism equivalents, acne vulgaris or
pattern alopecia), two-thirds have anovulatory symptoms (which vary from amenorrhea
to dysfunctional uterine bleeding to unexplained infertility), and half are obese. Thus,
only about a third of otherwise classic cases have the full-blown clinical picture (Fig. 2).
Approximately eighty percent have the characteristic PCOS-type of primary functional
ovarian hyperandrogenism (FOH), and half have the characteristic PCOS-type of primary
functional adrenal hyperandrogenism (FAH). Acanthosis nigricans, a sign of insulin
resistance, may be prominent.

Table 2
Causes of Hyperandrogenisma

Functional Gonadal Hyperandrogenism
Primary (dysregulational) functional ovarian hyperandrogenismb

Secondary polycystic ovary syndrome
• Poorly controlled classic congenital adrenal hyperplasia
• Syndromes of severe insulin resistance
• Ovarian steroidogenic blocks
Adrenal rests
Hermaphroditism
Chorionic gonadotropin-related

Functional Adrenal Hyperandrogenism
Primary (dysregulational) functional adrenal hyperandrogenismc

Congenital adrenal hyperplasia
Prolactin or growth hormone excess
Dexamethasone-resistant functional adrenal hyperandrogenism
• Cushing’s syndrome
• Cortisol resistance
• Apparent cortisone reductase deficiency

Peripheral Androgen Overproduction
Obesity
Idiopathic hyperandrogenism

Tumoral Hyperandrogenism
Androgenic Drugs

aAdapted with permission from ref. (39).
bCommon form of PCOS.
cUncommon form of PCOS.
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Atypical cases (nonclassic PCOS) that do not meet the classic laboratory criteria but
possess the characteristic PCOS-type of FOH, or occasionally FAH, account for most
remaining cases of chronic hyperandrogenism. FOH occurs alone in approximately one-
third of cases, FOH and FAH coexist in approximately one-third, and FAH occurs alone
in approximately one-quarter. The more obese the patient, the less likely serum LH is to
be elevated, probably because insulin excess exerts a co-gonadotropic effect. As a group,
PCOS is accompanied by insulin-resistant hyperinsulinemia, but this is not uniformly
present.

PCOS in adolescents has clinical and endocrine features similar to those of adults
(42). In addition, there may be a history of premature onset of pubic hair, breast devel-
opment, obesity, and/or pseudoacromegaly. Although the typical ovarian dysfunction is
often found in the perimenarcheal phase of development (42), it may not be demon-
strable until 3 yr after menarche (43).

Pathophysiology. The central abnormality in primary FOH seems to be intraovarian
androgen excess. The intraovarian androgen concentrations arising in FOH are higher
than in most adrenal causes of androgen excess and seem responsible for the ovarian
abnormalities: intraovarian androgen excess appears to stimulate excessive growth of
small follicles while hindering the follicular maturation involved in the emergence of a
dominant follicle, as well as causing thecal and stromal hyperplasia.

The PCOS-type of FOH was demonstrated to be characterized by 17-hydroxypro-
gesterone (17-OHP) hyperresponsiveness to GnRH agonist stimulation without evi-
dence of a steroidogenic block and by subnormal dexamethasone suppression of plasma
free testosterone and 17-OHP in the presence of normal adrenocortical suppression.
Dexamethasone suppression and GnRH agonist test results are 65–85% concordant. The
PCOS-type of FAH consists of moderately excessive 17-ketosteroid responses to ACTH
without evidence of a steroidogenic block. This FAH had earlier often been mistaken for
nonclassical 3β-hydroxysteroid dehydrogenase deficiency, now known to be a rare
disorder. Although FAH has also been suspected of being “exaggerated adrenarche,”
this explanation now seems unlikely for several reasons, one of which is that the
adrenarche marker dehydroepiandrosterone sulfate (DHEAS) is elevated in only about
20% of cases.

Fig. 2. Manifestations of polycystic ovary syndrome in approximate proportion to their relative
incidence and coincidence. Cutaneous symptoms include hirsutism, acne or acanthosis nigricans.
Anovulatory symptoms include amenorrhea, oligomenorrhea, dysfunctional uterine bleeding, and
infertility. Reproduced with permission from ref. (39).
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These studies have led to the hypothesis that primary FOH and primary FAH are due
to abnormal regulation (dysregulation) of steroidogenesis. Dysregulation is postulated
to result from imbalance among various intrinsic and extrinsic factors involved in the
modulation of trophic hormone action (Fig. 3). Within the ovary, there appear to be flaws
in the processes which normally coordinate androgen and estrogen secretion. This causes
the ovaries to hyperrespond to LH, rather than undergoing down-regulation in response to
LH stimulation. Recent evidence suggests that the majority of cases have an intrinsic
theca cell defect that causes widespread, but not global, overexpression of steroidogenic
enzymes (44). This raises the possibility that the fundamental defect in PCOS may be one
of transcriptional co-regulation of a panoply of processes.

Insulin excess appears to be an important extrinsic factor in dysregulation, and treat-
ments which lower insulin levels reduce the androgen excess. The insulin/insulin-like
growth facter (IGF) system seems to act in synergism 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 remains to be resolved.

Excessive LH secretion was once thought to be central to the pathogenesis of PCOS
due to a complex cycle of events in which peripheral conversion of adrenal androstene-
dione to estrone sensitized gonadotropes to GnRH (“estrone hypothesis”). However, LH
excess does not appear to be causative since it is not a consistent feature of the syndrome,
although the syndrome is gonadotropin-dependent.

Pathogenesis. The cause of PCOS is unknown, but there is considerable interest in the
possibility that PCOS may arise as a complex genetic disorder in which an intrinsic
ovarian genetic trait interacts with other congenital or environmental factors to cause
dysregulation of steroidogenesis (39,45–47). Proposed ovarian predisposing traits
include polycystic ovaries, steroidogenic enzyme polymorphisms (45,47), or a serine
phosphorylase enhancer. In this model, a “second hit” is required to precipitate the

Fig. 3. Model of factors causing the common types of functional ovarian and adrenal hyperan-
drogenism. A mild degree of androgen excess can arise from excess trophic hormone (LH or ACTH)
stimulation. Disturbances either extrinsic or intrinsic to these endocrine glands can amplify the effect
of normal levels of trophic hormones. Extrinsic regulatory peptide excess is exemplified by
hyperinsulinemia. Intrinsic peptides capable of inappropriately up-regulating steroidogenesis include
IGFs. Reproduced with permission from ref. (41).
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syndrome. For example, polycystic ovaries in seemingly normal women produce exces-
sive androgens, but to a subclinical extent (48–50). Asymptomatic mothers with poly-
cystic ovaries (or the postulated male equivalent, premature male pattern baldness)
transmit this trait to offspring in autosomal dominant fashion, and affected daughters
manifest the syndrome only if it is precipitated by another factor. An important precipi-
tant seems to be insulin-resistant hyperinsulinemia: this may arise on an environmental
basis (e.g., dietary obesity or puberty) or a genetic one (e.g., type 2 diabetes mellitus).
PCOS clearly has a relationship to adult-type diabetes mellitus. Approximately one-
third of patients have a parent with diabetes mellitus, and PCOS patients have a high
incidence of diabetes-like defects in insulin secretion, insulin sensitivity, and glucose
tolerance (51,52). Other proposed precipitating factors include premature adrenarche,
heterozygosity for congenital adrenal hyperplasia (53), a predisposition to LH excess
(“hyperpuberty”), and intrauterine growth retardation (54). Prenatal androgenization
may program the female fetus to develop LH excess, ovarian hyperandrogenism, amen-
orrhea, and insulin resistance (55–57).

OTHER CAUSES OF FUNCTIONAL OVARIAN HYPERANDROGENISM

FOH can be secondary to several disorders (Table 2). Extraovarian androgen excess
(as in poorly controlled congenital adrenal hyperplasia) and ovarian steroidogenic blocks
(such as 3β-hydroxysteroid dehydrogenase, 17β-hydroxysteroid dehydrogenase, or
aromatase deficiency) are causes. Excessive stimulation of the LH receptor may well
mediate the hyperandrogenism reported with chorionic gonadotropin-related ovarian
dysfunction during pregnancy and with partially resistant ovarian follicles (58). All
known forms of extreme insulin resistance, including the hereditary cases which are due
to insulin receptor mutations, as well as acromegaly (59), are accompanied by PCOS,
apparently by excessively stimulating the IGF-I signal transduction pathway to escape
from desensitization to LH. Functional ovarian hyperandrogenism may also result from
adrenal rests of the ovaries in congenital adrenal hyperplasia or from true hermaphrodit-
ism. PCOS has also been reported as a complication of the impaired steroid metabolism
that occurs as a complication of portasystemic shunting (60).

OTHER CAUSES OF FUNCTIONAL ADRENAL HYPERANDROGENISM

Less than 10% of adrenal hyperandrogenism can be attributed to the well-understood
disorders listed in Table 2. Congenital adrenal hyperplasia arises from an autosomal
recessive deficiency in the activity of any one of the adrenocortical enzyme steps
necessary for the biosynthesis of corticosteroid hormones (61). Mild enzyme deficiency
causes nonclassical (“late-onset”) presentations, which lack the genital ambiguity of
classic congenital adrenal hyperplasia and cause adolescent or adult-onset of anovula-
tory symptoms and/or hirsutism. Women with the nonclassical disorder may have poly-
cystic ovaries and high serum luteinizing hormone levels, but FOH seems to be unusual
except in the presence of adrenal rests of the ovaries (55). Nonclassical 21-hydroxylase
deficiency is the most common form of congenital adrenal hyperplasia and accounts for
about 5% of hyperandrogenic adolescents in the general population. Deficiency of
3β-hydroxysteroid dehydrogenase (3β-HSD) or 11β-hydroxylase are forms of congeni-
tal adrenal hyperplasia which have on rare occasions presented in adolescence.

Dexamethasone-resistant forms of hyperandrogenism, such as Cushing’s syndrome,
cortisol resistance, or apparent cortisone reductase deficiency (62), are even more unusual
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than nonclassic congenital adrenal hyperplasia. Prolactin excess causes adrenal
hyperandrogenism (63). Cushing’s and hyperprolactinemia sometimes occur in associa-
tion with polycystic ovaries (64,65).

OTHER CAUSES OF HYPERANDROGENISM

In approx 8% of hyperandrogenic patients, a cause cannot be ascertained after thor-
ough testing. This is idiopathic hyperandrogenemia. Few of these patients have men-
strual abnormalities. Obesity seems to explain some of these cases, because adipose
tissue has the capacity to form testosterone from androstenedione. Obesity may simulate
PCOS by causing amenorrhea, acanthosis nigricans, and hyperandrogenemia (41) Other
idioipathic cases may be due to hereditary quirks in peripheral metabolism of steroids.
Tumor and exogenous ingestion of anabolic steroids are more rare causes of virilization.

DIFFERENTIAL DIAGNOSIS

Primary amenorrhea is defined as absence of a spontaneous menstrual period by
15.0 yr of age. Work-up should be undertaken earlier if breast budding has not occurred
by 13 yr of age. A diagnostic approach to primary amenorrhea is shown in Fig. 4 (66).
The history should include a search for clues to chronic disease or eating disorder, The
key features on physical examination are whether puberty is delayed, or indeed whether
it has even begun, whether the child is underweight (67,68), and the normalcy of the
external genitalia. The key initial laboratory tests in the sexually immature patient are
bone age radiograph and screening tests for chronic disease. The key initial laboratory
tests in the sexually mature patient are pregnancy test, plasma testosterone, and pelvic
ultrasound examination.

In patients with secondary amenorrhea or oligomenorrhea, secondary sex character-
istics will have matured because the occurrence of menarche indicates a substantial
degree of development of the reproductive system. Clues to the diagnosis may be obtained
from the history and examination. In their absence, a pregnancy test and serum gonadot-
ropin levels, particularly FSH, are the key tests with which to initiate the work-up, as
shown in Fig. 5 (69).

If a sexually mature girl with secondary amenorrhea or oligomenorrhea has a negative
work-up to this point (Fig. 5), or if she has other menstrual irregularities, further inves-
tigation for an anovulatory disorder should be undertaken (Fig. 6) (70). Dysfunctional
uterine bleeding is an alternate presentation of anovulatory cycles; it occurs in anovu-
latory women whose ambient estradiol levels are over approximately 40 pg/mL (71). If
bleeding is not controlled by trials of progestin or OCP, sexual abuse, bleeding disorder,
and genital tract tumor should be considered (72). The history of a woman with anovu-
latory symptoms should be carefully reviewed for evidence of the nutritional disorders
and the physical or emotional stress that are common causes of these complaints. The
examination should particularly focus on the possibility of intracranial disorders, galac-
torrhea, and evidence of hirsutism or its equivalents. A chronic disease panel is indicated
in all anovulatory patients. The work-up can be directed differently according to whether
the patient is hypoestrogenic or hyperprolactinemic. GnRH testing is indicated in
hypoestrogenic cases. GnRH agonist testing yields similar results and in addition allows
assessment of gonadotropin reserve in gonadotropin deficiency and also permits assess-
ment of ovarian responsiveness to gonadotropins (32,73,74). Imaging of either the ova-
ries or the brain is usually indicated.
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Hyperandrogenism may be present without hirsutism. Hirsutism is defined as exces-
sive male-pattern hair growth in  woman. In approximately one-third of cases, there are
not even the common hirsutism equivalents of acne vulgaris or pattern alopecia; this
seems to be due to considerable individual variability in pilosebaceous unit sensitivity
to androgens. Conversely, a small percentage of hirsute women have idiopathic hirsut-
ism, that is, hirsutism without androgen excess. Therefore, it is important to document
hyperandrogenism in the settings of either anovulatory symptomatology or hirsutism.
We recommend screening for hyperandrogenism with measurement of plasma total and
free testosterone as well as plasma DHEA sulfate. A very high plasma testosterone level
(>200 ng/dL) or DHEA sulfate level (>700 µg/dL) is suspicious for tumor. Subtle andro-
gen excess is more often detected by a plasma free than a total testosterone determina-
tion; unfortunately, the free testosterone assay methodology is variable and there is no
international standard. Another key study with which to initiate the investigation of
androgen excess is a pelvic ultrasound examination. The main purpose of the
ultrasonographic examination is to exclude tumor, because the presence of polycystic
ovaries is not specific for PCOS (55,64,65), nor are polycystic ovaries necessary for the
diagnosis of PCOS.

The tack taken to screen for adrenal causes of hyperandrogenism differs widely among
clinics (75,76). Clearly, it is both costly and impractical to measure multiple steroids on
multiple occasions. It is our opinion that if key historical or physical features and the
initial round of laboratory tests have not pointed to a specific cause of androgen excess,
diagnostic screening is accomplished in a way that will be definitive for PCOS in the
majority of cases by performing an outpatient dexamethasone androgen-suppression
test, according to the algorithm presented in Fig. 7 (77). A single blood sample after a
few days of dexamethasone yields results diagnostic of PCOS in a majority of cases,
whereas without dexamethasone pretreatment, an 8:00 AM level of 17-hydroxypro-
gesterone may not be definitive in ruling out congenital adrenal hyperplasia and a cor-
tisol at that time may not be sufficiently low (below 10 µg/dL) to rule out Cushing’s
syndrome. We reserve ACTH testing, which is expensive if comprehensive, for the
subset of patients with dexamethasone-suppressible androgen excess. There has been
considerable confusion about the interpretation of moderately abnormal responses of
DHEA and 17-OHP to this test. The experience to date indicates that mutations indica-
tive of nonclassic congenital adrenal hyperplasia cannot be documented unless one of the
steroid intermediates rises over 7 SD above average in response to ACTH testing (78,79).
If the source of androgen excess cannot be localized by these tests, one may occasionally
find an ovarian source by a GnRH agonist challenge test (42,80). If no source for the
androgen excess can be found, one is dealing with idiopathic hyperandrogenism.

MANAGEMENT

Appropriate therapy depends on first reaching an accurate diagnosis. All too often,
oral contraceptive pills (OCPs) are used indiscriminantly to treat menstrual disorders
because, with the notable exception of uterine/endometrial disorders, they will induce
regular menstrual periods with a high degree of reliability. However, the role of OCPs
in long-term management is limited: for one thing they do not permit conception, for
another, the patient may be lulled into thinking that this treatment is curative and thus
defer a more defininitive diagnostic work-up.
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Fig. 4. Differential diagnosis of primary amenorrhea. Adapted with permission from ref. (66).
aUnderweight is defined in prepubertal children by weight below 10th percentile for height age, in pubertal girls by weight below 10th percentile of body
fatness for height or BMI <10th percentile. Body fat less than 10–15% of body mass is the critical parameter, and this may not be reflected accurately by
weight-for-height parameters in athletes who have a disproportionately great muscle mass.
bAnorexia nervosa is a symptom complex consisting of amenorrhea, voluntary starvation, and a self-delusional disturbance in the perception of body fatness.
Body fat determination by dual photon x-ray absorptiometry or bioimpedence monitoring may be necessary to document low body fat in bulimia nervosa.
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cIn the absence of specific symptoms or signs to direct the work-up, laboratory screening tests for chronic disease should include: bone age radiograph,
complete blood count, differential, sedimentation rate, comprehensive metabolic panel, celiac panel, thyroid panel, cortisol and insulin-like growth
factor-I levels, and urinalysis.
dThe differential diagnosis of primary ovarian failure is shown in the next figure (secondary amenorrhea and oligomenorrhea).
eCongenital gonadotropin deficiency is closely mimiced by the more common extreme variation of normal, constitutional delay of puberty. History and
examination may yield clues to the congenital nature of congenital hypogonadotropic hypogonadism, such as anosmia (Kallmann’s syndrome), midline facial
defect (congenital hypopituitarism), or extreme short stature (congenital hypopituitarism). The work-up of gonadotropin deficiency is discussed further in
relation to the later figure for the differential diagnosis of anovulatory disorders.
fPlasma total testosterone of normal sexually mature females is 20–70 ng/dL (0.7–2.4 nM), that of normal adult males is >320 ng/dL (>11 nM). Plasma free
testosterone is a more accurate measure of the bioavailable testosterone (see Hirsutism).
gAndrogen resistance is characterized by a male plasma testosterone level (when sexual maturation has concluded), male karyotype (46, XY), and absent
uterus. External genitalia may be ambiguous (partial form) or normal female phenotype (complete form).
hThe differential diagnosis of hyperandrogenism is shown in the last figure in this series.
iVaginal aplasia in a girl with normal ovaries may be associated with uterine aplasia (Rokitansky-Kustner-Hauser syndrome). The distal vagina may be
normal, with aplasia of the upper vault, or there may be complete vaginal aplasia. When the vagina is blind and the uterus aplastic, this disorder must be
distinguished from androgen resistance and, if the external genitalia are ambiguous, other causes of intersex.
jSecondary amenorrhea differential diagnosis is given in the next figure.
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Fig. 5. Differential diagnosis of secondary amenorrhea or oligomenorrhea. Adapted with permission from ref. (69).
aSecondary sex characteristics are mature because the occurrence of menarche indicates a substantial degree of development of the reproductive system. Once
breast development has matured, the breast contour does not substantially regress, even in the absence of ovarian function.
bClues to disorders causing anovulation abound. The history may reveal excessive exercise, symptoms of depression, radiotherapy to the brain or pelvis, or
rapid virilization. Physical findings may include hypertension (forms of congenital adrenal hyperplasia, chronic renal failure), short stature (hypopituitarism,
Turner syndrome, pseudohypopara-thyroidism), abnormal weight for height (anorexia nervosa, obesity), decreased sense of smell (Kallmann’s syndrome),
optic disc or visual field abnormality (pituitary tumors), cutaneous abnormalities (neurofibromatosis, lupus), goiter, galactorrhea, hirsutism, or abdominal
mass.
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cWithdrawal bleeding in response to a 5–10 d course of medroxyprogesterone acetate 10 mg hs suggests the cumulative effect of an integrated estradiol
level over 40 pg/mL. However, this is not entirely reliable, so in the interests of making a timely diagnosis it is often worthwhile to go directly on to the further
studies.
dPatients 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 10% to undergo some
spontaneous pubertal development and for 5% to experience menarche.
eOvarian insufficiency is associated with mineralocorticoid excess in 17-hydroxylase deficiency and with mineralocorticoid deficiency in lipoid adrenal
hyperplasia. Autoimmune ovarian failure may be associated with tissue-specific antibody-associated hypothyroidism, adrenal insufficiency, hypoparathy-
roidism, and/or diabetes mellitus. Non-endocrine autoimmune disorders may occur, such as mucocutaneous candidiasis, celiac disease, and chronic hepatitis.
fThe history may provide a diagnosis: cancer chemotherapy or radiotherapy, for example. Specific tests to distinguish among the causes of premature ovarian
unexplained by the above tests are generally available only on a research basis. Diverse antiovarian antibodies have been identified; someantibodies are
destructive, others are blocking. Other known causes of premature menopause include heritable disorders, such as X-chromosome fragile site and point mutations,
as well as gonadotropin-resistance syndromes such as LH receptor mutation and pseudohypoparathyroidism. A pelvic ultrasound which shows preservation of
ovarian follicles carries some hope for fertility.
gA thin uterine stripe suggests hypoestrogenism; a thick one suggests endometrial hyperplasia, as may occur in polycystic ovary syndrome.
hThe further differential diagnosis of anovulatory disorders continues in the next figure.
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Fig. 6. Differential diagnosis of anovulatory disorders. Adapted with permission from ref. (70).
aAnovulatory disorders should be considered in any girl with unexplained amenorrhea or oligomenorrhea, irregular menstrual bleeding, short cycles, or
excessive menstrual bleeding. The work-up (including history and examination, a pregnancy test, and determination of gonadotropin levels) should be
initiated as indicated in the previous figure.
bHypoestrogenism is suggested if plasma estradiol is persistently <40 pg/mL, vaginal cytology lacks superficial cells, or vaginal bleeding does not occur
in response to progestin withdrawal.
cGalactorrhea is found in half of hyperprolactinemic females. Hyperprolactinemia is heterogeneous in its presentation. Some have normoestrogenic
anovulation; this may be manifest as hypothalamic anovulation, dysfunctional uterine bleeding, or short luteal phase. On the other hand, some are
hypoestrogenic due to gonadotropin deficiency, some are hyperandrogenic.
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dBaseline gonadotropin levels may not be low in gonadotropin deficient patients, particularly according to polyclonal antibody-based assays. Gonadot-
ropin releasing hormone (GnRH) testing is usually performed by assaying LH and FSH before and 0.5–1.0 h after the administration of 1 µg/kg GnRH
intravenously. GnRH agonist testing may alternatively be performed by administering 10 µg/kg leuprolide acetate subcutaneously, assaying LH and FSH
at 0, 0.5–1; sampling may additionally be performed at 4 h to assess gonadotropin reserve, and at 0 and 24 h to assess the ovarian steroid response.
eBaseline gonadotropin levels may be normal as the ovary begins to fail, as in menopause, but an exaggerated FSH response to GnRH and subnormal E2
response to acute GnRH agonist challenge are characteristic. A pelvic ultrasound is indicated to determine whether preservation of ovarian follicles offers
hope for fertility.
fResponses to GnRH may vary from nil to normal in gonadotropin deficiency. Normal LH and FSH responses indicate inadequate  spontaneoushypothalamic
GnRH compensation for the hypoestrogenic state.
gChronic disease screening tests should include complete blood count with differential, sedimentation rate, comprehensive metabolic panel, celiac panel,
thyroid panel, insulin-like growth factor-I level, and urinalysis.
hGonadotropin deficiency may be congenital or acquired, organic or functional. Congenital causes include midline brain malformations or specificgenetic
disorders such as Prader-Willi syndrome, Laurence-Moon-Biedl syndrome, or Kallmann syndrome. Kallmann’s, the association of anosmia with gona-
dotropin deficiency, is less frequent in females than males (1:5 sex ratio), reflecting the predominance of the X-linked disorder. Special MRI views often
demonstrate 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. Idiopathichypogonadotropic deficiency
may sometimes occur in families with anosmia, suggesting a relationship to Kallmann’s syndrome.
iDysfunctional uterine bleeding or menorrhagia not controlled by progestin or OCP therapy additionally requires a pelvic ultrasound examination,
coagulation work-up (including platelet count, prothrombin time, thromboplastin generation test, and bleeding time), and consideration of the possibility
of sexual abuse.
jThe equivalent of 4 miles/d or more is generally required before amenorrhea occurs.
kHypothalamic amenorrhea is a diagnosis of exclusion. Functional hypothalamic amenorrhea may be stress- or undernutrition-related, psychogenuc, or
idiopathic. It may be secondary to chronic illness or result from obesity or diverse types of endocrine dysfunction. Research studies show subnormal LH
pulsatility or estrogen-induceability of the LH surge.
lHyperandrogenism differential diagnosis is outlined in the next figure.
mThe low body fat content of athletic amenorrhea may not be reflected by weight for height because of high muscularity. Dual photon absorptiometry scan
may be useful in documenting body fat below 10–15%.
nHyperprolactinemia may be caused by prolactinomas which secrete excess prolactin or may be secondary to interruption of the pituitary stalk by large
hypothalamic-pituitary tumors or other types of injury. The latter cause variable pituitary dysfunction, which may include secondary hypothyroidism.
oDrugs, particularly those of the phenothiazone or tricyclic type, may induce hyperprolactinemia. A rare “big” form of prolactin has been reported which
is of no functional significance. Uremia also causes hyperprolactinemia.
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Fig. 7. Differential diagnosis of hyperandrogenism and hirsutism. Adapted with permission from ref. (77).
aAndrogen excess is not necessarily expressed as hirsutism. Acne vulgaris, seborrhea, pattern alopecia, hyperhidrosis, or hidradenitis suppurativa are
“hirsutism equivalents” and may be alternative signs of hyperandrogenism. Acanthosis nigricans and obesity are manifestations of the insulin resistance that
is often associated with androgen excess. In some hyperandrogenic cases, there is no cutaneous symptomatology (“cryptic hyperandrogenism”) and androgen
excess is suspected only because of obesity or anovulatory symptoms.
bHirsutism is excessive sexual hair growth on the spectrum found in men. A small amount of sexual hair growth in a male pattern is normal (Ferriman-Gallwey
score below 8). Hirsutism must be distinguished from hypertrichosis. Hypertrichosis is excessive hair growth in a non-sexual pattern. Hair is more prominent
on the forehead or shoulders than elsewhere, though it may be generalized. Hypertrichosis is not due to androgen excess. It may be due to certain drugs (e.g.,
phenytoins, diazoxide, minoxodil, cyclosporine) or chronic illness (e.g., malnutrition). Alternatively, it may be constitutional.
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cPlasma free testosterone is the single most sensitive test for the detection of androgen excess. It is abnormal more often than plasma total testosterone because
a low level sex hormone binding globulin (SHBG), the major determinant of the bioavailable fraction of plasma testosterone, is common in hirsute females
Free testosterone is calculated from measurement of total testosterone and SHBG. Low SHBG is a marker of hyperandrogenism andhyperinsulinemia. Normal
ranges for both methods are method-dependent. Dehydroepiandrosterone sulfate (DHEAS) is the main marker of adrenal hyperandrogenism. A 17-
hydroxyprogesterone (17-OHP) level is usually not warranted at the initial visit, being uninterpretable unless drawn in the early morning, before 8:00 AM

and during the early follicular phase of the cycle or while anovulatory. However, under these conditions, a value over 50 ng/dL (1.5 nM) is suggestive of
hyperandrogenism, and congenital adrenal hyperplasia is suggested by a value over 400 ng/dL and virtually assured by a level over 1200 ng/dL. Some
authorities also measure androstenedione as a marker of hyperandrogenemia. A random cortisol value below 10 µg/dL (276 nM) is good evidence against
endogenous Cushing’s syndrome. Serum LH excess is a nonspecific finding of little clinical value in hyperandrogenism, so it is not listed here. The physician
should be aware that most laboratories establish the normal range for androgens in the early morning, at which time plasma levels are normally higher than
the rest of the day, and in the follicular phase of the cycle, at which time they are lower than in the preovulatory phase of the cycle.
dIdiopathic hirsutism literally signifies lack of a hyperandrogenic basis for the problem, hence, a constitutional hypersensitivity of the pilosebaceous unit
to normal amounts of androgen. The term is often misused as equivalent to idiopathic hyperandrogenemia.
eDexamethasone is given in a dose of 1 mg/m2 in four divided doses (0.5 mg qid in adult) for 4 d and plasma cortisol, free testosterone, 17-OHP, and DHEAS
are measured on the morning of the 5th day after the final dexamethasone dose. For individuals weighing 100 kg or more, dexamethasone should be given
for 7 d.
fUltrasonographic visualization of the ovaries by the vaginal route yields better definition than by the abdominal route, but this is not a generally acceptible
technique in the virginal child.
gDexamethasone suppression of ACTH-dependent adrenal function normally causes plasma total testosterone to fall below 35 ng/dL, DHEAS to fall by 75%
to below 80 µg/dL, and 17-OHP to fall to less than 50 ng/dL. Total testosterone is not as discriminating a criterion as free testosterone below 8 pg/mL
(unfortunately, a method-dependent criterion) or 17-OHP below 50 ng/dL (when amenorrheic or in follicular or amenorrheic phase of menstrual cycle).
Subnormal androgen suppression with normal adrenocortical suppression indicates a source of androgen other than an ACTH-dependent adrenal one. To
convert mass units to SI units, multiply testosterone by 0.0347 (nM), DHEAS by 0.271 (µM), and 17-PROG by 0.0303 (nM).
hNormally cortisol falls below 1.0 µg/dL (27.6 nM).
iSubnormal cortisol suppression is most often due to noncompliance with taking the dexamethasone tablets. Cushing’s syndrome is an infrequent cause of
hyperandrogenism and requires a more definitive work-up. Hyperandrogenism has been reported in the rare conditions of cortisol resistance and cortisone
reductase deficiency.
jAn excessive number (10 or more in the maximal ovarian plane) of “microcysts” (typcally 3–8 mm diameter) together with an increase in ovarian stroma
is a conservative ultrasonographic criterion for a polycystic ovary. An alternative criterion is an increase in ovarian size (volume over 11 cc or >550 mm2

area contained within the circumference of the maximal plane of an ovary) in the absence of an excessive number of cysts.
kClassic polycystic ovary syndrome (PCOS) is a symptom complex with various combinations of hirsutism or its equivalents, anovulation, and obesity. It
has classically been diagnosed by the presence of one or more polycystic ovaries or a high serum LH level. Approximately 80% of cases have subnormal
androgen suppressibility according to a dexamethasone andsrogen-suppression test and a characteristic type of ovarian dysfunction, which consists of 17-
OHP hyperresponsiveness to a GnRH agonist or hCG challenge. Dexamethasone test criteria are more highly concordant with GnRH agonist challenge  test
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criteria (65–85%) than with ultrasound or LH criteria (50%).
lNonclassic PCOS is defined here as atypical chronic hyperandrogenism which lacks the characteristic ultrasonographic or gonadotropic findings of classic
PCOS. Most have the typical PCOS-type of functional ovarian hyperandrogenism on dexamethasone suppression or GnRH agonist testing.
mThe baseline pattern of plasma androgens may yield a clue to the type of tumor. A DHEAS level over 700 µg/dL which is poorly suppressible by
dexamethasone is suspicious of an adrenal tumor. Disproportionate elevations of the ratio of plasma androstenedione to testosterone is typical of virilizing
tumors. MRI or CT scan of the abdomen may be indicated in such cases.
nHuman chorionic gonadotropin excess during pregnancy is a rare cause of virilization. It results from luteoma of pregnancy or hyperreactio luteinalis
of pregnancy.
oTrue hermaphroditism may mimic PCOS. These patients may only have a clearly elevated plasma testosterone level in response to a midcycle LH surge,
hCG, or GnRH agonist test.
pThe standard ACTH test is performed by infusing 250 µg ACTH1–24 intravenously over a period of one minute and obtaining a blood sample before
injection and 1 h later.
qCongenital adrenal hyperplasia (CAH) cannot be confirmed upon mutation analysis unless the steroid intermediates immediately prior to the enzyme
block rise over 7 SD above average in response to ACTH. For 17-OHP, this is over 1200 ng/dL, for DHEA this is over 3000 ng/dL.
rPrimary functional adrenal hyperandrogenism (FAH) is a term for idiopathic, ACTH-dependent (dexamethasone-suppresible), adrenal hyperandrogenism
in which modest rises in DHEA, 17-OHP, and the like do not meet the criteria for the diagnosis of congenital adrenal hyperplasia. Primary FAH often
coexists with functional ovarian hyperandrogenism in PCOS. This is the only demonstrable source of androgen excess in a minority of patients with
nonclassic PCOS.
sHyperprolactinemia should be worked-up as outlined in the previous figure.
tIdiopathic hyperandrogenemia is distinguished from idiopathic hirsutism. About 8% of chronic hyperandrogenemia remains unexplained after intensive
investigation which includes GnRH agonist testing to detect the occasional case of ovarian hyperandrogenism that is not detected by the dexamethasone
test.
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Hypoestrogenism is the proximate cause of many cases of amenorrhea and oligomen-
orrhea. If the patient is sexually immature, there are a few important considerations
before initiating estrogen replacement therapy: is there an underlying disorder that
requires medical therapy, is there an underlying disorder that requires surgical therapy,
and is short stature present?

Chronic diseases such as cystic fibrosis, heart failure, cirrhosis, chronic renal failure,
regional enteritis, or systemic lupus erythematosis will not respond well to hormone
replacement therapy unless the underlying disorder can be controlled. The hypo-
estrogenism of anorexia nervosa, other eating disorders, and athletic amenorrhea, as well
as some cases of hypothalamic amenorrhea, will correct with behavior modification. In
severe anorexia nervosa, rehydration and metabolic stabilization are the first priorities,
and management of the psychiatric problem is the next (81). Estrogen treatment of
patients with eating disorder will mask the psychopathology that underlies the menstrual
disturbance, and estrogen treatment of patients with short stature may compromise
height potential. Panhypopituitary patients require replacement of growth hormone and
cortisol deficits to obtain a normal degree of breast development.

Surgical considerations arise in several settings, particularly those involving genital
tract disorders and gonadotropin deficiency. Surgery is required if vaginal synechieae
do not lyse spontaneously with estrogenization, and is required for vaginal aplasia or
imperforate hymen. Some cases of intrauterine adhesions respond to hysteroscopic lysis
of intrauterine adhesions (11). Gonadotropin deficiency may be caused by an intracranial
disorder such as hypothalamic-pituitary tumor. In such cases, if growth was not an issue
preoperatively, it may become an issue if hypopituitarism develops post-operatively.

Stature is an important consideration in sexually immature teenagers with both
hypogonadotropic and hypergonadotropic hypogonadism, and nowhere is it more im-
portant than in Turner syndrome. The dose of estrogen in standard OCPs will inhibit
growth and lead to premature fusion of the epiphyses in sexually immature patients.
Estrogen replacement must be undertaken in such a way as to preserve height potential.
Therefore, unless the patient has already achieved a stature they find acceptible, a bone
age radiograph should be obtained to predict adult height. Maximizing height potential
requires growth hormone therapy in some, and this should be initiated before the induc-
tion of puberty if this is feasable from a psychosocial perspective; further discussion of
growth hormone therapy is beyond the scope of this chapter. Oxandrolone (2-oxo-17α-
methyldihydro-testosterone [Anavar®]) 0.0625 mg/kg/d is an adjunctive growth-stimu-
latory therapy, particularly in synergism with growth hormone, without causing
clitoromegaly (82); its usage is limited by its modest efficacy and the small risk of
hepatotoxicity.

Optimal estrogen replacement therapy in the sexually immature girl requires the
induction of puberty in a physiologic manner with an extremely low dose of estrogen to
maximize growth. If this is done properly, the girl will not experience menarche for
1–2 yr. A physiologic form of treatment is to begin with intramuscular depot estradiol
0.2 mg/mo and increase the dose by 0.2 mg every 6 mo. Optimal dosimetry is achieved
by diluting the stock solution (5.0 mg/mL) in cottonseed oil under sterile conditions.
Midpubertal sex hormone production is approximated by delivering 1.0–1.5 mg of
estradiol per month, which typically induces menarche within 1 yr (83). A reasonable
alternative regimen begins with 5 µg ethinyl estradiol (one-fourth of the smallest avail-
able tablet) by mouth daily for 3 wk out of 4 (84). Conjugated estrogen doses as low as
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0.325 mg daily inhibit the growth response to growth hormone (85). Adult estrogen
replacement typically requires administration of depot estradiol 2.5 mg im monthly,
transdermal estradiol 37.5 µg daily, ethinyl estradiol 20 µg or conjugated estrogen
0.625 mg po daily for 3 wk out of 4. Physiologic considerations suggest that progestin
is unnecessary early in the induction of puberty: normally progesterone is not secreted
by the ovary in substantial amounts until ovulation results in formation of a corpus
luteum, and normally half of cycles are anovulatory for the first 2 yr after menarche.
Therefore, progestin replacement does not seem physiologic until menstrual bleeding
becomes irregular or until 1 yr after menarche.

In sexually mature adolescents with menstrual irregularities, it is often convenient and
effective to begin with a course of medroxyprogesterone acetate (Provera®) 10 mg orally
hs for approx 1 wk out of the month. In the beginning, this may be of some diagnostic
help, because a positive response, withdrawal bleeding beginning a few days after
completion of the course of therapy, only occurs if there has been substantial
estrogenization. In the perimenarcheal girl who responds well to this, progestin therapy
may be repeated in 2–3 mo cycles in order to detect the emergence of spontaneous
menses that signals the resolution of the physiologic anovulation of adolescence. This
treatment seldom causes side effects and has never been incriminated as a cause of post-
pill amenorrhea; thus, it has the appeal of potentially disturbing the developing neuroen-
docrine system less than OCPs. However, patients must be made aware that this is not
a contraceptive treatment.

Hypoestrogenism in sexually mature girls may be managed by its replacement or by
administration of an oral contraceptive. OCPs are the most convenient option, since the
currently available ones carry very little risk of venous thromboembolic disease (86),
and the progestational component protects against endometrial hyperplasia (87). Those
containing the lowest dose of estrogen that will result in normal menstrual flow are
preferable, all else being equal. The lowest estrogen dosage currently available in com-
bination OCPs in the US is 20 µg ethinyl estradiol (e.g., with 1.0 mg norethindrone
acetate in Loestrin 20 1/21® and with 0.15 mg desogestrel in Mircette®). Obese patients
tend to require higher doses of estrogen. However, patients sensitive to estrogen because
of such conditions as hypertension, migraine, or lymphedema, are best advised to use a
more physiologic type of therapy, estradiol itself in a form delivered systemically,
bypassing the liver: for this purpose one may use depot estradiol given intramuscularly,
depot estradiol with medroxyprogesterone acetate (Lunelle®), or estradiol patches. When
using estrogen alone, a progestin is administered for the last 1–2 wk of each course of
estrogen (e.g., medroxyprogesterone acetate 5–10 mg daily); the more progestin admin-
istered, the less the risk of endometrial hyperplasia, but the greater the risk of premen-
strual symptoms. As in the sexually immature, when hypoestroestrogenism results from
stress or eating disorders, behavioral modification and psychological counseling are
indicated rather than estrogen replacement therapy, and concomitant hormonal deficien-
cies must be corrected.

Dysfunctional uterine bleeding can usually be treated with cyclic progestin. However,
estrogen is required to stop an acute episode. It can be given in high dosage with proges-
tin as OCPs, one tablet 3–4 times daily for 7 d. Treatment is then stopped for 5 d, and the
patient warned that heavy withdrawal bleeding with cramps may occur. Therapy with 1
tablet daily for a few cycles should then be started to prevent recurrence of dysfunctional
bleeding.
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Excessive menstrual bleeding to the point of anemia is termed menorrhagia. OCP
therapy will decrease menstrual blood loss by about 50% in anemic subjects.
Antiprostaglandins, such as naproxin 500 mg twice a day, decrease blood loss nearly as
well. A patient who is hypovolemic because of rapid, heavy dysfunctional bleeding
should be hospitalized and treated with intravenous fluids and blood products as neces-
sary. Premarin in a dose of 25 mg intravenously every 3–4 h for 3–4 doses is customary.
When medical management fails, a bleeding diathesis or uterine structural abnormality
should be considered. If heavy bleeding persists, curettage should be performed by a
gynecologist.

Hyperprolactinemia may be due to hypothyroidism or drugs, in which case specific
therapy is indicated. Otherwise, whether idiopathic or tumoral, it usually responds to
dopaminergic agonists (88–90). Hyperprolactinemia will be maximally suppressed
within 1 mo and the menstrual cycle normalized within 3 mo by an effective regimen.
Pergolide in a dosage of 50–100 µg once or twice daily or cabergoline 0.5–1.0 mg once
or twice weekly will usually control galactorrhea and shrink prolacinomas. To minimize
nausea it is best to start with a low dose at bedtime. Transphenoidal resection of
prolactinomas is required if the patient’s conditon or eyesight is critical and for the rare
treatment failures.

Hyperandrogenic states that are amenable to specific therapy are congenital adrenal
hyperplasia, Cushing syndrome, virilizing tumors, hermaphroditism, acromegaly and
hyperprolactinemia. Glucocorticoids are indicated for the treatment of congenital adre-
nal hyperplasia. The sequelae of glucocorticoid therapy can typically be minimized by
using a modest bedtime dose (about 5–7.5 mg prednisone); this will reduce adrenal
androgen secretion selectively without causing adrenal atrophy. We generally aim to
suppress DHEA sulfate to below the adult range, but not completely. Significant gluco-
corticoid deficiency can be excluded by finding a cortisol level of 18 µg/dL or more
30 min after administering a very low dose (1.0 µg/1.73 m2) of ACTH (cosyntropin) (91).
Control of androgens in congenital adrenal hyperplasia may not suffice unless nocturnal
progesterone excess is also controlled (92). This treatment will typically normalize the
menstrual pattern in nonclassic congenital adrenal hyperplasia, but the effect in classic
congenital adrenal hyperplasia is more problematic, since nonclassic PCOS complicates
many of these cases, apparently as the result of congenital or perinatal masculinization
(55). Glucocorticoids are occasionally beneficial in PCOS in which there is a large
component of adrenal dysfunction (primary FAH), but should not be used for more than
3 mo if menses remain abnormal (93).

The most common cause of hyperandrogenism is PCOS, and, in the absence of under-
standing its fundamental etiology, its management depends upon the symptomatology.
The anovulation of PCOS may be managed with progestin alone, as discussed above, in
adolescents who are not concerned about hirsutism or hirsutism equivalents. Ordinarily,
however, the skin manifestations are an issue or menstrual irregularity is not well-
controlled, so OCP therapy is usually used in PCOS. A nonandrogenic OCP should be
used for the treatment of hyperandrogenic anovulation. A new generation of oral con-
traceptives is now available containing nonandrogenic progestins such as norgestimate
and desogestrel (94); norgestimate combined with 35 µg ethinyl estradiol in Ortho-Tri-
Cyclen®, has received Food and Drug Administration approval for the treatment of acne.
The progestin in Demulen 1/50®, ethynodiol diacetate, also has a low androgenic poten-
tial, and is useful for very obese patients who require a larger dose of estrogen. Fertility
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may become important for patients with anovulatory disorders. Such patients are gen-
erally referred to a reproductive endocrinologist.

Endocrinologic treatment of hirsutism, acne, or pattern alopecia is indicated if stan-
dard cosmetic or dermatologic measures short of isotretinoin or minoxidil fail. It consists
of interrupting one or more of the steps in the pathway of androgen action. OCPs are
effective in typical PCOS patients in whom FOH is the predominant source of androgen
excess. They lower plasma free testosterone levels by reducing serum gonadotropin
levels, increasing SHBG levels, and modestly lowering DHEAS levels. They will
improve acne within 3 mo and arrest progression of hirsutism in most PCOS patients.
Similar results can probably be obtained with chronic GnRH agonist therapy to suppress
gonadotropin secretion, but this would only seem indicated in patients who cannot
tolerate OCPs, and then it would require low-dose, physiologic estradiol add-back to
maintain vaginal lubrication and to prevent osteoporosis.

Antiandrogens are required for substantial reversal of hirsutism. The maximal effect
of these agents on hirsutism takes 9–12 mo because of the long growth cycles of sexual
hair follicles. Spironolactone has been shown to be effective to the extent of lowering
hirsutism score by about one-third, with considerable individual variation, and is prob-
ably the most potent and safe antiandrogen available in the US. We recommend starting
with 100 mg bid, then reducing the dosage for maintenance therapy after the maximal
effect has been achieved. This dosage is usually well tolerated; fatigue and hyperkalemia
at higher doses may limit its usefulness, however. It is potentially teratogenic to fetal
male genital development and may cause menstrual disturbance; therefore it should be
prescribed with an oral contraceptive. Cyproterone acetate is the major antiandrogen in
use; it is only available outside the US. It is also a potent progestin and it has been
combined with ethinyl estradiol as an antiandrogenic contraceptive (Diane®). Flutamide
is a more specific antiandrogen of similar efficacy; however, its usage has been limited
by its expense and the possible side effect of hepatocellular toxicity. Although it may
permit ovulation, the dangers of causing genital ambiguity in male offspring limit its
utility for this purpose. It is not clear that the type 1 5α-reductase inhibitor finasteride
has any advantages over the antiandrogens.

Treatments which reduce insulin resistance improve hyperandrogenemia and ovula-
tion in PCOS. Antiandrogens have only a modest effect on metabolic abnormalities (95).
Weight reduction is indicated in obese hyperandrogenemic patients. The new insulin-
lowering agents are a promising means of normalizing menstrual status (96), but if the
elevation in androgens is great, they will not become normal. These agents include
metformin, thiazolidinediones, and D-chiro-inositol. All of these modalities have been
reported to improve androgen levels and ovulatory status. Metformin appears to have the
most utility of these agents in the management of adolescents because it tends to bring
about some weight loss, albeit to a modest degree. Metformin is effective only to the
extent that weight is lost (51).

PCOS is a risk factor for the early development of non-insulin dependent (type 2)
diabetes mellitus and dyslipidemia in these patients, and nearly half of them have a
primary relative with this disorder (52). Therefore, glucose tolerance should be moni-
tored regularly.

Psychological support is an important aspect of the management of teenagers with
menstrual disorders. Girls with delayed puberty, whether it has an organic or functional
basis, can almost always be assured that they will feminize and, if a uterus is present, that
they will experience menses. Girls can be reassured that menstrual abnormalities will be
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regulated. In addition, patients with Turner syndrome or similar primary hypogonadism
disorders can hold hope for the the ability to carry a pregnancy, and patients with
hypogonadotropic hypogonadism and chronic anovulatory disorders can hold hope for
the ability to conceive, though in both situations this will require special care by a
reproductive endocrinologist.
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INTRODUCTION

Contraception refers to reversible methods for the prevention of pregnancy. Al-
though contraception may not seem like a pediatric issue, approximately one million
teenagers become pregnant each year in the US, and the majority of these are unplanned
. The US has the highest teenage pregnancy rate of all developed countries despite the
fact that teenage pregnancy rates have declined during the 1990s. The overall pregnancy
rate for women, aged 15–19, was 98.7 per 1000 in 1996 (1). Given the magnitude of the
problem, contraception needs to be addressed with all adolescents to prevent unplanned
pregnancies.

Unplanned pregnancies may be particularly deleterious in women with endocrine
disease. Pregnancy increases thyroxine requirements in many women with primary
hypothyroidism (2) so careful monitoring during pregnancy is necessary to ensure
adequate treatment. Hypothyroidism during pregnancy has been associated with both
maternal and fetal morbidity (3). Adequate thyroid replacement is thought to be critical
for child neuropsychological development, since undiagnosed or inadequately treated
hypothyroidism during pregnancy was found to be associated with lower IQ in the
children (4). There is also evidence that good metabolic control of diabetes at the time of
conception may reduce the risk of spontaneous abortions (5) and possibly reduce the risk
of fetal malformations (6).

Realistic choice of contraceptive method appears to be particularly important in the
adolescent population. Although many forms of hormonal and non-hormonal contracep-
tion are available (Table 1), each contraceptive method has its own set of limitations
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(Table 2). It should be acknowledged to the patient that any contraceptive use represents
a compromise, and that they need to understand the limitations of each method. In
choosing a contraceptive method, important considerations include the degree of effec-
tiveness, the spectrum of untoward effects, the presence of particular contraindications,
the requirement for daily patient responsibility, as well as the necessity of interrupting
sexual spontaneity. The selection of a contraceptive method for an adolescent patient
with an endocrine disorder may even require additional considerations. Regardless of
method, unmarried adolescents experience higher rates of contraceptive failure than
older, married women, presumably from incorrect or inconsistent use (7) (Table 3).

In counseling patients, it should be emphasized that contraceptive use also confers
health benefits unrelated to family planning. Hormonal contraceptive methods, in par-
ticular, have been used in management of dysfunctional uterine bleeding, pubertal dis-
orders, acne, endometriosis, hirsutism, and osteoporosis. Hormonal contraceptives have
also been shown to reduce the risk of endometrial cancers. The potential prevention of
sexually transmitted disease (STD) may be an important consideration for young patients
not in long-term, stable relationships. Unfortunately, spermicides and barriers are the
most effective in preventing transmission of infections (8), but are the least effective
methods of contraception, particularly in the adolescent population (7).

Table 1
Available Contraceptive Methods

Non-Hormonal Contraception

Behavioral Withdrawal
Periodic abstinence

Spermicial Foam
Cream
Suppository
Gel
Film

Mechanical Male Condom
Vaginal Barriers

Diaphragm
Cervical Cap
Vaginal Sponge
Female Condom

Intrauterine Copper IUD (ParaGuard®)
Devices (IUD) Hormonal IUD

Progesterone (Progestasert®)
Levonorgestrel (Mirena®)

Hormonal Contraception

Combined Combined Oral Contraceptives
Hormonal Injectable (Lunelle®)
Contraception
Progestin Progestin-Only Pills
Only Subdermal Implalnts (Norplant®)
Contraception Injectable (Depo-Provera®)
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Both hormonal and non-hormonal contraceptive methods are available. In the adoles-
cent population, hormonal methods are the most effective contraceptive methods, but
because these methods are metabolically active, it is necessary to consider the possible
interactions with the patient’s disease or medical treatment. Non-hormonal contracep-
tive methods can be classified as behavioral, spermicidal, mechanical, and intrauterine.
There are no medical contraindications to behavioral, spermicidal, and barrier contracep-
tive methods, but these methods are associated with high failure rates in adolescents (7).

NON-HORMONAL METHODS OF CONTRACEPTION

Behavioral
Behavioral methods include coitus interruptus and periodic abstinence. Coitus inter-

ruptus refers to withdrawal of the penis prior to ejaculation, so that sperm will not be
deposited in the vagina. The withdrawal method, however, is associated with up to 38.3%
failure rate in adolescents (7) and cannot be considered an adequate birth control method.
Periodic abstinence involves abstaining from intercourse during the fertile time of the
menstrual cycle when ovulation occurs. Perfect use of this method would require careful
monitoring of menstrual cycles, assessments of cervical mucous quality, and daily mea-
surements of basal body temperature. With avoidance of intercourse during the peri-
ovulatory period, the probability of pregnancy during the first year has been estimated at
3.1% (9). In theory, if intercourse were restricted to the 14-d luteal phase, after ovulation
occurred, the failure rate would be zero (10). In practice, the failure rates associated with
rhythm methods are as high as 86.4% (11) owing to imperfect identification of the peri-
ovulatory period or inability to abstain from intercourse during this time.

Spermicides
Vaginal spermicides are available, without a prescription, as foam, suppositories,

gels, films, and cream, but probably do not represent an adequate birth control method

Table 2
Limitations of Current Contraceptive Methods

Failure rate Daily
<10% Prevents patient Interrupts Side

(typical use) STD responsibility spontaneity effects

Ideal Method Yes Yes No No No
Permanent
Sterilization Yes No No No No
Behavioral No No Yes Yes No
Spermicide No Maybe No Yes Yes
Barrier No Some No Yes Yes

types
IUD Yes No No No Yes
Injectible
Contraceptives Yes No No No Yes
Oral
Contraceptives Yes No Yes No Yes



482 Part VI / Kim

for adolescents. If used correctly, vaginal spermicides have a 3% failure rate (11), but
perfect use is cumbersome. These agents are administered intravaginally and must be
replenished prior to every act of intercourse. Ideally, foams, gels, and creams are inserted
immediately prior to coitus, whereas suppositories and films are inserted several minutes
prior. In practice, the failure has been estimated at 44.4% in adolescents (7), so that
spermicidal agents can be recommended only as an adjunctive measure, either to increase
the efficacy of barrier methods or to provide protection from the transmission of sexually
transmitted infections. Many of these spermicides are also effective anti-microbial
agents (12).

Barriers
Mechanical barriers to fertilization include male condoms and several vaginal barri-

ers, including the female condom, diaphragm, vaginal sponge, and the cervical cap.
Barrier methods not only prevent pregnancy, but also prevent the transmission of sexu-
ally transmitted infections (8). It should be emphasized to adolescents that prevention of
sexually transmitted infections is a critical step for the preservation of future fertility.
Pelvic inflammatory disease (PID) usually results from ascending passage of bacteria
from the lower reproductive tract into the tubal lumen (13). It has been clearly demon-
strated that the risk of infertility increases with the number of PID episodes. Infertility
developed in 11.4% of women after one episode, in 23.1% of women after two  episodes,
and in 54.3% of women after three episodes (14).

The male condom represents a mechanical barrier to fertilization and is the most
frequently used method of contraception used at first intercourse (15). Numerous differ-
ent types of condoms are available over the counter and are similar in their ability to
prevent pregnancy. With perfect use, condoms are an effective method of contraception
with a failure rate of 2% (11). Perfect use requires placing the condom prior to any genital

Table 3
Contraceptive Failure Rates During First Year Of Use

Age < 20 Unmarried
Perfect use Routine use not cohabiting

Method (percent)1 (percent)2 (percent)3

Withdrawal 4 18.8 38.3
Periodic Abstinence 1 19.8 40.4
Spermicides 3 15.3 44.4
Male Condoms (alone) 2 8.7 22.5
Diphragm/Cervical Cap

(with spermicide) 6 8.1 na
Intrauterine Device <2 3.7 na
Combination Oral
Contraceptive 0.1 6.9 12.1
Progestin-Only Pill 0.5 na na
Subdermal Implant 0.04 2.3 2.3
Depo-Provera 0.3 3.2 4.2

1Adapted from Trussell et al 1990; 2Adapted from Trussell and Vaughan 1999; 3Adapted
from ref. (7).
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contact and withdrawal of the penis prior to the loss of the erection. In adolescents,
however, the failure rate with condom use is as high as 22.5% (7), unacceptably high for
adequate contraception. In the adolescent population, the primary role for the male
condom may be to minimize the spread of sexually transmitted infections. The male
condom provides the best available protection from STDs, providing protection from
both bacterial and viral infections, including HIV (8). It should be noted that natural
condoms, made from sheep intestine, may not be as effective as latex and polyurethane
in the prevention of STDs (8).

The diaphragm, cervical cap, and contraceptive sponge prevent pregnancy by block-
ing the cervix, as well as holding spermicide around the cervix. These methods require
the insertion of the device prior to intercourse and leaving it in place for several hours
after intercourse. Although studies have not determined the optimal timing, clinical
practice has been to insert the barrier no more than 6 h prior to intercourse and to leave
it in place for at least 6 h afterwards (16). It is recommended that the vaginal barriers be
removed after 24 h due to concern about Toxic Shock Syndrome (TSS). The contracep-
tive sponge and diaphragm were found to significantly increase the risk of non-menstrual
TSS in a case-control study (17).

The diaphragm and cap are reusable latex barriers. They are available in several sizes
and are fitted by trained personnel. The fit should be re-assessed annually or with changes
in weight or after a pregnancy (16). They should be used in conjunction with spermicides,
and when used alone, are not as effective against pregnancy (16). Additional spermicide
is inserted prior to each act of coitus. With perfect use, the failure rate has been estimated
at 6% (11), but with routine use, the failure rate has been reported to be three times as
high (18%) during the first year of use (11). There is no data available for specific failure
rates in the adolescent population because female barriers were not widely used among
the adolescents in the 1995 National Survey of Family Growth (7).

There are several other drawbacks to the diaphragm and cervical cap. Oil-based
lubricants cannot be used in conjunction with these barriers since oils destroy the integ-
rity of the latex. Additionally, some women are allergic or sensitive to latex and will not
be able to use these methods. Both the diaphragm and the cervical cap are associated with
an increased risk of urinary tract infections (16), presumably as a result of alterations in
vaginal flora (18,19).

The vaginal contraceptive sponge is disposable and is available over the counter. It
is effective for multiple acts of coitus during a 24-h period. It appears to be slightly more
effective in the nulliparous woman with a similar failure rate as the diaphragm and
cervical cap (11). In the women who have previously given birth, the annual failure rate
is 9% for perfect users and 28% for typical users. The Today® sponge contains non-
oxynol-9 as the spermicidal agent. It has been unavailable since 1995, but according to
its website, it is expected to be available soon. The newer Protectaid® contraceptive
sponge is available now, and is impregnated with 3 spermicidal agents, nonoxynyl-9,
benzalkonoium chloride, and sodium cholate. These agents have anti-microbial, as well
as spermicidal effects.

The Reality® female condom is a disposable method of contraception that was FDA
approved for non-prescription sale in 1994. It consists of a polyurethane bag or sheath
that fits into the vagina and is held in place by an internal vaginal ring. The open end of
the sheath remains outside the vagina and covers part of the labia. It is pre-lubricated with
a silicone-based lubricant and must be placed before coitus. It is disposable after one use.
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According to the product literature, the annual failure rate is estimated at 5% with correct
and consistent use and at 21% for typical use. This method may be overly cumbersome
for the adolescent to use as a primary contraceptive method, but may have a role in STD
prevention when the male partner will not wear a condom. In vitro studies indicate that
polyurethane is an effective barrier to microorganisms, including HIV. Because part of
the labia is also covered, this device may protect from transmission of human papilloma
virus (HPV) by minimizing external genital contact. The female and male condom
should not be used simultaneously because friction between the two could pull off the
male condom or push in the female condom.

Intrauterine Devices
The intrauterine device (IUD) is a very effective, long-term contraceptive method that

appears to work by producing an endometrial environment that is both spermicidal and
unsuitable for implantation. IUDs require a prescription and are placed into the uterine
cavity by trained personnel. The 3 IUDs, which are currently available in the US, provide
differing lengths of contraceptive protection: 1 yr for Progestasert® (progesterone-releas-
ing), 10 yr for ParaGuard® (Copper-releasing), and 5 yr for Mirena® (levonorgestrel-
releasing). Because of the long period of effectiveness, the ParaGuard® IUD is the most
cost-effective reversible contraceptive available to American women (20).

The IUD is generally thought to be inappropriate for use in the adolescent population.
The ideal IUD candidate is a woman who is in a mutually monogamous relationship, who
desires long-term contraception, and has had at least one child. The ParaGuard® IUD has
a failure rate of less than 1% for perfect use and 3% for typical use . Perfect use requires
checking for the IUD strings prior to each coital act to rule out expulsion of the IUD. The
cumulative 5-yr expulsion rate has been approximated at 6%, and expulsions are even
more common among young, nulliparous women (21). Because of the possible increased
risk for PID in IUD users, IUDs are only appropriate for women in mutually monoga-
mous relations with no risk of STDs . For this reason, IUDs are contraindicated in women
with recent history of STD, and should be used cautiously when other conditions may
increase susceptibility to infections, such as HIV infection, diabetes, valvular heart
disease, or chronic steroid use.

HORMONAL METHODS OF CONTRACEPTION

Overview
Hormonal contraception, particularly long-acting methods, have proven to be the

most effective contraceptive methods in the adolescent population (7). In the past, there
had been concern that use of hormonal contraception in adolescents might adversely
impact on the development of normal reproductive function and growth, but these fears
have not been substantiated (22,23). After reviewing the literature in 1996, a consensus
of 72 international experts concluded that healthy menstruating adolescents can take
combined oral contraceptive therapy without any special assessment (22). In fact, hor-
monal contraception may be particularly safe in adolescents because contraindications
to oral contraceptive therapy, such as risk factors for cardiovascular disease, are rarely
seen in the adolescent population (23).

Hormonal contraceptive agents can be delivered as subdermal implants, intramuscu-
lar injections, and oral contraceptive pills (Table 1). Oral contraceptive pills (OCPs) are
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taken daily and are available as progestin-only “mini-pills”(POPs) or as combination
oral contraceptive pills (COCs) containing both estrogen and progestin. Long-acting
hormonal contraception is available with progestin only as a 3-mo depot intramuscular
injection of medroxyprogesterone acetate (DMPA), sold under the brand name Depo-
Provera® in the US. Subdermal implants that release levonorgestrel for a 5-yr period
(Norplant®) are also available. Recently, the FDA has approved a monthly combination
contraceptive injection containing estradiol cypionate and medroxyprogesterone acetate
(Lunelle®).

Hormonal contraception prevents pregnancy via multiple mechanisms. At high cir-
culating levels, progestins inhibit the mid-cycle surge of luteinizing hormone and block
ovulation. Because ovulation occurs in approximately half of oral progestin users (24)
and one third of Norplant® users (25), suppression of ovulation in unlikely to be the
primary contraceptive mechanism. Progestins inhibit sperm transport into the uterine
cavity by producing a thick, but scant, cervical mucus that is not receptive to sperm
penetration (26). Progestins also produce an atrophic endometrium in which embryo
implantation would be unlikely (27). In combination contraceptive methods, estrogens
augment the progestational effects so that lower progestin doses are necessary. Estro-
gens prevent follicular development by inhibiting pituitary gonadotropin production,
and in combination with progestins, reliably inhibit ovulation (24). It is also possible that
exogenous hormones may impair fertilization and early embryo development by altering
Fallopian tube secretion and peristalsis (28).

The estrogenic component of the combined hormonal contraceptive methods also
provides an important non-contraceptive benefit of predictable uterine withdrawal bleed-
ing. With progestin-only contraceptive methods, endogenous estrogen is suppressed.
The continuous presence of progestin without endogenous estrogen leads to atrophic
endometrium that sheds unpredictably. Unpredictable irregular uterine bleeding is the
major reason for discontinuation of both Depo-Provera® (29) and Norplant® (30), par-
ticularly among adolescent women (31).

Systemic Effects of Hormonal Contraception
Unlike the previously described contraceptive methods, which are metabolically inert,

hormonal contraceptive methods have systemic metabolic effects. Studies performed in
the 1960s and 1970s suggested that women using oral contraceptive pills were at
increased risk for cardiovascular disease, but these data were derived from older pills
containing higher steroid doses and different formulations compared to what is available
today. Enovid, the first oral contraceptive released in the US contained 150 µg of mestra-
nol (equivalent to approx 105 µg of ethinyl estradiol [32]), whereas today’s low-dose
combination oral contraceptive pill contains 20–35 µg of ethinyl estradiol (33). Reduc-
tion in the steroid content of combination oral contraceptive pills has been accompanied
by a decrease in adverse metabolic effects, such as stroke, myocardial infarction, and
deep vein thrombosis, as well as reductions in side-effects, such as nausea and breast
tenderness (33).

Fear of complications, therefore, should not be a deterrent to the use of hormonal
contraception by patients and clinicians. Prior to prescribing hormonal contraception,
candidates need to be screened to identify any contraindications. The screening, how-
ever, does not need to be overly burdensome. In order to avoid unnecessary restriction
of contraception use, the World Health Organization (WHO) held two meetings of
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experts in 1994 and 1995 to guide practitioners in a variety of health care settings around
the world (34). Using evidence-based criteria, these experts assessed the risk of
pregnancy vs contraceptive use in setting of various medical conditions, and identified
only a few medical conditions that precluded the use of hormonal contraception.
Additionally, with the exception of blood pressure measurement, a physical exam was not
a prerequisite to hormonal contraception. In 1996, another international consensus of 72
international experts concluded that the only two clinical assessments relevant to oral
contraceptive use were blood pressure measurement and family and personal history, with
particular attention to risk factors for thromboembolism and cardiovascular disease (22).

Drug Interactions
Prior to initiating hormonal contraceptive therapy, a careful medication history should

be obtained from patients, and patients should be counseled that the efficacy of hormonal
contraception may be reduced by the concomitant use of certain medications (35). Certain
medications, through induction of liver enzymes, enhance the metabolism of estrogens
and progestins. As a result, these medications may reduce the efficacy of COCs, POPs,
and Norplant® (36). In particular, WHO guidelines indicate that these contraceptive
methods should not be used if certain anticonvulants (phenytoin, carbamezapine,
barbituates, primadone) or antibiotics (griseofulvin, rifampin) are required (34). WHO
guidelines suggest that the Depo-Provera® may be used cautiously with these medica-
tions (34). Contraceptive failure has not been reported in users of Depo-Provera® taking
anticonvulsants, presumably due to the higher circulating levels of progestin (36).
Additionally, because estrogens and progestins are metabolized through the liver, WHO
guidelines consider active liver disease contraindications for hormonal contraception (34).

The use of hormonal contraception may also modulate the effects of other medica-
tions. Steroids weakly inhibit hepatic drug oxidation, but enhance glucurono-
syltransferase activity (35). For this reason, hormonal contraceptives may reduce the
clearance (increase plasma levels) of certain medications and increase the clearance
(lower plasma concentrations) of others. For example, increased serum levels of corti-
costeroids have been reported after high doses of estrogens (35), so that corticosteroid
doses may need to be adjusted with COC use. Post-menopausal women with hypothy-
roidism have an increased need for thyroxine during estrogen therapy, presumably from
increases in thyroid binding globulin (37). It seems reasonable to believe that COC users
may similarly experience a need for increased thyroxine doses.

Thromboembolism
The most serious risk for adolescent users of combined hormonal contraception is

venous thromboembolism (VTE), including pulmonary embolism. The increased risk
appears to be related to estrogen, which increases hepatic production of coagulation
factors in a dose-dependent manner (38,39). Accordingly, the risk of VTE has decreased
along with decreases in the estrogen content of the combination OCPs. Nevertheless,
users of modern COCs, containing 30–35 µg of ethinyl estradiol, still have a three to four
fold elevated relative risk of VTE compared with nonusers (40). Although combination
OCPs with 20 µg of ethinyl estradiol do not appear to have an effect on clotting factors
(39), there is no evidence that lowering the estrogen content below 30 µg further reduces
the risk of VTE (41–43). It is important to remember, however, that venous thromboem-
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bolic events occur less frequently in users of combination OCPs (10–40 cases per 100,000
woman per year) than during pregnancy (60 cases per 100,000 pregnancies) (41).

In 1995–1996, several European studies suggested that the progestin component of
combination OCPs may also contribute to the risk of VTE . These studies noted a small
(1.5–2.6-fold) increase in the risk of VTE in users of COCs containing the newer
progestins (gestodene and desogestrel) compared with users of COCs containing the
older progestins (21,45–49). Since then, newer studies have revealed biases in these
studies (44). Because women who develop VTE on COCs discontinue COC use,
the increased risk of VTE in COC users decreases with duration of use (50,51). Further-
more, because these new progestins were thought to be safer than older formulations, a
high proportion of new COC starters were prescribed the new 3rd generation progestins,
particularly if they were at increased risk for VTE (52). More recent studies that con-
trolled for preferential prescribing and duration of use have found the risk of VTE with
the new progestins to be equivalent to other COCs (50,51,53–55).

Due to the increased risk of thromboembolism, WHO guidelines recommend that
individuals who are less than 3 wk postpartum or have a personal history of VTE do not
use combination OCPs (34). Because prolonged immobilization is also a risk factor for
VTE, WHO guidelines recommend that COCs should be discontinued when major sur-
gery with prolonged immobilization is anticipated (34). If possible, COCs should be
discontinued well in advance of the scheduled surgery date, since the hypercoaguable
state associated with combination OCPs has been found to persist for 6 wk after OCPs
were discontinued (56). In the absence of other risk factors, however, COCs do not need
to be discontinued pre-operatively on a routine basis (34). WHO guidelines do not
consider thromboembolic risk factors to be relevant for the prescription of progestin-
only contraceptive methods, since no increased risk of thromboembolism has been iden-
tified in users of these contraceptive methods (34).

Use of combination OCPs also increases the risk of VTE in women with thrombophilic
disorders, such as the factor V Leiden mutation that occurs in approx 3–4% of the
European population . Women heterozygous for the factor V Leiden mutation who use
COCs have a 30-fold higher risk of VTE compared with a 6–8 fold risk for carriers who
do not use COCs (44). Laboratory screening may be indicated to identify thrombophilic
disorders in women with a family history of VTE or thrombophilic disorder, but routine
screening is not currently recommended (22,44). The carrier frequencies of the factor V
Leiden mutation in the US is lower than in Europe with the following ethnic distribution:
5.27% in Caucasian Americans, 2.21% in Hispanic Americans, 1.25% in Native Ameri-
cans, 1.23% in African-Americans, and 0.45% in Asian Americans (57). Even among
women with factor V Leiden mutation, the vast majority will never get a VTE, and most
VTE occur in women without a thrombophilic disorder (22).

Cardiovascular Disease
With the decreasing estrogen content of combination OCPs over the past years, their

cardiovascular safety has improved dramatically (41,43). A review of the epidemiologic
data found that in the absence of smoking, use of modern COCs, containing less than
50 µg of ethinyl estradiol, is not associated with any meaningful increase in the risk of
myocardial infarction or stroke—regardless of age (40). The increased risk for cardio-
vascular disease is concentrated in current users of COCs who are past their mid-thirties
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and who smoke cigarettes (22). The WHO recommends that COCs be used cautiously
in women over 35 yr of age who smoke (34), whereas healthy, non-smokers can continue
to use combination OCPs as long as they remain at risk for pregnancy (22). In the adoles-
cent population, cigarette smoking is not a contraindication for COC use, since they are
at particularly low risk of cardiovascular disease.

Because the adolescent population is at extremely low risk for cardiovascular disease,
screening may be of limited utility. Nevertheless, the initial assessment is to identify
other risk factors for cardiovascular disease, such as cigarette use, hypertension, lipid
disorders, diabetes mellitus, as well as family history of coronary artery disease or
ischemic stroke (22). The impact of these other cardiovascular risk factors will become
more important as the patient ages, and sequelae of medical conditions, such as diabetes,
may worsen over time. WHO guidelines consider pre-existing mild to moderate hyper-
tension a relative contraindication to combination OCP use (34).

The follow-up assessment should include blood pressure measurement after the first
few months of OCP use, since there is evidence from older formulations that use of
combination OCPs increases the risk of malignant hypertension (58). Combination OCPs
also appear to cause reversible blood pressure elevations in some women (24,59). In the
nurses health study, 41.5 per 10,000 person-years of OCP-related increases in blood
pressure were identified (59). The prevalence of hypertension, however, is age-related
and it is unlikely that use of combination OCPs would cause hypertension in adolescents
(23). If blood pressure elevations are identified, another method of contraception should
be considered.

Many of the progestin-only methods have the same package labeling as for combina-
tion OCPs despite the fact that the absence of the estrogen component in progesterone-
only contraceptive methods appears to eliminate the cardiovascular risk. WHO guidelines
do not consider cigarette smoking or age over 35 to be contraindications for progestin-
only contraceptive methods (34). A review of the epidemiologic data also concluded that
women over age 35 who smoke can safely use progestin-only contraceptives (40). Stud-
ies have not demonstrated significant changes in blood pressure with contraceptive
methods containing only progestational agents (34), so that progestin-only pills and
Norplant® may be used without restriction in mild hypertension (up to 179/109), and
DMPA may be used cautiously (34).

Serum Lipids
Atherosclerotic heart disease and coronary artery disease are associated with increased

triglycerides, increased LDL cholesterol, and decreased HDL cholesterol (35,61). Some
hormonal contraceptive agents have been shown to induce these types of changes in the
serum lipid profile. Women taking combination OCPs were found to have higher fasting
triglyceride levels compared with controls (61). Levonorgestrel containing COCs and
DMPA seem to depress HDL cholesterol (35,61). Other COCs produced more favorable
changes in the serum lipid profile. Preparations using desogestrel or low dose norethin-
drone depressed LDL cholesterol and increased HDL levels (61). The progestin-only
methods, Norplant® and DMPA appear to decrease triglyceride levels (35). It is not clear,
however, whether any of these changes in serum lipids increases the risk for cardiovas-
cular disease, particularly in the adolescent.
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Carbohydrate Metabolism

Insulin resistance, elevated insulin levels with poor glucose tolerance, is also associ-
ated with atherosclerotic heart disease and coronary artery disease. Hormonal contracep-
tion has been shown to induce these adverse changes in carbohydrate metabolism.
Combination OCPs appear to impaired glucose tolerance and elevated insulin levels
(35,61,62). Both estrogen and progestins influence carbohydrate metabolism, but since
the COCs contain the same estrogen component (ethinyl estradiol) at similar doses
(20–35 µg), the differences in the carbohydrate metabolism between the various COC
formulations have been attributed to the progestin component. In combination with
estrogen, levonorgestrel appeared to have greater adverse effects on glucose tolerance
and insulin resistance than those containing norethindrone or desogestrel. In contrast,
progestin-only OCPs, containing either levonorgestrel or norethindrone alone, have
minimal effects on carbohydrate metabolism . Deterioration of glucose tolerance has
also been demonstrated in healthy users of DMPA (63,64), and Norplant® (65–67).

It is not clear whether these alterations in carbohydrate metabolism are clinically
significant. The long-acting progestin methods did not produce clinically significant
alterations in carbohydrate metabolism in normal women despite the changes in glucose
tolerance. All of the changes in glucose tolerance remained within normal limits for
Norplant® users over 30 mo (65) and for DMPA users after 12 mo (63). In a study of 130
healthy women using triphasic COCs, statistically significant increases in plasma glu-
cose and insulin levels were noted after initiating OCPs (68). These changes, however,
were not associated with impaired glucose tolerance and appear clinically unimportant.
A large review found that use of the low dose COC is accompanied by a low risk of
impaired glucose tolerance, even in previous gestational diabetics (69).

Because a history of gestational diabetes increases risk of developing diabetes, ges-
tational diabetics need close postpartum monitoring. The use of low dose COCs, how-
ever, does not appear to influence the risk of developing diabetes (70), and WHO
guidelines do not consider a history of gestational diabetes to be relevant for the prescrip-
tion of hormonal contraception (34). One study found that lactating women with recent
gestational diabetes who used progestin-only pills had nearly a three-fold increase in the
risk of diabetes (70), suggesting that progestin-only pills should be prescribed cautiously
in this group.

Although there are theoretical concerns about prescribing hormonal contraception for
women with insulin-requiring diabetes, the current data suggests that modern COCs
have little effect on glycemic control or the insulin requirements of diabetic women (71).
Furthermore, neither current, past, or duration of COC use was associated with current
gycosylated hemoglobin or the development of diabetic sequelae, such as retinopathy,
nephropathy, and hypertension (72,73). There have been no studies specifically
examining use of long-acting progestational contraceptives by diabetic women, so COCs
or progestin-only OCPs may be preferable in this setting (71). Given that an unplanned
pregnancy in a diabetic woman may be associated with poor glycemic control and poor
pregnancy outcomes, WHO guidelines indicate that the advantages of hormonal contra-
ception generally outweigh the risks for diabetic women, unless there is nephropathy,
retinopathy, neuropathy, or vascular disease (34).
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Weight Gain

It is widely believed that use of hormonal contraception may be associated with
weight gain and may be a reason that adolescents are reluctant to initiate hormonal
contraception. Adolescents appear to be particularly concerned about maintenance of
their body weight. In a survey of women ages 13–21, 50% reported that they would not
accept a contraceptive method if it were associated with a 5 lb weight gain (74). In fact,
41% of adolescents listed weight gain as the primary reason for discontinuing contracep-
tion with long acting progestin (31).

Theoretically, both the estrogenic and progestational components of the COCs can
contribute to weight gain. Progestins are thought to directly stimulate hypothalamic
center to increase appetite (75). Progestins have also been shown to increase insulin
levels, which can be associated with symptoms of hypoglycemia and increased appetite
(35). Estrogen can result in increased subcutaneous fat deposition (35). Additionally,
fluid retention has been associated with both the estrogen and progestin component of
COCs (35).

Despite the theoretical concerns about weight gain related to COC use, the existing
data does not support this concern. Several prospective studies have demonstrated that
OCP use was not associated with significant weight gain (76–79). In another study, only
5% of women cited weight gain as a reason for discontinuing OCPs (80). It appears that
as many women lose weight as gain weight while taking COCs (35).

In contrast to COCs, it appears that DMPA may be associated with significant weight
gain. The FDA package labeling for DMPA states the method is associated with progres-
sive weight gain, with an average weight gain of 5.4 lb after the first year, 8.1 lb after the
second year, and 13.8 lb after the fourth year. These weight changes were identified in
a large US study involving 3857 women (81). Later studies, however, suggest that
weight gain should not deter women from considering DMPA as a contraceptive method.
Despite increases in weight by some women, many do lose weight while using DMPA.
As many as 44–56% percent of DMPA users, including adolescents, were found to have
lost or maintain their body weight in retrospective studies (82,83). Another study had
IUD users as controls and found that users of both types of contraception gained a similar
amount of weight over the 120 mo study period: 10.9 kg for DMPA users and 11.2 kg
for the IUD users (84). This study suggests that weight gain is common in reproductive
age women, so that weight changes should not be immediately attributed to contracep-
tive therapy.

Reproductive Cancer

Fear of breast and reproductive cancers is a major reason that women are reluctant to
use hormonal contraception (23), although strong epidemiologic data demonstrate a
protective effect of combination OCPs against ovarian and endometrial cancers (85,86).
Furthermore, the benefit of combination OCPs are enhanced with duration of use and
persist years after OCPs are discontinued (22). In a review of the literature, ovarian
cancer risk was found to decrease by 10% after 1 yr of using combination OCP and by
approx 50% after 5 yr of use (87). The cancer and steroid hormone (CASH) study
demonstrated that the use of combination OCPs for as little as 3–6 mo reduces the risk
of ovarian cancer, and the protective effect persists 15 yr after use ended (88). The CASH
study also found combination OCPs to be similarly protective against endometrial can-
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cer (89,90). Because endometrial cancer is common, it is estimated that combination
OCP use prevents 2000 cases of endometrial cancer annually in the US (89).

It is not yet clear whether combination OCPs containing less than 20 µg of ethinyl
estradiol and progestin-only contraceptive methods offer the same protection against
ovarian and endometrial cancer. Most of the COC users in the above studies were using
formulations containing at least 30 µg of ethinyl estradiol. COCs are thought to reduce
the risk of ovarian cancer by suppressing gonadotropin stimulation of the ovary and by
preventing the trauma to the ovarian epithelium that occurs with ovulation (91). Because
ovulation occurs in users of progestin-only pills and Norplant®, these methods may not
be as protective against  the development of ovarian cancer. Daily exposure to progestins
is thought to be the mechanism by which COCs protect the endometrium from endome-
trial cancer. Use of DMPA appears to reduce the risk of endometrial cancer at least as
well as COCs (92), and may even reduce the risk further (93).

Despite numerous studies, it is not clear whether there is any association with com-
bination OCP use and breast cancer (22). Recently, a collaborative analysis examined
data from 53,297 women with breast cancer and 100,239 controls obtained in 54 studies
conducted in 26 different countries (94,95). Regardless of duration of use, no increase
in breast cancer risk was found in women who had not used OCPs in the past 10 yr. In
this analysis, family history of breast cancer did not affect breast cancer risk associated
with OCP use. Current OCP users were at a small increased risk of being diagnosed with
breast cancer while they were using OCPs and for 10 yr after discontinuation (95).
Compared to non-users, cancers were diagnosed at an earlier stage in users—suggesting
that the increased diagnosis of breast cancer may reflect a bias in cancer surveillance.
Because OCP users are more likely to have contact with the health care system, cancer
is detected more frequently, but at earlier stages (23,96).

Approval for Depo-Provera® was delayed for over 20 yr over concerns about breast
cancer . DMPA was approved for use in several countries in the 1970s, but did not receive
FDA approval for contraceptive use in the US until 1992 (29). A large case-control study
by the World Health Organization, published in 1991, provided reassurance that long-
term users of DMPA were not at increased risk of breast cancer (92). The risk of breast
cancer was not increased with increased duration of use, or for women who had initiated
DMPA use more than 5 yr previously. The WHO study did detect a slightly increased
risk of breast cancer in the first 4 yr of DMPA use, mainly in women <35-yr-old (97).
These results were interpreted to suggest that rather than cause new tumors, DMPA
enhances growth of already existing tumors (29).

There has also been concern that use of hormonal contraception during adolescence
when the breast was developing would make the individual particularly at risk for breast
cancer. A large study suggested that women aged 20–34 yr who had ever used OCPs had
a slightly increased risk of being diagnosed with breast cancer compared to those who
had never used OCPs (98). The international collaborative breast cancer study, however,
did not find an increased risk for breast cancer with long duration of use or use of OCPs
at a young age (95).

Studies have suggested an increased risk of cervical cancer in long-term users of
combination oral contraception, compared with non-users, but is unclear whether OCP
use is causal (22). The major cause of squamous cervical neoplasia is infection with
particular types of human papilloma virus (HPV), so there are many confounding factors
that may contribute to the observed association between OCP use and cervical neoplasia.
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Users of OCPs probably do not use barrier methods of contraception that protect against
STDs such as HPV. Users of OCPs may have more sexual partners than nonusers. More
recent studies that control for potential confounding factors are somewhat reassuring
about the association between cervical neoplasia and OCP use. These well-controlled
studies found that neither the risk of invasive cervical cancer nor the risk of cervical
intraepithelial neoplasia (CIN) was increased in OCP users (23,99–101).

OCP users also appear to have an increased risk for cervical adenocarcinoma (99,102),
unrelated to HPV infection and accounts for approx 10% of cervical cancers (23). The
risk of cervical adenocarcinoma in the adolescent population, however, is very low and
has been estimated at approx 1 in 350,000 in women age 15–19 from 1992–1996 (23).
Current recommendations from the American College of Obstetricians and Gynecolo-
gists suggest that history of CIN is not a contraindication to OCP use, but regular cytol-
ogy screening should be performed (23).

Combined Oral Contraception
With perfect use, OCPs are an extremely effective method of contraception with a

failure rate of less than 1% (11). In actual use by adolescents, however, OCPs are
associated with a much higher failure rate of 12.1% after a year, presumably due to
inconsistent use (7). Combination oral contraceptive pills contain both estrogenic as
well as progestational agents. The pills differ in their total estrogen content, the proges-
tational agent used, and the ratio of estrogen to progestin. In monophasic preparations,
the dose of estrogen and progestin are constant throughout the pill pack. In biphasic and
triphasic preparations, the dose of the progestin or estrogen component varies during the
cycle to minimize the total amount of hormone required and to duplicate a normal
menstrual cycle.

All combination OCPs contain either ethinyl estradiol or mestranol as their estrogenic
component. The addition of an ethinyl group to estradiol makes the steroid orally active
(33). Mestranol, the methyl ether of ethinyl estradiol, is converted to ethinyl estradiol to
exert its estrogenic effects (33). Ethinyl estradiol, at doses of 20–35 µg, is the estrogenic
component of all low dose combination OCPs available in the US. The metabolism of
ethinyl estradiol varies between individuals so that the same dose can cause side effects
in one woman and none in another (32,103).

There are several different progestins used in the combination OCPs (33). The first
generation progestins were derived from testosterone and include norethindrone acetate,
ethynodiol diacetate, and norethindrone. The addition of a methyl group to norethin-
drone increased its potency and created the second-generation progestins, norgestrel and
levonorgestrel (the biologically active optical isomers of norgestrel). Norgestimate is
metabolized to levonorgestrel and is classified as a second-generation progestin by some
and as a third-generation by others (44). The third-generation progestins, gestodene,
desogestrel, and norgestimate, are derived from levonorgestrel, but have fewer andro-
genic effects. Gestodene containing products are not available in the US.

Drospirenone is a newer progestin that may have a pharmacologic profile more closely
related to endogenous progesterone (104). Drospirenone is an analog of Spironolactone,
the aldosterone antagonist, and like progesterone, has mild anti-mineralocorticoid activ-
ity (105). It may result in fewer side effects resulting from fluid retention (e.g., breast
tenderness and weight gain) by counteracting the estrogen-induced stimulation of the
renin-angiotensin-aldosterone system (104). In contrast to the other progestins,
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drospirenone has no androgenic activity and, in fact, appears to have mild anti-andro-
genic activity like spironolactone (104).

Combination OCPs are traditionally taken daily for 21 d. After 21 d, pills are stopped
for 7 d to allow a hormone withdrawal bleed to occur. COCs are also packaged as 28-d
packs with 7 placebo pills. The placebo pills contain no hormone, but keep the patient
in the daily routine of pill taking. Because the synthetic steroids in COCs are not com-
pletely eliminated from the body within 24 h, there is a cumulative build-up over several
days and maximal effectiveness is not achieved until after several days (35). A back-up
contraceptive method is usually recommended during the first combination OCP cycle,
but immediate protection from pregnancy is thought to be present if COCs are started
with the first day of the menstrual cycle. If COCs are started after the fifth day of the
cycle, however, breakthrough ovulation may occur, and a back-up contraceptive method
should be used (35).

Many clinicians are using “Sunday starts” so that a patient will start her first pack of
pills on the Sunday following the start of her menstrual cycle. If menses begin on Sunday,
the patient will begin taking pills on that Sunday. Intuitively, it seemed that patients
would be less likely to forget starting a new pill pack if the event were synchronized with
the beginning of the week. The “Sunday start” also has the advantage of scheduling the
hormonal withdrawal bleeding on Tuesday or Wednesday, so that bleeding on weekends
is avoided. A drawback to the Sunday start is that a back-up contraceptive method will
be necessary for at least 7 d if COCs are started after the fifth day cycle day.

Recently, the 21-d schedule and the necessity of a monthly withdrawal bleed have
been questioned. During the placebo week, some COC users can experience hormonal
withdrawal symptoms, such as pelvic pain and bleeding (106). One strategy to reduce
hormonal withdrawal symptoms is to decrease the hormone-free interval. Mircette® is
packaged as 21 d of desogestrel (150 µg) and ethinyl estradiol (20 µg), followed by 2 d of
inert tablets and 5 d of ethinyl estradiol (10 µg) only.

Alternatively, several groups have investigated increasing the duration of active pills
to minimize these symptoms by reducing the frequency of hormone free intervals (107–
110). Although some women can take COCs continuously without any break, many
experience breakthrough bleeding after prolonged continuous COC use (111). It has
been suggested that women may individualize their COC regimen and begin a 7-d pill
free interval when they begin to have breakthrough bleeding or at whatever interval is
convenient. Because irregular bleeding was more common in women who were initiat-
ing COC therapy, this continuous COC regimen should probably not be started until a
woman has used COCs for several cycles (109).

Patients occasionally forget to take a pill. It seems that patients are most likely to
forget or skip pills during first cycles of use before pill-taking has become part of their
daily routine (35). Instructions for missed pills should be given to the patient when OCPs
are initiated. If one pill is missed, the missed pill should be taken immediately and the
next pill should be taken at the regular time. If 2 consecutive pills are missed during the
first 2 wk, the standard recommendation is to take 2 pills daily for 2 d and to use back-
up contraception for the remainder of the pack. If 2 or more pills are missed during the
3rd wk or if 3 or more pills are missed at any time, the standard recommendation is to
start a new pack and use a back-up contraceptive method for at least 7 d. If the patient
uses a Sunday start, she should take 1 pill daily until Sunday and then start a new pack
on Sunday.
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It has been estimated that nearly one third to one half of women who start OCPs will
discontinue them within a year due to side-effects . Proper counseling may be critical for
compliance since discontinuation was found to be more likely in the first 2 mo of OCP
use, particularly if side effects were unexpected (80). The more common side effects
(bleeding irregularities, nausea, weight gain, mood changes, breast engorgement, and
headaches) should be reviewed with the patient, but it should be emphasized that break-
through bleeding and nausea will usually resolve spontaneously with continued OCP use
(35). Since side-effects decrease with continued use, patients with irregular bleeding and
nausea should be encouraged to try OCPs for three cycles prior to discontinuing.

It should also be emphasized to patients that there are many different formulations of
COCs available today (Table 4). If a particular side effect is still troubling after 3 cycles,
a different COC preparation can be tried. The choice of a different COC preparation can
be tailored to alleviate her particular symptoms (Table 5). Although the progestins are

Table 4
Biological Activity of Selected Monophasic and Progestin-Only

Oral Contraceptive Formulations1

Formulation Endometrial Estrogenic Progestational Androgenic
EE (µg) + progestin (mg) activity activity activity activity

EE (30)
Norgestrel (0.3) 9.6 25 0.8 0.46
EE (35)
Norethindrone (0.4) 11.0 40 0.4 .15
EE (30)
Desogestrel (0.15) 13.1 30 1.5 .17
EE (30)
Levonorgestrel (0.15) 14.0 25 0.8 0.46
EE (35)
Norgestimate (0.25) 14.3 35 0.3 0.18
EE (35)
Norethindrone (1.0) 14.7 38 1 0.34
EE (35)
Norethindrone (0.5) 24.6 42 0.5 0.17
EE (30)
Norethindrone Acetate (1.5) 25.2 14 1.7 0.8
EE (20)
Levonorgestrel (0.1) 26.5 17 0.5 0.31
EE (20)
Norethindrone Acetate (1.0) 29.7 13 1.2 0.53
EE (35)
Ethynodiol Diacetate (1.0) 37.4 19 1.4 0.21
EE (0)
Norgestrel (0.075) 34.9 0 0.08 0.13
EE (0)
Norethindrone (0.35) 42.3 1 0.12 0.13

1Adapted from Dickey 1998. Activities are defined as follows: endometrial is percent of users with
irregular bleeding in third cycle or use, estrogenic refers to ethinyl estradiol (µg) equivalents per day,
progestational refers to norethindrone (mg) equivalents per day, and androgenic refers to methyltestosterone
(mg) equivalents per day.
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used at such low doses that the differences in their biologic effects should be negligible,
different combination OCPs may have slightly different side-effect profiles in a particu-
lar patient. The side-effect profile of a particular COC is due to differences in estrogen
content, type of progestin, and ratio of progestin to estrogen. Side effects of COCs can
be estrogenic, progestational, and androgenic (Table 5). The hormone content of the
COCs can differentially effect the endometrium as well (35).

The estrogenic effects of a particular COC formulation is caused by the dose of
estrogen, the type of progestin used, and the ratio of estrogen to progestin. A small
percentage of the first generation progestins is metabolized to ethinyl estradiol and
therefore may contribute to the estrogenic effect of the combination OCP (35). Progestins,
however, also reduce the biological activity of estrogen by acting as estrogen antagonists
(35). So for the same dose of ethinyl estradiol, a patient may experience symptoms of
estrogen excess (breast engorgement, fluid retention, nausea, hypermenorrhea,
cholasma) or estrogen deficiency (vaginal dryness, loss of hormonal withdrawal bleed-
ing) depending on the dose and type of progestin used. If a patient experiences symptoms
or estrogen excess or deficiency, a COC preparation with different estrogenic activity
can be tried (Table 4).

In tests of biological activity, the various progestational agents used in combination
OCPs can exert androgenic, anti-mineralocorticoid, as well as progestational effects. In
combination with estrogen, however, the specific differences between these progestins
are less significant. For example, the number of progesterone receptors depends on the
estrogen content (35). OCP users, therefore, can experience symptoms of progesterone
deficiency (breakthrough bleeding) or progesterone excess (decreased menstrual bleed-
ing, increased appetite, depression) depending on the estrogen content and the estrogen
to progesterone ratio.

Table 5
Relation of Side Effects to Hormonal Biologic Activity1

Estrogen excess Progestin excess Androgen excess

Bloating Appetite increase Acne
Breast cystic changes Bloating Hirsutism
Breast engorgement Depression Libido increase
Cholasma Fatigue Oily skin
Fluid retention Hypoglycemic symptoms
Headache Libido decrease
Nausea Menstrual flow decrease
Menorrhagia/hypermenorrhea Weight gain (noncyclic)
Weight gain (cyclic) Headache

Estrogen deficiency Progestin deficiency Androgen deficiency

Amenorrhea
Atrophic vaginitis Irregular bleeding (d 10–21) Libido decrease
Irregular bleeding (d 1–9) Menorrhagia
Irregular bleeding Withdrawal bleeding delayed

(continuous)
Withdrawal bleeding decrease

1Adapted from Dickey 1998.
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With the exception of drospirenone, the synthetic progestins all have androgenic
biological activity. These synthetic progestins can increase free androgen by depressing
sex-hormone-binding globulin (SHBG) and also by displacing bound androgen from
SHBG (35). Nevertheless, all of the COCs exert an anti-androgenic effect. The estro-
genic component increases SHBG to decrease free testosterone, and the progestational
component suppresses the hypothalamic pituitary ovarian axis to decrease ovarian an-
drogen production (112). Some women may experience symptoms of androgen defi-
ciency, such as decreased libido, due to these effects. In these women, a COC with lower
estrogenic and progestational activity may have a less suppressive effect on ovarian
androgen production (35). On the other hand, if a patient has symptoms of androgen
excess such as hirsutism or acne, a progestin with less androgenic activity may be worth
trying. Norethindrone and desogestrel have a less depressive effect on SHBG than
norgestrel (35), and drospirenone appears to compete with androgen to exert an anti-
androgenic effect (104).

Endometrial activity is measured by the ability of the COC to prevent irregular bleed-
ing while the active hormone pills are being taken (35). Breakthrough bleeding results
when the COC cannot stimulate endometrial growth, which can result from relative
estrogen deficiency, or when the COC cannot adequately support the endometrium due
to progesterone deficiency. Because irregular bleeding is so common after initiating
OCPs, patients should be encouraged to make no changes for 3 cycles. If breakthrough
bleeding or amenorrhea persists after the third cycle, a COC with greater endometrial
activity may be helpful. Irregular bleeding during the first 9 pills is usually associated
with estrogen deficiency while bleeding after the 10th d is usually a result of a deficiency
in the progestational activity (35). When a patient presents with new irregular bleeding
after many cycles of COC use, other causes of bleeding per vagina, such as cervicitis,
anatomic defects, or pregnancy should be investigated.

Combined Injectable Contraception
A monthly combination contraceptive injection containing 25 mg medroxyproges-

terone acetate and 5 mg estradiol cypionate (Lunelle®) has recently become available.
Like COCs, it is immediately effective if it is taken within the first 5 d of the menstrual
cycle. Repeat injections are needed every 28 d with a ± 5 d grace period. In clinical trials,
Lunelle® was found to be an extremely effective method of contraception with a failure
rate of less than 1% (29), but it has not yet been determined whether adolescents will
return reliably for monthly injections. The current recommendation is to rule out preg-
nancy if a patient returns for injection after 33 d (29), but there is data suggesting that
after multiple injections, the return to ovulation does not occur until 63 d (113).

As with COCs, the progestin component suppresses ovulation and the estrogen com-
ponent provides predictable withdrawal bleeding . Irregular bleeding is common during
the initial cycles, but with continued use, menses become more predictable occurring
10–20 d after injection (29). Bleeding irregularities, including amenorrhea, occur more
frequently than with OCPs, but seem to be tolerated by patients. In a US study, only 2.5%
of women discontinued treatment due to spotting (114).

Progestin-Only Contraception
Progestin-only contraception is useful for women who either cannot tolerate estro-

genic side effects or have contraindications to estrogen use. These methods are available
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as progestin-only OCPs, a 3-mo depot intramuscular injection of medroxyprogesterone
acetate (Depo-Provera®), or as subdermal implants that release levonorgestrel for a
5-yr period (Norplant®). In particular, these two long-acting progestin contraceptives
have the lowest failure rate in actual use by adolescents (7). Actual failure rates for
Norplant® and Depo-Provera® are similar to those for perfect use, presumably because
perfect use does not require daily pill taking, interrupting sexual activity, or frequent
trips to the pharmacy.

Progestin-Only Pills
Progestin-only OCPs are available as norethindrone (0.35 mg) or norgestrel (0.3 mg)

only preparations. Unlike COCs, they are packaged with 28 active tablets and are taken
continuously. The progestin doses used in the POPs are lower than the doses used
in COCs. At these low doses, ovulation is not reliably suppressed (115) and occurs in
approximately half of oral progestin users (24). With perfect use, the failure rate for
POPs is 0.5%, but perfect use is difficult. Meticulous pill taking every 24 h appears
critical for contraceptive efficacy, and a back-up contraceptive method is recommended
if a pill is taken more than 3 h late (36). For this reason, POPs are not usually used in the
adolescent population.

Norplant® Subdermal Implants
The Norplant® system was approved by the FDA in 1990. The system consists of 6

Silastic capsules, each containing 36 mg of dry crystalline levonorgestrel (216 mg/6
capsules) (35). The capsules are inserted under the skin of the upper arm, and insertion
and removal of the capsules requires a minor surgical procedure under local anesthesia.
Ideally, implants should be inserted within 7 d of the onset of menses to avoid the need
for a backup contraceptive method (35). Upon removal of the implants, the levonorgestrel
is immediately cleared from the circulation so that the contraceptive effects of Norplant®

are rapidly reversible. In adolescents, 81% of users resumed menstrual regularity within
the first month after discontinuation (31).

Because the method does not require daily (or even yearly) effort on the part of the
user, the failure rates with routine use by adolescent is the same as in the general popu-
lations (7). It is highly effective method of contraception with a failure rate of 0.04% after
1 yr of perfect use (11), and 2.3 % with routine use (116). Unfortunately, due to adverse
publicity about side effects and painful removal, there has been a sharp decline in the
sales of Norplant® from 800 sets/d to fewer than 100 sets/d in 1995 (117). Perhaps,
Norplant-2®, which consists of 2 capsules each containing 70 mg of levonorgestrel (35),
will be more successful.

Initially, Norplant® capsules release levonorgestrel at a rate of 85 µg/d. Over time, the
release rate declines until 5 yr when the rate of release is approx 30 µg/d (35). Although
body weight does not affect the release rate of levonorgestrel, the circulating levels are
inversely correlated with body weight, so that heavier women have lower levonorgestrel
concentrations (118). Accordingly, the rates of contraceptive failure over the 5-yr period
was correlated with increased body weight (30). In an American study of 511 women,
no pregnancies occurred in women weighing less than 79 kg over the 5-yr study period
(119). Extrapolation of these data would suggest that in thinner women, Norplant®

would remain effective for more than 5 yr, and prolonged effectiveness over 7 yr has
been demonstrated (120).
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The circulating levonorgestrel levels are not high enough to reliably inhibit ovulation,
and one third of Norplant® user experience cyclic luteal activity and regular withdrawal
bleeding (25). Progesterone levels, however, are lower than seen in normal ovulatory
women, and this luteal phase deficiency may contribute to the contraceptive efficacy
(25), along with the effects of levonorgestrel on the cervical mucus (26). The incidence
of regular monthly cycles increases with continued use of Norplant®, with 50–60% of
users having regular cycles after the first year of use (121). The women with regular
cyclic bleeding are at greatest risk of pregnancy, and these patients should be tested for
pregnancy and monitored carefully if they suddenly cease to have regular menses (121).
One third of pregnancies occurring as a result of Norplant® failure are ectopic (118).

The most common reason for discontinuation of Norplant® by adolescents is irregular
bleeding . During the first year after Norplant® insertion, irregular bleeding, occurs in
approximately two thirds of users (119,121), with an average of 92.3 d of bleeding or
spotting during the year (118). The menstrual irregularity improves with continued
Norplant® use, and by the fifth year after insertion, only 37.5% of users experienced
irregular bleeding (121), with an average of 70.2 d of bleeding during the year (118).
Despite the many days of irregular bleeding, the actual blood loss is probably less than
with menstrual cycles. After three years of Norplant® use, the mean hemoglobin levels
were found to increase (118). Treatment with estrogen has been found to decrease the
duration of bleeding episodes (122), and may be considered if the patient finds the
continued days of bleeding troublesome.

In addition to irregular bleeding, cited by 68% of adolescents as a reason for discon-
tinuing Norplant®, adolescents also experienced other side effects, mostly related proges-
tational excess, associated with fluid retention and fatigue (35). The following side effects
were also cited by adolescents as a reason for discontinuing Norplant®: weight gain
(42%), mood changes (42%), increased headaches (35%), fatigue (29%), breast tender-
ness (19%), amenorrhea (16%), alopecia (10%) (31), and acne (10%). Many adolescents,
however, enjoy the convenience of Norplant and are satisfied with the method. In a small
study, only 8% of adolescents discontinued Norplant® within the 6 mo study period.

Depo-Provera® Injectable Contraception
Depo-Provera® received FDA approval in 1992. It is given as an intramuscular shot

of 150 mg DMPA in a crystalline suspension every 12 wk. After injection, crystalline
deposits form in the tissue and are resorbed slowly (35). As with other forms of hormonal
contraception, the ideal time to initiate therapy is within the first 5 d of the menstrual
cycle, so that the contraceptive effect is immediate (35). The dose of progestin is high
enough to block the LH surge and ovulation (29). Although ovulation does not occur for
14 wk after injection, repeat injections are recommended every 12 wk, and the recom-
mendation is to rule out pregnancy in women who come after 13 wk (29).

Depo-Provera® is one of the most effective contraceptive methods for adolescents,
with a failure rate of 0.3 % with perfect use (11). With typical use, the failure rate after
12 mo is 3.2% for the general population (116) and 4.2% for adolescents (7). Unlike
Norplant®, increases in body weight and use of concomitant medications do not appear
to reduce the efficacy of Depo-Provera®. The return to fertility can be unpredictable after
the last injection, which can be advantageous for the adolescent who is not meticulous
about returning every 12 wk. On the other hand, because the contraceptive effect is not
immediately reversible, Depo-Provera® is not recommended for women who are plan-



Chapter 26 / Contraception 499

ning pregnancies in the next 1–2 yr (29). Although 50% of women will conceive within
10 mo of the last injection, some women will not conceive until after 18 mo (29).

As for all progestin-only methods, the most prominent side effect of Depo-Provera®

is irregular, unpredictable bleeding, and this is the most common reason for discontinu-
ation of this method by adolescents (31). In a multicenter US study, 46.0% of women
reported amenorrhea, and 46.2% of women reported irregular bleeding after 3 mo of use
(124). With increased duration of use, menstrual bleeding decreased in frequency and
duration, and in this multicenter study, 58.5% of users were amenorrheic after 9 mo
(124). In another study, 73% of users were found to be amenorrheic after 12 mo (125).
Many women, including adolescents, will view the amenorrhea as a benefit of DMPA
therapy. Although supplemental estrogen has been shown to stop the irregular bleeding
associated with of Depo-Provera®, estrogen treatment has not been shown to increase the
continuation rate (126). It appears that pre-treatment counseling may be the critical
factor-if women are counseled about the menstrual changes prior to initiation of treat-
ment, they are more likely to continue with subsequent injections (127).

Because Depo-Provera® suppresses gonadotropin production and ovarian steroido-
genesis, estradiol levels in users of DMPA (52.67 pg/mL) are lower than for a normal
menstrual cycle (84,128). This is in contrast to levonorgestrel implants that do not
reliably suppress gonadotropin production, so that Norplant® users have levels of circu-
lating estradiol levels (189.9 pg/mL) similar to ovulatory women using an IUD (147.51
pg/mL) (128). In 1991, a cross-sectional study from New Zealand found that compared
to pre-menopausal controls, women who had used DMPA for at least 5 yr had signifi-
cantly reduced bone density (129). This raised the concern that this relative hypoestro-
genism decreases bone mineral density during reproductive life and puts DMPA users
at increased risk for post-menopausal osteoporosis (29). Since then, there have been
numerous studies examining the relationship between DMPA use and bone mineral
density with somewhat conflicting results (29,130). Some of the discrepancies may be
due to the anatomic sites where bone mineral density is measured with the forearm being
less sensitive to hormonal changes.

Because adolescence is a critical time for increasing bone mineral density, the use of
DMPA in adolescents was thought to be particularly concerning, and it does appear that
use of DMPA may impair bone mineralization in adolescents. A small study of 48
women, ages 12–21, found that after 1 yr, bone mineral density decreased by 1.5% in
DMPA users. In contrast, an increase in bone mineral density was found in adolescents
who received no hormonal treatment (2.9%), users of Norplant® (2.5%), and users of
OCPs (1.5%) (131). Another study found the largest differences in bone mineral density
between DMPA users and nonusers was in women 18–21 yr old (132). A dose-response
relationship between longer use of DMPA and decreased bone density was also found
in this age group (132).

The clinical significance of decreased bone mineral density in DMPA users has not
been determined, but the data is reassuring. A large study of 2474 women found that
despite reduction in bone mineral density, none of the DMPA users would be considered
osteopenic (130). The New Zealand investigators have continued their studies of DMPA
use and found that the deficits in bone mineral density are reversible after discontinua-
tion of DMPA (133). Furthermore, the bone mineral density in post-menopausal former
DMPA users was not found to be significantly different from never-users (134). At this
time, the theoretical risks of post-menopausal osteoporosis should be considered along
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with the need for reliable, effective contraception. Certainly, adolescents on DMPA
should be counseled about appropriate intake of calcium (1200 mg/d), vitamin D, and
weight bearing exercise, all of which have been shown to have positive effect on bone
density (135).

The side effects of DMPA are related to estrogen deficiency or progestational excess
(35). Irregular bleeding was the most common reason, cited by 60% of adolescents, for
discontinuing DMPA. In addition, the following side effects were also cited by adoles-
cents as a reason for discontinuing Depo-Provera®: weight gain (40%), increased head-
aches (26%), mood changes (20%), fatigue (20%), alopecia (20%), breast tenderness
(14%), amenorrhea (14%), and acne (9%). The FDA package insert mentions depression
as a side effect of DMPA (35), but published studies indicate that DMPA does not cause
depression (29). A large prospective study evaluated 393 women before and after 12 mo
of DMPA and found no increase in depressive symptoms, suggesting that use of DMPA
would not exacerbate symptoms in women with pre-exisiting depression (136).

NON-CONTRACEPTIVE BENEFITS
OF HORMONAL CONTRACEPTION

Health Benefits of Hormonal Contraception
Aside from contraception, there are numerous health benefits associated with the use of

hormonal contraception. The protection from ovarian and endometrial cancer is well
established and has already been discussed. Hormonal contraceptive methods also offer
protection from several benign conditions. COC users are less likely to suffer from benign
breast disease, functional ovarian cysts, pelvic inflammatory disease, and ectopic
pregnancy (36,91). DMPA also seems to offer protection from pelvic inflammatory disease
and ectopic pregnancy (29). It is not clear whether Norplant® offers the same protection.
Because it does not reliably suppress ovulation, it is not as protective against ectopic
pregnancy (119), and may increase the incidence of functional ovarian cysts (118).

Although barrier methods of contraception offer the best protection against STDs, it
appears that hormonal contraception may prevent the infection from entering the upper
genital tract and are protective against salpingitis and the resulting tubal disease. One
study demonstrated that COC users with chlamydial infections were less likely to suffer
upper tract infections (137). Another study demonstrated that OCP users with PID are
more likely to have milder disease with less tubal damage (138). The proposed mecha-
nisms by which ascending infection is reduced appear to be related to the progestational
effects of COCs (36,91). Thickened cervical mucus may be less penetrable by bacteria.
Endometrial atrophy with reduced menstrual blood flow may decrease the medium for
bacterial proliferation. Decreased contractility of the Fallopian tube and decreased ret-
rograde menstruation may reduce the intraperitoneal spread of bacteria.

Therapeutic Uses of Hormonal Contraception
Hormonal contraception also has therapeutic uses that are unrelated to contraception.

All these methods will reduce the amount of menstrual blood flow and can be used to
treat both iron-deficiency anemia associated with menorrhagia and dysmenorrhea
(35,36). Studies in OCP users demonstrated an improvement in dysmenorrhea (139) and
reduction of menstrual flow (140). OCP use has been associated with an increase in iron
stores in some women (140), and hemoglobin levels were found to rise in Norplant®
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users (118). Depo-Provera may be particularly appropriate for treatment of menstrual
disorders, given its high rate of associated amenorrhea.

There is some evidence that OCP use protects against endometriosis, but the data is
conflicting (91). Hormonal methods, however, have been used to treat endometriosis by
producing an environment that promotes endometrial atrophy (141). Before gonadotro-
pin-releasing hormone agonists were available, high dose COCs were used for the
treatment of endometriosis (35), and modern low dose COCs are still a staple of medical
management (141). Oral progestins can be used to treat endometriosis as well, but at
much higher doses than in POPs (91). Medroxyprogesterone (20–30 mg daily) or nore-
thindrone (15 mg daily) are commonly used.

Hyperandrogenism can be associated with anovulation (sometimes called polycystic
ovary syndrome), hirsutism, and acne. After serious illnesses, such as androgen-secret-
ing tumor, Cushing’s syndrome, and congenital adrenal hyperplasia are excluded, medi-
cal treatment can be initiated. COCs are the mainstay of medical therapy for
hyperandrogenism (112,142). In combination, estrogens and progestins are anti-andro-
genic. COCs decrease gonadotropin production, and as a result, suppress androgen
production by the ovary. Estrogens increase the hepatic production of SHBG decreasing
the bioavailability of the androgens. COCs have been also been shown to decrease
adrenal androgen secretion (143). Additionally, COCs restore cyclic endometrial shed-
ding and protect against the endometrial hyperplasia associated with hyperandrogenic
chronic anovulation (112).

COCs can also be used for hormonal replacement therapy for women who undergo
premature menopause or for girls who fail to develop secondary sexual characteristics
as a result of Turner’s syndrome or other causes of gonadal dysgenesis (35). In patients
with gonadal dysgenesis, estrogen therapy is usually required to induce and maintain the
development of secondary sexual characteristics and achieve optimal bone density (144).
Hormonal treatment is initiated after adult height is achieved and is initiated with estrogen
alone at low doses (0.3 mg conjugated estrogens, 0.5 mg of micronized estradiol, or 0.3 mg
of esterified estrogens). The estrogen dose is doubled after 3–6 mo and then 2–3 mo later.
Final doses are 1.25 mg conjugated estrogens, 2 mg of micronized estradiol, or 1.25 mg
of esterified estrogens (144). Cyclic progestin therapy is initiated after vaginal bleeding
first occurs or after 12–24 mo of estrogen therapy . Alternatively, COCs can be initiated
at this time (144).

HORMONAL CONTRACEPTION: NEW DELIVERY METHODS

Recently, the FDA has approved two new methods of hormone delivery for contra-
ception: a transdermal patch and a vaginal ring. Both methods contain ethinyl estradiol
along with a progestin and appear to have a similar mechanism of action as COCs.
Because these methods do not require daily dosing, compliance may be higher. Ortho
Evra®  is a transdermal patch that releases a daily dose of 20 µg ethinyl estradiol and 150
µg norelgestromin, the primary metabolite of norgestimate (146). The patch is changed
weekly for 3 wk, then is removed for one week to allow a withdrawal bleed. The
NuvaRing®  is a flexible vaginal ring that releases 15 µg of ethinyl estradiol and 120 µg
of etonogestrel, the biologically active metabolite of desogestrel, daily (147). The ring
is inserted by the patient and left in place for 3 wk. It is removed for one week to allow
for a withdrawal bleed.
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CONCLUSIONS

For almost every contraceptive method, unmarried adolescents experience higher
rates of contraceptive failure compared to older, married women . In the adolescent
population, hormonal contraceptive methods appear to be more effective, than non-
hormonal ones. Long-acting progestins, in particular, have similar failure rates for ado-
lescents and adults, presumably because these methods do not interrupt spontaneity and
do not require daily patient responsibility.

Each contraceptive method has its own set of limitations, and the limitations of hor-
monal contraception need to be considered. Hormonal contraceptive methods may have
drug interactions that reduce contraceptive efficacy or alter require changes in medica-
tion doses. Disease processes, such as diabetes, may be altered by the use of hormonal
contraception. Because hormonal contraceptive methods have systemic effects, unto-
ward effects may occur in some individuals. The common side-effects should be dis-
cussed prior to treatment since compliance appears to improve with pre-treatment
counseling. Additionally, hormonal contraception does not offer any protection against
STDs, so a barrier method must also be recommended to individuals who are not in
monogamous relationships.

In addition to providing reliable contraception, these hormonal methods also provide
many non-contraceptive health benefits, including protection from certain cancer and
benign medical conditions, such as PID, ectopic pregnancy, and benign breast disease.
Because these health benefits have not received as much publicity as the health risks,
adolescents may not be aware that there are secondary benefits to hormonal contracep-
tion. Hormonal contraception is associated with decreased menstrual flow and decreased
menstrual cramps. Although menstrual regulation is a life-style benefit, it has also been
shown to improve iron-deficiency anemia.

In summary, hormonal contraceptive methods appear to be particularly well-suited
for the adolescent population. Adolescents generally are not at risk for cardiovascular
disease and do not have contraindications to hormonal contraception. Hormonal contra-
ceptive methods appear to be the most efficacious in this age group, providing reliable
contraception with numerous non-contraceptive health benefits.
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Hypoglycemia is a medical emergency that may result in seizures, permanent brain
damage, or even sudden death. Because hypoglycemia can result from a long list of
causes, it is necessary to have a comprehensive strategy for diagnosis and therapy that
includes not only hormonal disorders, but also metabolic defects, as well as drugs and
toxins. This chapter presents an approach to disorders of hypoglycemia based on the
metabolic and endocrine systems involved in successful adaptation to fasting. This
“Fasting Systems” approach takes advantage of the fact that all of the hypoglycemia
problems in infants and children involve fasting. Since the integrity of these various
systems is reflected in plasma levels of critical fuels and hormones at the time of
hypoglycemia, the most important specimens for diagnosis are the ones obtained at the
point of hypoglycemia. These specimens of plasma and urine are known as the “Critical
Samples” or the “Didja Tubes” and should be routinely obtained immediately prior to
beginning treatment of the hypoglycemia.

DEFINITION OF HYPOGLYCEMIA

With regard to the “When is it hypoglycemia?” question, the plasma glucose thresholds
for older infants, children, and adults include the following: normal levels = 70–100 mg/dL;
detectable neurophysiologic signs of hypoglycemia = 50–70 mg/dL; usual definition of
severe hypoglycemia = <40 mg/dL; therapeutic goal = >60 mg/dL.

Lower limits for defining hypoglycemia have traditionally been applied in neonates
(e.g., as low as 20 mg/dL for “lowbirthweight” neonates). However, it must be remem-
bered that these values reflect only a statistical definition of hypoglycemia based on
infants fasted for what would now be considered exceptionally long times of 12 h or more
immediately after delivery on the first day of life. Such “statistically normal” values
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merely represent blood glucose levels that were common under the circumstances in
nurseries 40–50 yr ago and clearly do not represent what is physiologically normal.
There is no good evidence that the brain is more resistant to effects of hypoglycemia in
neonates than in older children. In the absence of such evidence, this author recommends
using the same thresholds noted above for neonates as older children and adults (1). The
better question about neonates is, “Why is there hypoglycemia?” As indicated below,
major advances have been made in answering this question during the past 5 yr.

THE FASTING SYSTEMS APPROACH

In older infants and children, hypoglycemia (almost) always means fasting hypogly-
cemia. The physiology of normal successful fasting adaptation provides a useful frame-
work that encompasses the diagnosis and treatment of all the potential hypoglycemia
disorders. This “Fasting Systems Approach” was originally developed at the Children’s
Hospital of Philadelphia by Dr. Lester Baker (2).

The Fasting Systems
Three metabolic systems ([1] hepatic glycogenolysis, [2] hepatic gluconeogenesis,

[3] hepatic ketogenesis) are coordinated by the (4) endocrine system, consisting of
insulin (which suppresses all 3 metabolic systems) balanced by a relatively redundant
set of counter-regulatory hormones that activate one or more of the 3 metabolic systems:
cortisol (gluconeogenesis), glucagon (glycogenolysis), epinephrine (glycogenolysis,
gluconeogenesis, ketogenesis & suppression of insulin), growth hormone (ketogenesis
via increased lipolysis) (see Figs. 1 and 2).

The essential function of fasting adaptation is to maintain fuel supply to the brain,
since the brain has no fuel stores of its own. As shown in Fig. 1, 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 glu-
coneogenesis utilizing amino acids released by muscle protein turnover. After 12–16 h
in normal infants (24–36 h in adults), glucose production declines, since the supply of
liver glycogen is limited and the rate of gluconeogenesis from amino acids remains

Fig. 1. Contribution of major fasting systems to brain metabolism over time in a typical normal infant.
Note that glycogen stores are depleted by 8–12 h and that ketogenesis becomes the major source of
brain substrate by 24–36 h.
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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. The brain cannot utilize fatty acids directly, therefore, ketones
provide an alternative fat-derived fuel for the brain and permit a reduction of brain
glucose consumption and the drain on essential muscle proteins. In late stages of fasting
adaptation, fatty acid oxidation and ketone utilization account for 90% of total oxygen
consumption.

The Critical Samples (Didja Tubes)
The circulating levels of certain key fuels and hormones at the time of fasting

hypoglycemia reflect the integrity of the metabolic and hormonal systems of fasting. As
shown in Fig. 3, in a normal infant fasted until hypoglycemia approaches at 24–30 h, i.e.,
at a plasma glucose of 50 mg/dL: 1) glycogen stores are exhausted (no glycemic response
to glucagon) (3), 2) gluconeogenic substrate levels have declined modestly compared to
the fed state (lactate <1.5 mM), 3) free fatty acids have tripled (1.5–2.0 mM) and
β−hydroxybutyrate, the major ketone, has risen 50–100 fold (2–5 mM), 4) insulin has
declined to essentially undetectable levels (<2 µU/mL). A comparison of these normal
expected values to the values from a patient obtained at the “critical” time when fasting
adaptation fails and the plasma glucose falls below 50 mg/dL provides the information
“critical” to diagnosing the underlying cause. These “critical” samples can be obtained
during a formal fasting study, but are also extremely useful when obtained during a spon-
taneous attack. Pediatricians and residents should be trained to get these “Didja Tubes”
whenever a child is treated for hypoglycemia (i.e., “Didja” remember to order a __ test?).

Categories of Hypoglycemia Based on the Critical Samples
Since it is easily obtained, we begin with the serum bicarbonate at the time of hypogly-

cemia to segregate the hypoglycemia disorders into 4 groups (Fig. 4), with and without
acidemia (HCO3 <15–17 vs >16–18 mEq/L). Additional tests can then be selected within
each of the groups to distinguish specific defects.

1) Acidemia due to lactate typifies defects in hepatic gluconeogenesis: glucose-6- phos-
phatase deficiency (type 1 GSD), fructose-1,6-diphosphatase deficiency, normal neo-
nates on d 1 of life, and ethanol ingestion (lactate and glucose responses to glucagon,
galactose, fructose stimulation, enzyme assay, mutation identification, and the like).

Fig. 2. Hormonal regulation of fasting metabolic systems.
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2) Acidemia due to ketones typifies normal children, ketotic hypoglycemia (probably also
normal, but with low fasting tolerance), defects in glycogenolysis (types 3, 6, 9 GSD)
growth hormone and/or cortisol deficiencies. (GH & cortisol assay, liver biopsy for
enzyme assay, mutation identification, and the like).

3) No acidemia with ketones and free fatty acids both suppressed: congenital hyperinsulin-
ism, IDM, insulin Rx, oral hypoglycemics, SGA and birth asphyxia, neonatal hypopitu-
itarism. (insulin, C-peptide, mutation identification, and the like).

4) No acidemia with suppressed ketones, but elevated free fatty acids: genetic defects in
fatty acid oxidation and ketogenesis. (serum acylcarnitine profile, urinary organic acids,
assays in cultured cells, mutation identification, and the like).

Fig. 3. Changes in plasma concentrations of major substrates during the course of fasting in a
normal child.

Fig. 4. Algorithm for diagnosis of hypoglycemia based on specimens obtained at time of fasting
hypoglycemia.
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Specific Disorders
ACIDEMIA OWING TO LACTATE

1) Examples include, glucose-6-phosphatase deficiency. (Type 1a and Type 1b Glycogen
Storage Disease), fructose- 1,6-diphosphatase deficiency (see Fig. 5). These often do not
present with symptoms in the newborn period, since the elevated levels of lactate provide
an alternative fuel for the brain when glucose is low.

2) Normal neonates. Gluconeogenesis and ketogenesis are both poorly developed at birth,
probably accounting for the high risk of hypoglycemia in the first 12–24 h of life in all
groups of newborns. Both of these systems appear to mature quickly, perhaps accelerated
by feeding, by 12–24 h of age.

3) Ethanol intoxication. Ethanol metabolism shifts the NADH/NAD+ redox potential to a
more reduced state and blocks gluconeogenesis by diverting pyruvate to lactate.
Hypoglycemia ensues if liver glycogen stores have been depleted.

ACIDEMIA DUE TO KETONES

1) Examples include, debrancher, liver phosphorylase, or phosphorylase kinase deficien-
cies (Type 3, 6, 9 Glycogen Storage Disease) (see Fig. 5); growth hormone and cortisol
deficiency (e.g., hypopituitarism, adrenal insufficiency).
N.B. neonatal presentation of hypopituitarism may mimic hyperinsulinism.

2) Ketotic hypoglycemia. These are children, usually 1–4 yr of age, with episodes of symp-
tomatic fasting hypoglycemia but without any identifiable metabolic or endocrine defect.
In some cases, this can be thought of as merely a quantitative, rather than a specific
qualitative abnormality of fasting adaptation. These children can be thought of as repre-
senting the low end of the normal distribution of fasting tolerance. Note however, that the
features of abbreviated, but otherwise normal fasting response are shared by the milder
glycogenoses, and a few cases have been shown to have deficiency of hepatic glycogen
synthase (GSD type 0).

NO ACIDEMIA WITH KETONES AND FREE FATTY ACIDS BOTH SUPPRESSED

1) Congenital hyperinsulinism (HI) (4–6). Fasting tolerance: nil to 12+ h (depends on
severity), low lactate, ↓ FFA, ↓ BOB, glucagon stimulation (++glucose) (3). N.B.
hyperinsulinemia can often be difficult to document, because available insulin assays are
too insensitive (>3–5 µU/mL): thus, it is often necessary to make the diagnosis based on
evidence of excessive insulin effects on the 3 fasting metabolic systems. Clinical features
and treatment depend on the specific type (see Fig. 6):
a) Recessive mutations of KATP-channel genes (SUR1, sulfonylurea receptor; Kir6.2,

ion pore) (7–11). Severe neonatal onset, LGA birthweight, diazoxide unresponsive,
↑↑↑↑glucose requirement (up to 20–30 mg/kg/min). Therapy: diazoxide is unlikely
to work (because it acts by binding to SUR1): octreotide is effective acutely, but
tachyphylaxis may make it inadequate for long-term therapy; 95% subtotal pancreate-
ctomy; glucagon via continuous infusion. (identical phenotype in focal disease).

b) Dominant mutations of glutamate dehydrogenase (GLUDI): Hyperinsulinism/
Hyperammonemia (HI/HA) Syndrome (12–16). Milder, later onset, diazoxide
responsive, protein/leucine sensitive hypoglycemia. Associated with persistent mild
hyperammonemia (plasma ammonium, 50–200 µM). Mutations cause a gain of GDH
enzyme function with excessive enzyme activity in liver, in addition to β-cells.

c) Dominant mutations of glucokinase (GK) (17). Also milder, later onset, diazoxide
responsive. Due to mutations that lower the Km for glucose of GK and reduce the
glucose threshold for insulin release. Loss of function mutations of GK occur in
MODY2 (maturity onset type diabetes of the young type 2).
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Fig. 5. Metabolic pathways of fasting adaptation. Sites of genetic defects are underlined.
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d) Dominant mutations of SUR1 (18). One family from Finland has been described in
which a missense mutation of SUR1 caused hyperinsulinism, presumably by acting
as a dominant negative. Unlike the severe disease often associated with recessive
mutations of SUR1, hypoglycemia in this family appeared to be mild and was respon-
sive to treatment with diazoxide.

e) Focal hyperinsulinism (19,20). Associated with focal loss of heterozygosity for
maternal 11p and expression of paternally-transmitted K-channel mutation (either
SUR1 or Kir6.2). Phenotype identical to recessive K-channel disease. May account
for 40–60% of cases of severe, neonatal onset diazoxide unresponsive, hyperinsulinism.

2) Transient Neonatal Hyperinsulinism
a) Infant of diabetic mother (IDM). Fetal hyperinsulinism secondary to maternal hyper-

glycemia. Features include LGA birthweight. Usually resolves in 1–2 d. Rx: early
feeds, iv dextrose.

b) Perinatal stress-induced hyperinsulinism (21,22). Mechanism unknown. Associated
with SGA birthweight, birth asphyxia, maternal toxemia; may persist for 1–2 mo after
birth; ↑↑↑↑ glucose requirement (up to 20–30 mg/kg/min). Rx: diazoxide, glucagon,
continuous iv dextrose.

3) Neonatal hypopituitarism. Features may mimic hyperinsulinism, including high glucose
requirement, low FFA & BOB, glycemic response to glucagon. Suspect especially with
midline malformations of face, microphthalmia, micropenis. May be associated with

Fig. 6. Pathways pancreatic beta-cell insulin secretion. Glucose stimulates insulin secretion via an
increase in ATP/ADP ratio which leads to inhibition of plasma membrane ATP-dependent potassium
channel, membrane depolarization, and activation of a voltage-gated calcium channel with subse-
quent influx of calcium to trigger insulin exocytosis. Note that leucine stimulates insulin secretion by
allosteric activation of glutamate oxidation via glutamate dehydrogenase. Drugs may stimulate or
inhibit insulin secretion by activation or inhibition of the plasma membrane ATP-sensitive potassium
channel (e.g., diazoxide or tolbutamide) or by downstream inhibition of insulin release (e.g.,
octreotide).
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laboratory features of cholestatic liver disease. Rx: replacement therapy for deficient
hormones.

NO ACIDEMIA WITH SUPPRESSED KETONES, BUT ELEVATED FREE FATTY ACIDS

1) Examples presenting usually beyond the newborn period include, genetic fatty acid
oxidation and ketogenesis defects (medium-chain acyl-CoA dehydrogenase deficiency,
MCAD, is the most common of these) (see Fig. 5) (23–27). These infants present with
acute life-threatening episodes of illness which are provoked by fasting stress beyond
8–14 h. Hypoketotic hypoglycemia, often with elevated liver transaminases, uric acid,
or ammonia, but nearly normal levels of bicarbonate are typical. The presentation mimicks
Reye syndrome. Cardiac and skeletal muscle involvement occur in the more complete
defects. Most (but not all) can be diagnosed from plasma acyl-carnitine profiles by
tandem mass spectrometry (28).

2) Normal Neonates. Gluconeogenesis and ketogenesis are poorly developed at birth,
accounting, in part for the high risk of hypoglycemia in the first 12–24 h of life in all
groups of newborns. The defect in ketogenesis has recently been shown to involve
developmental delays in both CPT-1 and HMG-CoA synthase for the first 12 h of life:
first feedings containing fat may aid in CPT-1 development through induction of tran-
scription by long-chain free fatty acids (29,30).

Therapeutic Goals for Managing Hypoglycemia
In order to minimize the risk of brain damage, aim to maintain plasma glucose

>60 mg/dL (1). Delays in development of fasting systems make low glucose common in
the first day of life. However, as noted above, the therapeutic targets for blood glucose
should not be set lower in neonates than in older children. Ideally, treatment should main-
tain normoglycemia on a normal feeding schedule for age. Neonates who are suspected
to have hypoglycemia persisting beyond the first day after birth should be tested for ability
to fast >10–12 h: older infants for >16–20 h. It is advisable to periodically re-assess
efficacy of treatment of any form of hypoglycemia by a formal fasting study on treatment.

Fig. 7. Differential diagnosis of hypoglycemia disorders based on critical specimens obtained at time
of fasting hypoglycmia.
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RARE POST-PRANDIAL HYPOGLYCEMIA DISORDERS IN PEDIATRICS

The following are the sole exceptions to the rule that all of hypoglycemia is fasting:

1) Post-Nissen Dumping Hypoglycemia. This occurs in some infants following sur-
gery for reflux and may be severe enough to cause seizures and brain damage. The
mechanism involves rapid stomach emptying with an excessive rise of plasma glucose,
followed by an overshoot of insulin secretion and rapid fall of glucose to hypoglycemic
levels 1–2 h following a carbohydrate load. This is the sole circumstance in pediatrics
that warrants an oral glucose tolerance test to demonstrate the exaggerated glucose
swings. Rx: frequent feedings, reduced free sugar, inhibitors of gastric motility; a newly-
introduced drug for type 2 diabetics, acarbose, may be useful as a means to delay diges-
tion and absorption of complex carbohydrates (32).

Selected Drugs for Hypoglycemic Disorders
• Dextrose (emergency Rx): iv 0.2 g/kg bolus (2 cc/kg of D10), followed by D10 continuous.
• Glucagon (emergency Rx only in case of insulin-induced hypoglycemia): 1 mg sq or iv

(may use 0.5 mg in neonates).
• Diazoxide. 5–15 mg/kg/d divided into 2 or 3 doses. Start with maximum dose, 15 mg/kg

to test efficacy (1–2 d sufficient), then lower as possible. Responders usually require
10 mg/kg or less.

• Octreotide: starting at 2–10 µg/kg/d; may increase to >50 µg/kg/d: sq divided q 6–8 h.
or continuous iv or sq. Tachyphylaxis is commonly encountered, unfortunately (31).

Formal Fasting Study Protocol
Requirements: experienced nurses and physicians, blood-drawing iv, rapid and accu-

rate plasma glucose monitoring (N.B. Standard bedside glucose meters not accurate
enough). Fast usually begins with 8 PM bedtime snack, but may be adjusted later if very
short fasting tolerance suspected (consider monitoring for 24 h on usual diet before
starting fasting study to assess glucose stability). From beginning of fast, monitor plasma
glucose closely (e.g., q 4 h until <80, q 2 h until <70, q 1 h until <60, then q 30 min to
end at 50 mg/dL): obtain additional “critical” specimens for key fuels and hormones q
4–6 h and especially, at end of fast. End study at plasma glucose 50 mg/dL or 36 h
(24 h if <1-yr-old) or any worrisome symptoms (can end early if urinary ketones =
“large”). If considering hyperinsulinism, may end with glucagon stimulation test, 1 mg
iv, to test glycogen reserve (at plasma glucose <50 mg/dL, appropriate glycemic response
<30 mg/dL within 15–30 min after glucagon; glycemic response above 30 mg/dL is
consistent with hyperinsulinism) (3). Critical specimen assays should include lactate,
FFA, BOB, insulin. Include additional blood or urine tests depending on suspected
diagnosis, e.g., serum HCO3; plasma GH & cortisol: plasma NH3: plasma acyl-carnitine
profile: plasma total and free carnitine; urinary organic acid profile. CAUTION: fasting
studies are provocative tests that, like water deprivation tests, must be closely monitored
for patient safety; sudden deaths during fasting tests have been reported in patients with
fatty acid oxidation defects. The latter patients may develop life-threatening symptoms
before plasma glucose levels fall below 60–65 mg/dL, including progressive lethargy,
nausea, vomiting, or unexplained tachycardia; fasts should be terminated in these cases
without waiting for plasma glucose to reach 50 mg/dL.
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Other Tests

1. Plasma acyl-carnitine profile. This test using tandem mass spectrometry measures the
different fatty acids bound to carnitine to detect many of the genetic defects in fatty acid
oxidation. The method is now employed in many state newborn screening programs
using filter paper blood spots to screen for 20 or more inborn errors of metabolism.
Medium-chain acyl-CoA dehydrogenase (MCAD) deficiency is particularly common
(1/5000) and easily detected by this method (28).

2. Genetic testing. Mutation screening is useful for glucose-6-phosphatase deficiency, since
80% of patients have 1 of 5 common mutations. 90% of MCAD patients have the common
A985G mutation.

3. Cultured cells. Lymphoblasts or fibroblasts are useful for diagnosis of some inborn errors
of metabolism (such as fatty acid oxidation disorders) and as sources of DNA for muta-
tion analysis for other genetic defects.

REFERENCES

1. Stanley CA, Baker L. The causes of neonatal hypoglycemia [editorial; comment]. N Engl J Med
1999;340(15):1200–1201.

2. Stanley CA, Baker L. Hypoglycemia. In: Kaye R, Oski FA, Barness LA, eds. Core Textbook of
Pediatrics. Lippincott, Philadelphia, 1978, pp. 280–305.

3. Finegold DN, Stanley CA, Baker L. Glycemic response to glucagon during fasting hypoglycemia: an
aid in the diagnosis of hyperinsulinism. J Pediatr 1980;96(2):257–259.

4. Stanley CA, Baker L. Hyperinsulinism in infants and children: diagnosis and therapy. Adv Pediatr
1976;23:315–355.

5. Stanley CA. Hyperinsulinism in infants and children. Pediatr Clin North Am 1997;44(2):363–374.
6. Aynsley-Green A, Hussain K, Hall J, et al. Practical management of hyperinsulinism in infancy. Arch

Dis Child Fetal Neonatal Ed 2000;82(2):F98–F107.
7. Baker L, Thornton PS, Stanley CA. Management of hyperinsulinism in infants. J Pediatr 1991;

119(5):755–757.
8. Nestorowicz A, Wilson BA, Schoor KP, et al. Mutations in the sulonylurea receptor gene are associ-

ated with familial hyperinsulinism in Ashkenazi Jews. Hum Mol Genet 1996;5(11):1813–1822.
9. Nestorowicz A, Inagaki N, Gonoi T, et al. A nonsense mutation in the inward rectifier potassium

channel gene, Kir6.2, is associated with familial hyperinsulinism. Diabetes 1997;46(11):1743–1748.
10. Thomas P, Ye YY, Lightner E. Mutations of the pancreatic islet inward rectifier Kir6.2 also leads to

familial persistent hyperinsulinemic hypoglycemia of infancy. Hum Mol Genet 1996;5:1809–1812.
11. Thomas PM, Cote GJ, Wohllk N, et al. Mutations in the sulfonylurea receptor gene in familial persis-

tent hyperinsulinemic hypoglycemia of infancy. Science 1995;268:426–429.
12. Weinzimer SA, Stanley CA, Berry GT, Yudkoff M, Tuchman M, Thornton PS. A syndrome of con-

genital hyperinsulinism and hyperammonemia. J Pediatr 1997;130(4):661–664.
13. Stanley CA, Lieu YK, Hsu BY, et al. Hyperinsulinism and hyperammonemia in infants with regulatory

mutations of the glutamate dehydrogenase gene. N Engl J Med 1998;338(19):1352–1357.
14. Hsu BY, Kelly A, Thornton PS, Greenberg CR, Dilling LA, Stanley CA. Protein-sensitive and fasting

hypoglycemia in children with the hyperinsulinism/hyperammonemia syndrome. J Pediatr 2001;
138(3):383–389.

15. Kelly A, Ng D, Ferry RJ, Jr., et al. Acute insulin responses to leucine in children with the hyperinsulin-
ism/hyperammonemia syndrome. J Clin Endocrinol Metab 2001;86(8):3724–3728.

16. MacMullen C, Fang J, Hsu BYL, et al. Hyperinsulinism/hyperammonemia syndrome in children with
regulatory mutations in the inhibitory GTP binding domain of glutamate dehydrogenase. J Clin
Endocrinol Metab 2001;86:1782–1787.

17. Glaser B, Kesavan P, Heyman M, et al. Familial hyperinsulinism caused by an activating glucokinase
mutation. N Engl J Med 1998;338(4):226–230.

18. Huopio H, Reimann F, Ashfield R, et al. Dominantly inherited hyperinsulinism caused by a mutation
in the sulfonylurea receptor type 1. J Clin Invest 2000;106(7):897–906.

19. de Lonlay-Debeney P, Poggi-Travert F, Fournet JC, et al. Clinical features of 52 neonates with
hyperinsulinism. N Engl J Med 1999;340:1169–1175.



Chapter 27 / Hypoglycemia 521

20. Glaser B, Furth J, Stanley CA, et al. Intragenic single nucleotide polymorphism haplotype analysis of
SUR1 mutations in familial hyperinsulinism. Hum Mutat 1999;14(1):23–29.

21. Collins JE, Leonard JV. Hyperinsulinsim in asphyxiated and small-for-dates infants with hypogly-
caemia. Lancet 1984;2:311–313.

22. Collins JE, Leonard JV, Teale D, et al. Hyperinsulinaemic hypoglycaemia in small for dates babies.
Arch Dis Childhood 1990;65:1118–1120.

23. Stanley CA, Coates PM. Inherited defects of fatty acid oxidation which resemble Reye’s Syndrome.
In: Pollack JD, ed. Reye’s Syndrome IV. NRSF, Bryan, OH, 1985.

24. Stanley CA. Disorders of fatty acid metabolism. In: Behrman RE, ed. Nelson Textbook of Pediatics.
14th ed. W. B. Saunders, Philadelphia, 1992, pp. 328–338.

25. Roe CR, Coates PM. Mitochondrial fatty acid oxidation disorders. In: Scriver CR, Beaudet AL, Sly
WS, Valle D, ed. The Metabolic and Molecular Bases of Inherited Disease. VI ed. New York: McGraw
Hill; 1995. p. 1501–1534.

26. Stanley CA. Dissecting the spectrum of fatty acid oxidation disorders. J Pediatr 1998;132:384–386.
27. Saudubray JM, Martin D, DeLonlay P. Recognition and management of fatty acid oxidation defects:

a series of 107 patients. J Inher Met D 1999;22:488–502.
28. Ziadeh R, Hoffman EP, Finegold DM, et al. Medium chain acyl-CoA dehydrogenase deficiency in

Pennsylvania: neonatal screening shows high incidence and unexpected mutation frequencies. Pediatr
Res 1995;37:675–678.

29. Girard J, Pegorier JP. An overview of early post-partum nutrition and metabolism. Biochem Soc Trans
1998;26(2):69–74.

30. Pegorier JP, Chatelain F, Thumelin S, Girard J. Role of long-chain fatty acids in the postnatal induction
of genes coding for liver mitochondrial beta-oxidative enzymes. Biochem Soc Trans 1998;26(2):
113–120.

31. Thornton PS, Alter CA, Katz LE, Baker L, Stanley CA. Short- and long-term use of octreotide in the
treatment of congenital hyperinsulinism. J Pediatr 1993;123(4):637–643.

32. Ng D, Ferry RJ, Weinzimer SA, Stanley CA, Levitt Katz LE. Acarbose treatment of postprandial
hypoglycemia in children after Nissen fundoplication. J Pediatr 2002;139:877–879.



522 Part VII / Stanley



Chapter 28 / Diabetes Mellitus 523

523

From: Contemporary Endocrinology: Pediatric Endocrinology: A Practical Clinical Guide
Edited by: S. Radovick and M. H. MacGillivray © Humana Press Inc., Totowa, NJ

28 Diabetes Mellitus in Children
and Adolescents

William V. Tamborlane, MD

and JoAnn Ahern, MSN, APRN, CDE

CONTENTS

INTRODUCTION

CLASSIFICATION

TREATMENT OF T1DM
TREATMENT OF TYPE 2 DIABETES

REFERENCES

INTRODUCTION

Diabetes mellitus is a chronic disorder characterized by impaired metabolism of
glucose and other energy-yielding fuels, as well as the late development of vascular and
neuropathic complications. Diabetes mellitus consists of a group of disorders involving
distinct pathogenic mechanisms in which hyperglycemia is the common denominator.
Regardless of the cause, the disease is associated with insulin deficiency that in children
with Type 1 diabetes is usually total, and in adults and adolescents with type 2 diabetes
partial or relative when viewed in the context of coexisting insulin resistance. Lack of
insulin plays a primary role in the metabolic derangements linked to diabetes, and
hyperglycemia, in turn, plays a key role in the complications of the disease.

CLASSIFICATION

Diabetes mellitus is a heterogeneous group of disorders that can be divided into at
least three subclasses: type 1 or insulin-dependent diabetes mellitus (T1DM): type 2, or
non-insulin-dependent diabetes mellitus (T2DM); and secondary diabetes linked to
another identifiable condition or syndrome. The majority of children with diabetes have
T1DM, but the prevalence of T2DM is increasing dramatically especially in obese
adolescents of African-American, Native American, and Hispanic origin.

Patients with T1DM have little or no insulin secretory capacity and are dependent on
exogenous insulin to prevent metabolic decompensation (e.g., ketoacidosis) and death.
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Commonly, T1DM appears abruptly over days or weeks in previously healthy nonobese
children or young adults. At the time of intial presentation, the patient appears ill; has
symptoms of polyuria, polydipsia, polyphagia, and weight loss; and may demonstrate
ketoacidosis. T1DM actually has a long asymptomatic preclinical stage often lasting
years, during which pancreatic β-cells are gradually destroyed by an autoimmune attack.

Patients with T2DM retain some endogenous insulin secretory capacity, but insulin
levels are low relative to the magnitude of insulin resistance and ambient glucose levels.
It is not uncommon, however, for adolescents with T2DM to present with marked
hyperglycemia and even ketosis, especially in the context of a stressful intercurrent
illness. Impairments in insulin sensitivity induced by obesity, ethnicity, and puberty, as
well as genetic defects in insulin secretory capacity, contribute to the pathogenesis of this
condition. The presence of acanthosis nigricans is a characteristic finding on physical
examination.

TREATMENT OF T1DM

T1DM in childhood and adolescence presents special challenges to pediatric health
care providers. The combination of severe insulin deficiency and the physical and psy-
chosocial changes that accompany normal growth and development make day-to-day
management of pediatric patients especially difficult. Moreover, the results of the Dia-
betes Control and Complicaiton Trial (DCCT) have raised the bar considerably higher
with respect to goals of treatment, since intensive treatment significantly reduced the risk
of progression of retinopathy and the development of microalbuminuria (1–3). Current
recommendations mandate that youth with type 1 diabetes should aim to achieve meta-
bolic control as close to normal as possible and as early in the course of the disease as
possible. Remarkably, a much greater proportion of young patients are meeting strict
standards of care than ever imagined possible only a few years ago. Our approach to
treatment of children and adolescents with T1DM is discussed below.

Goals of Treatment
The traditional goals of treatment of children and adolescents with diabetes were to

use insulin, diet, and exercise to minimize symptoms of hypoglycemia and hyperglyce-
mia and promote normal growth and development. Intensive education and psychosocial
support are used to maximize independence and self-efficacy in order to reduce the
adverse psychosocial effects of this chronic disease. Since the results of the DCCT were
published, additional primary aims of therapy are to lower blood glucose and glycosylated
hemoglobin values to as close to normal as possible. In pediatric patients, achievement
of such stringent treatment goals is best accomplished with a multidisciplinary team of
clinicians to provide ongoing education and support of aggressive self-management
efforts on the part of parents and patients. Matching the treatment to the patient (rather
than vice versa) by taking a flexible and varied approach to insulin replacement, diet, and
exercise are critically important.

It is recognized that intensive treatment places extra burdens on patients and families
and that practical considerations such as acceptability of and compliance to the treatment
regimens must be balanced appropriately in order to obtain all of these aims of therapy.
Nevertheless, recent data suggest that an intensive approach to diabetes education and
aggressive self-management by patients and families may reduce rather than increase the
adverse psychosocial effects of this chronic illness (4).
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Insulin Regimens
Initiation of insulin treatment can be accomplished either in the inpatient or outpatient

setting. Many youngsters require hospital admission due to vomiting, dehydration, and/
or moderate to severe ketoacidosis. In patients who are not ill at presentation, admission
to the hospital may also provide the child and parent with a safe and supportive environ-
ment in which to adjust to the shock of the diagnosis. Outpatient management in a
comprehensive day treatment program staffed by individuals knowledgeable in the care
of children with diabetes can also provide a supportive environment to initiate therapy
(5), and such programs are becoming more widely available.

Once so simple, the choice of types of insulin and insulin regiments has become much
more complicated. To the standard human regular, NPH, lente, and ultralente insulins
have been added new insulin analogs. Lispro and aspart insulin are produced by amino
acid substitutions near the C-terminal end of the β-chain. These substitutions do not
affect the biologic actions of insulin but result in more rapid absorption than regular
insulin following subcutaneous injection. The sharper peak and shorter duration of these
insulins vs regular insulin may be of particular advantage in teenagers who require large
premeal bolus doses of rapid action insulin. There are fixed mixtures of both human
insulin (i.e., regular and NPH) and human insulin analogs (i.e., lispro and NPL) and
inhaled insulin preparations are currently under study (6). A sampling of the variety of
conventional and unconventional insulin regimens that can be employed is given in
Table 1.

Although many clinicians start insulin treatment with three or more daily injections,
we begin most newly diagnosed patients on two injections of insulin per day using
mixtures of human lente and lispro insulins. Each dose is given as two-thirds lente and
one third lispro insulin. The rationale for using two rather than three or more injections
at onset of diabetes is that with aggressive control of blood levels, most children enter
a “honeymoon” or partial remission period after a few weeks of therapy. This remission
period is a result of increased insulin secretion by residual β-cells and improved insulin
sensitivity with normalization of blood glucose levels (7). To achieve these effects,
patients are started on a total daily dose of at least one unit per kilogram body weight per
day. Even more important, each component of the insulin regimen is adjusted on the
basis of finger stick blood glucose levels measured at least four times a day. The goal is

Table 1
Insulin Injection Regimens

Doses Breakfasta Lunch/afternoon snack Dinnera Bedtimea

Two R + I R + I
R + I + L R + I + L

I + L I + L
Three R + I R R + I or L

R + I R R + I + L
Four R R R I or L

aTypes of insulin: R = rapid acting (regular, lispro, aspart) insulin.
I  = intermediate acting (NPH, lente) insulin.
L = long acting (ultra lente, glargineb).

bCannot be mixed with other and must be given as a separate injection.
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to obtain premeal blood glucose values within the normal range and this is achieved via
daily telephone contracts with the family for at least the first three weeks of treatment.
The DCCT data indicate that strict control of diabetes also serves to prolong the period
of residual β-cell function in patients with T1DM (8).

During the “honeymoon”, insulin requirements rapidly decrease. Commonly, the
doses of rapid acting insulin are sharply reduced or discontinued during this time; many
children are well managed with two injections of intermediate-acting insulin, and some
may not even require an evening injection. A major reason why the two daily injections
regimen is effective during the honeymoon phase is that endogenous insulin secretion
provides much of the overnight basal insulin requirements, leading to normal fasting
blood glucose values. Conversely, increased and more labile pre-breakfast glucose lev-
els often herald the loss of the relatively small amount of residual endogenous insulin
secretion that is required for overnight glucose control. When residual β-cell function
wanes, problems with the two-injection regimen become apparent. One problem is that
the peak of the pre-dinner intermediate-acting insulin may coincide with the time of
minimal insulin requirements (i.e., midnight to 4 AM). Subsequently, insulin levels fall
off when basal requirements are increasing (i.e., 4–8 AM). Increasing the pre-supper dose
of intermediate-acting insulin to lower fasting glucose values often leads to hypoglyce-
mia in the middle of the night without correcting hyperglycemia before breakfast.
Adolescents using relatively large doses of regular insulin before supper may also have
elevations in plasma insulin levels after midnight (9). Patients are especially vulnerable to
hypoglycemia in the middle of the night because the normal plasma epinephrine response
to low blood glucose levels is markedly blunted during deep sleep (10). Another problem
with the conventional two-injection regimen is high pre-supper glucose levels, despite
normal or low pre-lunch and mid-afternoon values. This is owing, in part, to eating an
afternoon snack when the effects of the pre-breakfast dose of intermediate acting insulin
is waning.

One way to deal with these problems without increasing the number of injections is
to add ultralente insulin to the pre-breakfast and pre-supper mixtures of lispro and lente.
With this combination in the morning, lispro covers breakfast, lente covers lunch, and
ultralente the late afternoon period. With the pre-supper dose, lispro covers supper, lente
covers the bedtime snack and part of the overnight period, and ultralente helps limit the
pre-breakfast rise in plasma glucose. However, when strict control cannot be achieved
with two daily injections, we do not hesitate to switch to a regimen involving three or
more daily injections. A common approach to the problem in the overnight period is to
use a three injection regimen, lispro and lente at breakfast, lispro only at dinner and
lente at bedtime. In youngsters who go to bed early, we recommend that the parents
give the third shot at their bedtime (i.e., 10:00–11:00 PM). Lispro can also be added to
the bedtime dose, especially if glucose levels are elevated. For patients with elevated pre-
supper glucose levels, a pre-lunch dose of regular or a pre-afternoon snack dose of lispro
can be added. Such extra doses of insulin can be facilitated by the use of insulin pens,
which are small, light, and easy to use. Only a small number of our patients are using a
four or more injection regimen of rapid acting insulin before meals and intermediate
insulin at bedtime.

Over the past few years, there has been a rediscovery of the effectiveness of insulin
pump therapy in the management of young patients with diabetes (11). Indeed, we are
much more likely to turn to this method of insulin replacement rather than more frequent
injections in patients who are coming out of their honeymoon phase of diabetes.
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With insulin pump treatment, small amounts of rapid-acting insulin are infused as a
basal rate and larger bolus doses are given at each meal or snack. Although not yet labeled
by the FDA for use in pumps, lispro insulin appears to have advantages over regular
insulin in pump therapy (12). The pumps are battery powered and about the size of a
beeper. The “basal” rate can be programmed to change every half hour, but it is unusual
to need more than five or six basal rates. Varying the basal rate can be particularly helpful
in regulating overnight blood glucose levels, since it can be lowered for the early part of
the night to prevent hypoglycemia and increased in the hours before dawn to keep
glucose from rising. However, younger children seem to need a higher basal rate during
the earlier part of the night perhaps due to earlier nocturnal peaks of growth hormone in
this age group. Bolus doses are given before meals based on glucose level, carbohydrate
content of the meal, and anticipated exercise after the meal. Pump treatment can be
especially useful in infants and toddlers who are picky eaters. In this setting, part of
the usual premeal bolus can be given prior to the meal and the rest given at the end of
the meal depending on the actual amount of carbohydrate intake. Indeed, most children
and parents are encouraged to use carbohydrate counting as a means to adjust premeal
bolus doses. Pump therapy also enhances flexibility in children with variable exercise
and meal routines.

The pump employs a reservoir (syringe) to hold the insulin and the infusion set, which
consists of tubing with a small plastic catheter at the end. The insertion site can be the
abdomen or hip area, except in the young child in whom there may not be sufficient
subcutaneous tissue in the abdomen. Our patients are encouraged to change their cath-
eters every 2–3 d. Because only rapid acting insulin is used in this pump, the child and
parent must understand that the insulin infusion should not be discontinued for more than
4 h at a time.

New Insulin Preparations
Intermediate and long acting preparations of human insulin suffer from a number of

pharmacologic problems, not the least of which is the failure to uniformly mix these
suspensions prior to injection. Human NPH insulin is a particularly poor choice for basal
insulin replacement, since there is a substantial peak in insulin levels and insulin action
2–6 h after subcutaneous injection. Even human ultralente has a significant peak action
8–12 h after injection, and the dose-to-dose variability in absorption of all human insulin
suspensions is substantial.

 Glargine insulin (Aventis Pharmaceuticals) is an analog of human insulin with
C-terminal elongation of the β-chain by two arginines and replacement of asparagine in
position A21 by glycine. This molecule is soluble in the acidic solution in which it is
packaged, but relatively insoluble in the physiologic pH of the extracellular fluid. Con-
sequently, microprecipitates of glargine insulin are formed following subcutaneous
injection, which markedly delays its absorption into the systemic circulation.
Pharamacokinetic and pharmacodynamic studies have demonstrated that the insulin
analog has a very flat and prolonged time-action profile (13). Results of a 6-mo study of
the efficacy and safety of glargine in adolescents and children with diabetes showed
modestly lower fasting blood glucose levels and reduced risk for hypoglycemia with
glargine vs human NPH insulin. Additional studies and more clinical experience need
to be accumulated regarding use of this analog in youth with type 1 diabetes. Because
glargine cannot be mixed with other insulins, it has to be given by separate injection,
which might affect its acceptability by some youngsters.
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Although there have been many failed attempts at finding alternatives to insulin
injections (14), use of aerosolized preparations for inhaled insulin delivery is currently
under active investigation. Preliminary studies in adults have been promising enough (6)
that Phase III studies are already underway in pre-adolescents as well as adolescents with
type 1 diabetes. As with pump therapy, inhaled insulin allows the patients to take premeal
boluses of insulin with each meal and snack without having to take extra insulin injec-
tions. However, one or more injections of intermediate or long-acting insulin are still
needed for basal insulin replacement.

Adjusting Insulin Doses
Insulin replacement in children is a special challenge because insulin requirements

increase as weight and calorie intake increase and as residual endogenous secretion
declines. Regular self-monitoring of blood glucose (SMBG) allows the family and cli-
nicians to keep up with the child’s steadily increasing insulin needs. We request that
blood glucose levels be checked at least four times per day (before each meal and at
bedtime). The most important component of SMBG is the interpretation of the results.
The parent or child must be taught what the target value is and what the relationship is
between diet, exercise, and insulin. If the parent and/or child grasp these concepts, they
will make accurate adjustments aimed at achieving target goals. If they are unable to
make accurate adjustments, they should be given guidelines of when to call the diabetes
service for help. Day to day adjustments in the doses of rapid-acting insulin can be made
based on the premeal blood glucose value, amount of carbohydrate in the meal, and the
amount of anticipated exercise. In addition, patients and parents should be taught to look
for repetitive patterns of hypo- or hyperglycemia, in order to make ongoing changes in
their usual insulin doses. To facilitate identification of trends, families are encouraged
to maintain either a handwritten or computer generated record of each glucose value in
a spread sheet format.

Self-monitoring of blood glucose is subject to a variety of problems, especially mak-
ing up false numbers (15). These issues must be addressed with the child and family.
They must understand the reason for the tests and that they are only used to make proper
adjustments to keep them healthy. Elevated glucose levels are not an indication of
worsening of diabetes or that they have been cheating on their diet. Instead, we empha-
size that the tests are being done primarily to determine when they have outgrown their
current dose of insulin.

Even when performed correctly, four blood tests daily gives only a limited glimpse
of wide fluctuations in blood glucose that occur during a 24-h period in children with
diabetes. Consequently, the recent introduction of continuous glucose monitoring sys-
tems has the potential to be the most important advance in assessing diabetes control in
the past 20 y. In intensively-treated children and adolescents with type 1 diabetes, pre-
liminary results in a relatively small number of children suggest that continuous glucose
monitoring will provide a wealth of data regarding post-prandial glycemic excursions
and asymptomatic nocturnal hypoglycemia that were unavailable from capillary blood
glucose measurements (16). We anticipate that these technological breakthroughs will
have a great impact on diabetes management over the next few years. Continuous moni-
toring of nocturnal glucose levels is likely to be particularly useful in programming
overnight basal rates in pump-treated patients.
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Measurements of glycosyolated hemoglobin (HbA1c) provide the gold standard by
which to judge the adequacy of the insulin regimen. A variety of methods are available
for assaying glycosylated hemoglobin. A simple method that can be performed in the
office in 6 mins (Bayer DCA 2000) offers the opportunity to make immediate changes
in the insulin regimen, while the patient is being seen. The goal of treatment is to achieve
HbA1c levels as close to normal as possible. Based on DCCT results (2), our general goal
of therapy is to try to keep all patients under 8.0%. HbA1c levels are determined at least
every 3 mo.

Matching Insulin to Food Intake
Dietary guidance for children with diabetes is provided best by a nutritionist who is

an integral part of the treatment team and is comfortable working with children. In
addition to helping achieve optimal glucose levels and normal growth and development,
nutritional management of diabetes is aimed at reducing the risk for other diseases such
as obesity, high blood cholesterol, or high blood pressure. Underlying all of these is the
establishment of sound eating patterns that include balanced, nutritious foods and con-
sistent timing of food intake (17).

The American Diabetes Association dietary guidelines are used for dietary counsel-
ing. In addition to incorporating sound nutritional principles concerning the fat, fiber,
and carbohydrate content, the importance of consistency in meal size and regularity in
the timing of meals is emphasized. The prohibition of simple sugar in the diet has been
de-emphasized, but it should still comprise no more than 10% of total carbohydrate
intake. The success of the nutritional program may ultimately depend on the degree to
which the meal planning is individualized and tailored to well-established eating pat-
terns in the family. Moreover, flexibility can be enhanced if blood glucose-monitoring
results are used to evaluate the impact of change in dietary intake. As with other aspects
of the treatment regimen, we preach consistency and teach how to adjust for deviations
from the prescribed diet.

Carbohydrate counting is an increasingly popular way to increase flexibility in food
intake that is commonly used by patients using insulin pumps or multiple daily injec-
tions. The amount of insulin that is needed for each gram or serving of carbohydrate is
used to calculate the amount of regular or lispro to be taken depending on the amount of
carbohydrate in the meal. With instructions on how to use nutritional labels on food
packages, even relatively young children can become expert at counting carbohydrates.
An even simpler method is to vary the dose of regular or lispro by one or two units if it
is a small, regular, or large meal. Some foods, like pizza, that cause a prolonged increase
in blood glucose levels may require an increase in the amount of intermediate-acting
insulin or a temporary change in overnight basal rates in pump-treated patients.

Exercise
Regular exercise and active participation in organized sports have positive implica-

tions concerning the psychosocial and physical well being of our patients. Parents and
patients should be advised that different types of exercise might have different effects
on blood glucose levels. For example, sports that involve short bursts of intensive exer-
cise may increase rather than decrease blood glucose levels (18). On the other hand, long-
distance running and other prolonged activities are more likely to lower blood glucose
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levels. Parents also need to be warned that a long bout of exercise during the day may
lead to hypoglycemia while the child is sleeping during the night, which may require a
reduction in the dose of intermediate or long-acting insulin.

Outpatient Care

Children and adolescents with T1DM should be routinely cared for by a diabetes
center that uses a multidisciplinary team knowledgeable about and experienced in the
management of young patients. This team should ideally consist of pediatric diabeto-
logists, diabetes nurse specialists, nutritionists, and social workers or psychologists.

In newly diagnosed patients, the first few weeks are critically important in the process
of teaching self-management skills to the parent and child. Glucose levels, adjustment
to diabetes, diet, and exercise are reviewed. The timing of the phone calls should be
prearranged and ideally made to the same clinician. Usually within 3 wk the parents or
patients are feeling more confident and many are ready to attempt to make their own
adjustments.

Once stabilized, regular follow-up visits on a 2- to 3-monthly basis are recommended
for most patients (19). The main purpose of these visits is to ensure that the patient is
achieving primary treatment goals. In addition to serial measurements of height and
weight, particular attention should be paid to monitoring of blood pressure and exami-
nations of the optic fundus, thyroid, and subcutaneous injection sites. Routine outpatient
visits provide an opportunity to review glucose monitoring, to adjust the treatment
regimen and to assess child and family adjustment. Follow-up advice and support are
given by the nutritionist, diabetes nurse specialist, and psychologist or social worker.
Use of the telephone, fax, or email should be encouraged for adjustments in the treatment
regimen between office visits.

Hypoglycemia

Severe hypoglycemia is a common problem in patients striving for strict glycemic
control with intensive treatment regimens. In the DCCT, the risk of severe hypoglycemia
was three-fold higher in intensively treated than in conventionally treated patients, and
adolescence was an independent risk factor for a severe hypoglycemic event (2). The
majority of severe hypoglycemic events occur overnight owing, in part, to sleep-induced
defects in counterregulatory hormone responses to hypoglycemia (10).

Monitoring glucose is critical in order to detect asymptomatic hypoglycemia espe-
cially in the young child with diabetes. The older child is usually aware of symptoms
such as weakness, shakiness, hunger, or a headache and is encouraged to treat these
symptoms as soon as they occur. The older child who can accurately recognize symp-
toms is taught to immediately treat with 15 g of carbohydrate (e.g., 3–4 glucose tablets,
4 oz of juice or 15 g of a glucose gel) without waiting to check a glucose level. Each
episode should be assessed in order to make proper adjustments if a cause can be iden-
tified. Every family should have a glucagon emergency kit at home in order to treat
severe hypoglycemia.

Sick Day Rules

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
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glucose levels should be checked every 2 h and the urine should be checked for ketones
with every void. Supplemental doses of short-acting insulin (0.13–0.3 U/k) should be
given every 2–4 h for elevations in glucose and ketones. Because of its more rapid absorp-
tion, lispro will lower plasma glucose faster than regular insulin. If the morning dose has
not been given and the child has a modestly elevated glucose level (150–250 mg/dL),
small doses of NPH can be given to avoid a too rapid fall in plasma glucose levels. This
works especially well in young children whose glucose levels fall quickly with rapid
acting insulin. Adequate fluid intake is essential to prevent dehydration. Fluids such as
flat soda, clear soups, popsicles, and gelatin water are recommended to provide some
electrolyte and carbohydrate replacement. If vomiting is persistent and ketones remain
moderate or large after several supplemental insulin doses, arrangements should be
made for parenteral hydration and evaluation in the emergency department.

Children receiving ultralente insulin seem to be prone to the development of hypogly-
cemia and ketonuria during episodes of gastroenteritis. If the child is unable to retain oral
carbohydrate, then small doses of glucagon (i.e., 0.1–0.2 mg), given subcutaneously
every 2–4 h, can be used to maintain normal blood glucose levels.

TREATMENT OF TYPE 2 DIABETES

Except for some special considerations, our approach to T2DM is very similar to that
in T2DM, especially with respect to goals of treatment, monitoring of glycemic control,
and follow-up care. Since obesity-induced insulin resistance is hallmark of most cases
of T2DM in children and adolescents, a comprehensive program of behavior modifica-
tion, dietary counseling, and physical fitness should be an integral part of all treatment
regimes. The choice of drug therapy will vary depending on the clinical presentation.
Patients who have marked hyperglycemia with or without ketosis at diagnosis require
insulin in order to correct metabolic abnormalities and limit glucotoxic effects of hyper-
glycemia on β-cell function. While continuing treatment with insulin might be consid-
ered to be more burdensome than treatment with oral agents, long-term compliance with
insulin therapy may, paradoxically, be better. Most pediatric diabetes treatment centers
have well-established and intensive education and support programs for youngsters
starting on insulin. In contrast, both clinicians and families may take a more relaxed
attitude toward patients whose diabetes is “sufficiently mild” to require “only” oral
agents. Consequently, the urgency to achieve strict metabolic control and to comply with
therapy may also be reduced.

Oral hypoglycemic agents are being used with increasing frequency in youth, either
as initial monotherapy in youngsters who are not ill on presentation or as an adjunct to
treatment in patients who are started on insulin. Although sulfonylureas continue to be
used, metformin is currently the drug most commonly prescribed for young patients
with T2DM because of its ability to enhance hepatic sensitivity to insulin, its tendency
to promote weight loss (or at least reduce weight gain), and its relatively favorable safety
profile. However, gastrointestinal tolerance to metformin is a relatively common
problem. To minimize this problem, we initiate treatment with a relatively low dose (i.e.,
500 mg daily) and gradually increase dose in 500 mg steps to a maximum dose of 1000 mg
twice daily.

Although the new peripheral sensitizers (e.g., pioglitazone) and short acting insulin
secretagogs (e.g., repaglinide) have been extensively used in adults, much less experi-
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ence has been obtained with these agents in pediatric patients. A multi-center group is
being assembled by the National Institutes of Health to better define optimal treatment
of T2DM in children and adolescents.
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OVERVIEW

The multiple endocrine neoplasia (MEN) syndromes form a heterogeneous set of
familial neoplastic disorders featuring, as a common denominator, groupings of tumors
of diverse endocrine glands. They are made up of MEN types 1, 2A, and 2B, and the
related familial medullary thyroid carcinoma (FMTC). All variants of MEN are caused
by mutations of discrete genetic loci and are transmitted in an autosomal dominant pat-
tern. MEN 1 is caused by a loss-of-function mutation in the tumor-suppressor gene menin,
while MEN 2A, 2B, and FMTC are caused by inherited gain-of-function mutations in the
RET proto-oncogene. Prior to the localization and detailed characterization of the caus-
ative genes (MEN 2 in 1993 and MEN 1 in 1997), all children of affected parents were
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deemed at-risk and were subjected to annual biochemical screening. Genetic testing has
obviated this need for routine biochemical screening in all such children, as it has made
possible the positive identification of carriers of the causative genetic mutation.

Other neoplastic syndromes featuring endocrine gland oncogenesis (Von Hippel-
Lindau disease, Carney complex, Peutz-Jeghers syndrome, and Cowden syndrome) are
beyond the scope of this review. We limit our discussion here to the presentation, diag-
nosis, genetic basis, and treatment of the different MEN syndromes as they pertain to
children.

MULTIPLE ENDOCRINE NEOPLASIA TYPE 1

Introduction
Approximately twenty individuals afflicted with multiple adenomas of varied endo-

crine glands had previously been described in Europe and the US when Dr. Paul Wermer’s
paper entitled “Genetic Aspects of Adenomatosis of Endocrine Glands” appeared in
1954 (1). In it, Dr. Wermer described the presentation of various collections of endocrine
gland tumors in a man and four of his nine adult offspring. Though the possibility that
this was a familial disorder had occurred to previous investigators, Dr. Wermer was the
first to propose that it was the result of a single genetic defect with autosomal dominant
transmission and a high degree of penetrance. In the half-century since the appearance
of his paper, Wermer’s syndrome (now known as multiple endocrine neoplasia type 1)
has proven to fulfill perfectly the assertions made by Dr. Wermer in 1954.

With an estimated prevalence of between 1/10,000 and 1/25,000 in the general popu-
lation (2), MEN 1 is a rare autosomal dominant, familial syndrome of neoplastic trans-
formation of variable combinations of endocrine glands. Primary hyperparathyroidism,
tumors of the pancreatic islet cells, and adenomas of the anterior pituitary are the most
common manifestations of the disorder (1,3), with other findings such as carcinoid
tumors, tumors of the adrenal cortex, lipomas, facial angiofibromas, and skin
collagenomas, occasionally present (4,5). The specific constellation of glandular
involvement varies between kindreds, and even between individuals within a family.
Each of the three principal components of MEN 1 may be the presenting manifestation.
MEN 1 is caused by mutations of a gene located on chromosome 11. The gene has been
cloned, and multiple pathogenic mutations have been documented (6).

PRIMARY HYPERPARATHYROIDISM

Overview
Primary hyperparathyroidism eventually develops in nearly all patients (85–95%)

with MEN 1, and features the highest penetrance of the MEN 1 tumors (2,7–9). It is
characterized by hypercalcemia with inappropriately normal or elevated concentrations
of serum parathyroid hormone, with asymmetric hyperplasia of all four parathyroid
glands (10), a feature that differentiates it from the solitary parathyroid adenoma of
sporadic primary hyperparathyroidism.

Clinical Presentation
The average age at clinical detection of MEN 1-related primary hyperparathyroidism

is 25 yr, but MEN 1-related asymptomatic hypercalcemia has been reported in a child
as young as 5 yr of age (11). Primary hyperparathyroidism is often, though not always,
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the first disorder of MEN 1 to present clinically. With careful biochemical screening of
adolescents at risk (see Screening), the mean age of detection of primary hyperparathy-
roidism may be lowered to 19 yr, as shown by Skogseid et al. (12). The hypercalcemia
of MEN 1-related hyperparathyroidism is usually mild (13), and classic symptoms of
hypercalcemia such as polyuria, constipation, muscle aches, and abdominal pain are
frequently absent.

Diagnosis
In a child known to be at risk for MEN 1, primary hyperparathyroidism is suggested

by a serum calcium concentration above 10.4 mg/dL. The finding of an inappropriately
normal or elevated concentration of serum parathyroid hormone (by an amino-terminal
or intact PTH assay) is necessary for confirmation.

Therapy
Primary hyperparathyroidism is amenable to surgery, and sure indications for surgery

include a serum calcium concentration higher than 12 mg/dL, nephrolithiasis, or evi-
dence of bone loss (5). It is agreed that surgery is the primary mode of treatment, however
the best approach is a matter of debate, and two strategies have their proponents (14,15).
The total parathyroidectomy approach involves excision of all four parathyroid glands,
with transfer of parathyroid tissue to the non-dominant forearm. In contrast, subtotal
parathyroidectomy features the excision of 31/2 glands, leaving residual parathyroid
tissue in the neck with its existing vascular supply. Thymectomy is included in both
approaches. With subtotal parathyroidectomy, persistent postoperative hypocalcemia
can be avoided when as little as 50 mg of parathyroid tissue is left intact (15), however
recurrent hyperplasia of residual parathyroid tissue commonly leads to a reappearance
of hypercalcemia. The rate of recurrent hypercalcemia following both surgical strategies
exceeds that seen following excision of a primary sporadic parathyroid adenoma, with
rates at 10 yr averaging 50% in long term follow-up series (14,16).

PANCREATIC NEUROENDOCRINE TUMORS

Overview
Neoplastic transformation of pancreatic islet cells is the second most common mani-

festation of MEN 1, occurring in 30–80% of patients with MEN 1. Because of their
potential for malignant transformation and metastasis, occuring in one-third to one-half
of patients, pancreatic neuroendocrine tumors (PNTs) represent the most pressing threat
to life associated with MEN 1 (9). Pancreatic neuroendocrine tumors are characteristi-
cally multifocal. They are classified according to the hormone(s) they secrete and on the
clinical syndrome produced by their hormones. Tumors secreting pancreatic polypep-
tide are the most common, but are clinically silent unless they reach a size large enough
to cause mass effects. Among PNTs that secrete clinically relevant hormones,
gastrinomas are most common, followed by insulinomas. Tumors that produce soma-
tostatin, vasoactive intestinal polypeptide, glucagon, and adrenocorticotropic hormone
(ACTH) are far less common.

Clinical Presentation
Involvement of the endocrine pancreas may present before hyperparathyroidism in

some patients with MEN 1. In a 10-yr, prospective screening study involving 80 indi-
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viduals from 4 Swedish kindreds with MEN 1, Skogseid et al. (12) prospectively iden-
tified 7 new cases of MEN 1. Of those seven, primary hyperparathyroidism (HPT) was
the sole initial presenting tumor in only two. HPT was identified simultaneously with
pancreatic neuroendocrine tumors in another two subjects, and PNTs were the solitary
presenting manifestation in three of seven patients. The mean age of patients prospec-
tively diagnosed with a PNT in this series was 25 yr; the youngest was 16. This contrasts
with previously published series’ in which the average age of presentation of PNT was
44 yr, and demonstrates that carefully conducted regular screening of adolescents at risk
for MEN 1 may lead to earlier diagnosis of these potentially malignant tumors. Screening
strategies to secure early identification of PNTs in children at risk have been proposed
and are recommended (5,17), as detailed later in this discussion.

Gastrinoma with Zollinger-Ellison syndrome (ZES) eventually develops in up to 30%
of adults with MEN 1 (18). These tumors may be as small as 1–2 mm and often arise
within the duodenal wall, whereas other PNTs are found mostly in the body or the tail
of the pancreas. ZES in MEN 1 occurs at a younger age than in sporadic cases. In a recent
large NIH review of ZES (19), age of onset of symptomatic gastrinoma was 43.5 yr in
sporadic cases, and 33.2 yr in MEN 1-associated cases; the youngest patient with MEN
1-associated gastrinoma was 12 yr old. In the NIH review, the most consistent presenting
complaints were diarrhea, epigastric pain, and heartburn (in 76, 66, and 52% of cases,
respectively) (19). ZES leading to duodenal or gastric ulceration and perforation with
massive bleeding has historically been the commonest cause of death related to MEN 1.
The incidence of this complication has been greatly reduced by medical management of
gastrinomas with proton pump inhibitors and histamine-2 receptor blockers. Insulin-
secreting PNTs present with recurrent, often severe postabsorptive and fasting hypo-
glycemia.

Diagnosis
The diagnosis of a pancreatic neuroendocrine tumor hinges upon measurement of the

hormone fitting the clinical syndrome. Biochemical findings suggestive of abnormal
gastrin secretion include an elevated fasting plasma gastrin (>200 pg/mL), with a
concurrent fasting gastric pH <2.5. Provocative testing with intravenous secretin or
calcium infusion produces further elevation of serum gastrin concentration, >200 pg/mL
in adults with gastrinoma (20). The standardized meal test, with measurement of basal
and meal-stimulated pancreatic polypeptide and gastrin, may be useful in detecting early
pancreatic involvement in MEN 1 (21). In a child at risk for MEN 1, insulinoma is
strongly suggested when plasma insulin and C-peptide concentrations above 6 (µU/mL,
and 0.6 ng/mL, respectively, accompany hypoglycemia (plasma glucose <45 mg/dL)
(22). Measurement of other pancreatic neuroendocrine hormones may be indicated as
necessary. T1-weighted magnetic resonance imaging (MRI) of the pancreas is used to
assess tumor location and size.

Therapy
Once the presence of a pancreatic neuroendocrine tumor is recognized, the best

approach to management must be determined by a number of factors, and may not be
entirely clear. The motivation to remove tumors with an inherent risk of malignancy as
high as 50% (as in the case of gastrinomas) is counterbalanced by the potential morbidity
of iatrogenic insulin-dependant diabetes mellitus and exocrine pancreas dysfunction.
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More conservative surgical management aimed at identifying and enucleating all pan-
creatic tumors while leaving the gland intact appears to be a more promising approach,
and is facilitated by intraoperative pancreatic ultrasound (18,23). Pharmacologic
gastrectomy has revolutionized the treatment of hypergastrinemia and can be effected
with proton-pump inhibition (e.g., omeprazole), or H2 blockade (e.g., ranitidine). Still,
surgery may yet be necessary to diminish the risk of malignant transformation of larger
gastrin-secreting PNTs. No satisfactory medical management of insulinomas is cur-
rently available, and surgical removal provides the best management of these tumors.

TUMORS OF THE ANTERIOR PITUITARY

Overview
Tumors of the anterior pituitary gland, whether associated with a hereditary endocrine

syndrome or not, are characteristically benign adenomas whose major morbidity results
from hormone over-secretion, mass effect, or both. The overall rate of occurrence in
MEN 1 is 10–65%. Prolactin-secreting tumors are the most common pituitary adenoma
in MEN 1 and account for the third most prevalent manifestation of the disorder.
Lactotroph adenomas are followed in frequency by somatotroph and corticotroph
adenomas.

Clinical Presentation
Clinical features of pituitary adenomas are dependent on the hormone being secreted

(if any), and on the presence of mass-effects. Common presenting signs in children and
adolescents, regardless of cell type, include delayed puberty, headache, primary or
secondary amenorrhea, central diabetes insipidus, and visual field defects (24). Prolac-
tinomas may be heralded by galactorrhea and growth deceleration, whereas growth
hormone-secreting tumors produce gigantism, or acromegaly, if fusion of epiphyseal
growth plates is complete. A child with an ACTH-secreting adenoma will present with
Cushingoid features, accelerated weight gain, and decelerated growth (24,25). MEN 1-
associated pituitary tumors are frequently multicentric, and may be large. The appearance
of a prolactinoma associated with MEN 1 has been reported in a patient as young as 16 yr
of age (17), however pituitary involvement in children or adolescents with MEN 1 is
uncommon.

Diagnosis
In a child with presenting features suggestive of a prolactinoma, serum prolactin

concentration greater than 200 ng/mL is diagnostic, while lower levels may be seen early
in the course of a microadenoma (24). Serum for insulin-like growth factor 1 (IGF-1)
should be sent to a reference lab capable of providing age-adjusted normative data (e.g.,
Esoterix Inc., Calabasas Hills, California) when a somatotroph adenoma is suspected.
An elevated serum IGF-1 is suggestive, but the conclusive test for diagnosis of a growth
hormone-secreting tumor remains the oral glucose challenge, in which growth hormone
will fail to suppress to less than 1 µg/L after 75 g of glucose are administered orally (26).
Measurement of serum cortisol and 24-h-urine free cortisol may be useful, as clinically
indicated to screen for MEN 1-related Cushing’s disease. Magnetic resonance imaging
of the pituitary gland before and after gadolinium enhancement is the best radiological
modality for a suspected pituitary adenoma. Normally the posterior pituitary is
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hyperintense (the pituitary “bright spot”) and the anterior pituitary is isointense, as
compared with the rest of the brain (27). With gadolinium enhancement, adenomas of
the anterior pituitary appear hypointense, as they are slow to take up contrast, in com-
parison with the normal part of the gland.

Therapy
As in sporadic prolactinomas, reduction of hyperprolactinemia with dopamine ago-

nists such as bromocriptine or pergolide is nearly always the best method of treatment
and can reduce tumor size markedly. Bromocriptine has been used most in children, and
should be started at a low dose (1.25 mg po qd), to minimize its side effects of nausea
and hypotension. Daily doses of 2.5–20 mg are usually successful in inducing normal
prolactin levels (24). Transsphenoidal surgery is reserved for the treatment of
somatotroph adenomas, corticotroph adenomas, enlarging nonsecretory adenomas, and
prolactinomas that present an immediate threat to eyesight because of their size or those
that are unyielding to medical management (25,27).

GENETICS OF MEN 1

The MEN 1 gene was isolated in 1997 by positional cloning, a technique in which the
size of the candidate gene interval on the chromosome is progressively narrowed, and
many or all genes within that interval are found and tested (6). The MEN 1 gene is located
in the 13th band of the long arm of chromosome 11 (11q13) and codes for a novel protein
called menin. The structure of menin is similar to no previously known protein. How-
ever, molecular investigations suggest that menin functions within the nucleus as a
repressor of gene transcription through interaction with the AP1 transcription factor
JunD (28,29). The loss of heterozygosity of many tumors associated with MEN 1 is
suggestive of the role of the MEN 1 gene as a tumor suppressor as well (6). Individuals
with MEN 1 inherit a defective copy of the gene from their affected parent. Tumorigen-
esis is then triggered when the remaining functional copy of the gene is inactivated by
an acquired mutation (the “two-hit” theory of loss of tumor suppression). A recent
review notes more than 70 mutations of the menin gene have been identified across the
9 coding exons. No apparent correlation exists between genotype and phenotype (17).

Genetic screening has significantly facilitated the evaluation of families with MEN 1,
and is extremely useful in identifying children at risk. The specific causative mutation
of the menin gene should be sought in all patients affected by MEN 1*. When it has been
identified, the children of adult patients should be screened for the mutation also. Children
lacking the mutation present in their affected parent are non-carriers and can be spared
years of needless biochemical and radiological screening. On the other hand, the child
of an affected patient whose mutation cannot be positively identified should be screened
annually as if she or he was known to be a carrier of a mutation of the MEN 1 gene.

SCREENING OF CHILDREN AND ADOLESCENTS
AT RISK OF DEVELOPING MEN 1

A protocol of annual biochemical screening and periodic radiographic imaging (see
Table 1) in children has recently been proposed by Johnston et al. (17). The best age at
which to begin routine biochemical screening is not firmly established, but the very low
risk of tumorigenesis before the second decade and the considerable volume of blood
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required suggest the discretion of waiting until the child has reached 10 yr of age. The
goal of vigilant screening is to detect biochemical evidence of tumors before they become
symptomatic or malignant. Screening for primary hyperparathyroidism with annual
measurement of plasma total calcium is suggested. The intact-parathyrod hormone (PTH)
concentration should be measured if the calcium concentration is elevated. Imaging for
primary hyperparathyroidism is not indicated as a screening tool. Pancreatic neuroendo-
crine tumors should be screened for with yearly measurement of plasma gastrin and
pancreatic polypeptide concentrations, accompanied by annual transabdominal pancre-
atic ultrasound. T1-weighted contrast-enhanced MRI of the pancreas every 3 yr has been
suggested (9,17). Screening for pituitary involvement with annual measurement of serum
prolactin and IGF-1 is suggested, and IGF-1 should be measured at a lab with age-
adjusted norms, bearing in mind that IGF-1 concentrations in adolescents during the
accelerated height growth of puberty are above the normal range for adults. Pituitary
MRI every 5 yr is recommended.

MULTIPLE ENDOCRINE NEOPLASIA TYPE 2

Introduction
Since the initial description of the MEN 2 syndromes 40 yr ago (30), a gradual advance

in understanding of these syndromes of endocrine gland tumorigenesis has revolution-
ized clinical practice. Recognition of the clinical components and inheritance patterns
comprised the most basic level of understanding, and was followed by the development
of methods for screening for the syndrome before overt symptoms became apparent (31).
The final step in this course to date has been the delineation of activating point mutations
of the RET proto-oncogene as the initiating molecular defect for both the MEN 2 syn-
drome and the familial medullary thyroid carcinoma (FMTC) variant (32,33). This has
allowed predictive DNA testing of at-risk family members to be performed with great
accuracy.

The MEN 2 syndromes are composed of the following distinct categories: MEN 2A,
MEN 2B, and FMTC. MEN 2A is the most common form, and includes medullary
thyroid carcinoma (MTC) in association with pheochromocytoma and parathyroid

Table 1
Proposed MEN-1 Screening Protocol in Children

Biochemical Radiology Age to start Frequency

Parathyroid Serum calcium 10–15 yr Annual
(intact PTH)

Pancreas Pancreatic polypeptide US pancreas 10–15 yr Annual
Gastrin

MRI pancreas 10–15 yr 3 yearly
Pituitary Prolactin 10–15 yr Annual

IGF-1
MRI pituitary 10–15 yr 5 yearly

PTH = parathyroid hormone; US = ultrasound; MRI = magnetic resonance imaging;
IGF-1 = insulin-like growth factor 1.
Reproduced from (17) with permission.

GUEST
Table 1
Proposed MEN-1 Screening Protocol in Children
Biochemical Radiology Age to start Frequency
Parathyroid Serum calcium 10–15 yr Annual
(intact PTH)
Pancreas Pancreatic polypeptide US pancreas 10–15 yr Annual
Gastrin
MRI pancreas 10–15 yr 3 yearly
Pituitary Prolactin 10–15 yr Annual
IGF-1
MRI pituitary 10–15 yr 5 yearly
PTH = parathyroid hormone; US = ultrasound; MRI = magnetic resonance imaging;
IGF-1 = insulin-like growth factor 1.
Reproduced from (17) with permission.
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hyperplasia (34). The additional feature of a pruritic skin rash caused by the deposition
of keratin-like peptides in the dermal-epidermal junction characterizes the variant of
MEN 2A known as cutaneous lichen amyloidosis (CLA) (35,36). MEN 2B accounts for
about 5% of all MEN 2 cases. The findings are similar to those of MEN 2A, with the
additional unique features of both a Marfanoid habitus (without the lens, palate, or
cardiac anomalies associated with true Marfan’s syndrome), and diffuse ganglio-
neuromatosis of the alimentary tract and ocular system (37, reviewed in 38). The unique
features of MEN 2B, owing to the unsubtle presence of diffuse ganglioneuromatosis,
may result in a characteristic appearance identifiable early in childhood. Parathyroid
hyperplasia is almost universally absent in MEN 2B (34). FMTC is a distinct entity,
which occurs without associated endocrinopathy (39). The incidence of the clinical
manifestations associated with each of these variants is summarized in Table 2.

MEDULLARY THYROID CARCINOMA

Although only 20% of all cases of medullary thyroid carcinoma (MTC) are associated
with MEN 2, more than 90% of those affected with the MEN 2 syndrome will develop
MTC, often as the initial manifestation of disease (40). MTC of the MEN 2 syndrome
is a bilateral, multifocal process most likely to be present in the upper and middle thirds
of the lateral thyroid lobes. Hyperplastic change of the C-cell has been demonstrated to
be the precursor of MTC (41). The time course for the progression from C-cell hyper-
plasia to microscopic carcinoma, metastasis, or both remains unclear, but may take years
(reviewed in 38,42). However, in those with MEN 2A, C-cell hyperplasia has been
demonstrated as early as 20 mo of age (43), MTC as early as 3 yr of age (44), and
metastatic disease as early as 6 yr of age (45). In general, the MTC of MEN 2B is more
aggressive, with an earlier clinical presentation of neoplasia (46), and C-cell hyperplasia
has been demonstrated at birth in patients with this form of endocrinopathy (43). Because
of the capacity of MEN 2-related MTC to present so early, prophylactic thyroidectomy
is recommended by the age of 3 yr in children known to harbor the genetic mutation.

PHEOCHROMOCYTOMA

MEN 2-related pheochromocytoma usually presents later than MTC. Less than 20%
of patients with this tumor present earlier than 20 yr of age, and it is rarely detected before
the onset of MTC (42). As with MTC, the pheochromocytomas of MEN 2 are usually
multicentric and are found in the context of diffuse adrenomedullary hyperplasia (36).
About half of pheochromocytomas are bilateral in the MEN 2 syndromes (47). Malig-
nant pheochromocytoma is a rare feature of the MEN 2 syndrome, with an incidence in
the range of 0–8% (47,48).

Table 2
Incidence of Clinical Features in the MEN-2 Syndromes

MEN 2A MEN 2B FMTC

MTC >90% >90% 100%
Parathyroid hyperplasia 20% ~0% 0%
Pheochromocytoma ≤ 50% 50% 0%
Mucosal ganglioneuromatosis 0% ~100% 0%
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The classic history of facial flushing, episodic hypertension, and headache is not
reliably present in MEN 2-related pheochromocytoma. Clinical manifestations are usu-
ally subtle, and more than half of individuals are asymptomatic and normotensive. Early
clinical signs and symptoms of adrenal medullary hyperplasia or of pheochromocytoma
in MEN 2 include palpitations, nervousness, and jitteriness. Initial biochemical findings
include elevated plasma epinephrine concentrations, with an increase in the ratio of
epinephrine to norepinephrine in timed urine collections (reviewed in 49).

PRIMARY HYPERPARATHYROIDISM

Approximately 20% of MEN 2A patients develop hyperparathyroidism as a later
manifestation of the syndrome (27). The usual pathologic findings are those of chief cell
hyperplasia involving multiple glands (36). Pheochromocytoma is a rare cause of hyper-
calcemia, but should be ruled out prior to parathyroid exploration in those with MEN 2 (42).

DIAGNOSTIC GUIDELINES: SCREENING
FOR THE PRESENCE OF MEN 2

Genetics of MEN 2 Syndromes

All current discussions of screening paradigms for the presence of MEN 2 must be
prefaced by an understanding of the molecular genetics of the disorder, since current
standards of care are predicated on methods of DNA-testing. The MEN 2 syndromes are
either inherited as autosomal-dominant disorders or occur as new mutations in the
absence of a family history for the syndrome. In 1987, the gene locus for MEN 2 was
linked to the centromeric region of chromosome 10 (49,50). Subsequently, single acti-
vating point mutations within the RET proto-oncogene were found to be associated with
the range of clinical phenotypes of the MEN 2 syndrome (reviewed in 51). The RET gene,
which maps to chromosome 10q11.2, encodes a transmembrane protein of the receptor
tyrosine kinase family and is expressed in derivatives and tumors of neural crest origin
(reviewed in 38 and 51). The activating mutations that cause MEN 2 are located in either
the first cysteine-rich extracellular domain (codons 609, 611, 618, 620, 630, 634) or in
an intracellular region affecting codons 768, 790, 791, 804, 891, and 918 (reviewed in
38). Codon 634 mutations are found to be present in about 80% of individuals affected
with the classic MEN 2A syndrome, although a small percentage of families harboring
this mutation have FMTC only. MEN 2B is most commonly associated with a germline
codon 918 mutation. Codon 883 mutations may also occur in those affected with MEN
2B (reviewed in 52).

Prior to the era of a molecular genetic screening approach for the MEN 2 syndrome,
the preferred screening method for MTC was provocative stimulation of calcitonin
release using pentagastrin stimulation (42). The test is administered by giving 0.5 µg/kg
of pentagastrin as an intravenous bolus over 5–10 s and calcitonin measurements are
made at 2 and 5 min. Commonly experienced side effects that usually resolve within
2–3 min, include nausea, flushing, and substernal tightness.

There are clear advantages to the use of DNA-testing in at-risk family members as
opposed to screening by pentagastrin stimulation testing and measurement of calcitonin
levels. First, DNA testing allows the possibility of detection of the presence of the MEN
2 syndrome prior to the development of C-cell abnormalities. Second, it eliminates the
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need for repeated pentagastrin testing, which is unpleasant at best and therefore may
make compliance with annual testing an issue. Finally, DNA testing eliminates the false-
positive rate of the pentagastrin test, estimated at 3–5%, and the variable reported speci-
ficity (52). Screening for RET germ-line mutations can be performed at any age, but
children at risk should be screened by 3 yr of age, when possible. To avoid the possibility
of potential sample misclassification or test error, many centers recommend testing of
two samples drawn on different occasions prior to referral for surgical intervention (53).
In addition to those with established MEN 2, 6–8% of those with MTC and no apparent
family history for the disorder nonetheless harbor germ-line RET mutations and, there-
fore, would have the risk of familial transmission. Because of this, it has been thought
prudent to also offer RET gene screening to those with apparent sporadic MTC (54).
Multiple centers now offer screening of genomic DNA obtained from peripheral blood
samples for mutations of the RET locus. Perhaps the greatest difficulty occurs in the rare
situation where germ-line transmission of MTC is proven, but no RET gene mutations
are identified. It becomes necessary in this case to identify a research laboratory that will
analyze regions of the RET gene outside the most commonly mutated regions (55).

Screening: Pheochromocytoma and Hyperparathyroidism
Annual screening for pheochromocytoma should be performed beginning at around

age 6 yr and is accomplished by a thorough review of relevant signs and symptoms and
measurement of urine or plasma catecholamine levels (56). Hypertensive encephalopa-
thy secondary to a pheochromocytoma in MEN 2A has been described in a 13-yr-old
child (57). The presence of pheochromocytoma must be ruled out prior to any operative
procedure.

It is currently recommended that screening for hyperparathyroidism in patients with
MEN 2A consist of a measurement of serum calcium every other year after the age of
10 yr. An elevated level should be followed up with parathyroid hormone measurements.
Treatment is as discussed above for MEN 1-related primary hyperparathyroidism.

Management of MEN 2 Kindreds: Incorporating Genetic Data
The availability of the highly sensitive and specific DNA-based screening for iden-

tification of the MEN 2 syndromes spares half of patients at risk–those without a demon-
strable genetic mutation–from further specialized medical follow-up. Because
pheochromocytoma is rarely malignant in the MEN 2 syndromes, genetic identification
of a RET mutation does not dictate prophylactic surgical therapy. Hyperparathyroidism
occurs in the minority of patients and also does not have malignant potential. Therefore,
recommendations for screening for these components of the syndrome remain unchanged
by the recent genetic advances, with the exception that only those with mutations dem-
onstrated by DNA-based testing need to undergo recurrent screening.

Most influenced by the advent of DNA-based diagnostic testing is the management
of MTC. The opportunity to improve the outcome for those with MTC lies in the perfor-
mance of a safe and comprehensive initial surgical procedure (52,53). Multiple studies
have demonstrated that stage of disease at diagnosis most accurately predicts the length
of patient survival (reviewed in 52). Current recommendations are for prophylactic
thyroidectomy to occur in the early preschool yr for those with positive DNA-based
testing, typically before 5 yr of age, and with some centers pursuing intervention at 3 yr
of age. For those with MEN 2B, the more aggressive form , prophylactic thyroidectomy
is recommended as early as possible (52).
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CONCLUSION

When not recognized and treated definitively, the multiple endocrine neoplasia syn-
dromes are capable of producing significant morbidity and mortality. The past reliance
upon biochemical screening of all children from families with a history of MEN has
given way to molecular genetic analysis and conclusive identification of children at risk.
This has allowed screening efforts to focus upon those individuals known to be geneti-
cally at-risk, and relieves those not at-risk, of needless, costly, and often difficult surveil-
lance. At the same time, better experience with screening at-risk children has yielded
further benefit in improved biochemical and radiographic screening protocols, and has
significantly enhanced the odds of prospective diagnosis of the presence of disease. Still,
the management of some MEN-related tumors remains challenging. Further advance-
ment in medical and surgical treatment is expected, and looked for with anticipation.
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PARADIGM OF ENDOCRINE RESPONSE TO ACUTE
VERSUS CHRONIC CRITICAL ILLNESS

The traditional view of the hormonal response to critical illness, including severe
infection, trauma, and hemodynamic collapse, has described a singular set of changes.
Over recent years, however, clinical research has uncovered two unique sets of responses
to severe illness: one to the acute onset, and a chronic response stimulated by the con-
tinuation of extreme stress (Fig. 1).

The acute response is considered fully adaptive, and involves changes in every hor-
monal axis. It involves stimulation of the hypothalamic-pituitary-adrenal (HPA) axis,
peripheral inactivation of the hypothalamic-pituitary-thyroid (HPT) and hypothalamic-
pituitary-gonadal (HPG) axes, induction of insulin resistance, and upregulated secretion
of growth hormone (GH) and prolactin (PRL).

The chronic response, on the other hand, involves central suppression of the HPT,
HPG and GH axes as well as decreased production of PRL. These changes are associated
with continued insulin resistance and the onset of a profound protein catabolic state,
which has, to date, not been reversible and is associated with significant morbidity and
mortality. With the advent of modern critical care, humans may survive prolonged
catastrophic illness that would have been universally fatal prior to the development of
artificial life support technologies. It can be argued, therefore, that the hormonal response
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to this unnatural scenario may not be adaptive, as any response would have been inad-
equate to yield a meaningful evolutionary survival advantage. In fact, a close examina-
tion of these hormonal responses demonstrates what can be reasonably considered quite
maladaptive changes.

ADRENAL AXIS

The adrenocortical response to critical illness is arguably the single most important
hormonal response. Lacking it, patients may quickly succumb to their illness, as docu-
mented by Brown-Sequard in 1856 (1). The initial response is characterized by high
serum adrenocorticotropic hormone (ACTH) and cortisol concentrations. A high level
of cortisol, up to six times normal, produces profound insulin resistance that accelerates
glycogenolysis and mobilizes precursors for gluconeogenesis via increased protein
catabolism and lipolysis—creating a relative shunt of energy resources away from
peripheral organs and towards brain and heart. It also promotes intravascular fluid retention,
enhances the inotropic and vasopressor response to catecholamines and angiotensin II, and
suppresses the immune response. This suppression is thought to be important in prevent-
ing an overexuberant, and potentially destructive, immune response (2).

Once the patient enters the chronic phase of critical illness, ACTH levels decrease,
while cortisol concentrations remain elevated. Potential suppressors of ACTH and stimu-
lators of cortisol production include atrial natriuretic peptide, substance P, and
endothelin. Production of other adrenal steroids, including mineralocorticoids and
androgens are relatively suppressed during the chronic phase. This appears to constitute
an overall shift by the adrenal towards prioritizing cortisol production.

The potential disadvantages of this hormonal constellation include increased protein
catabolism leading to impaired wound healing and myopathy, as well as continued
immune suppression at a time when the patient becomes increasingly susceptible to

Fig. 1. Endocrine changes in critical illness. At the onset of illness, anterior pituitary hormones surge
with an associated peripheral inactivation of target organ hormones. Once the chronic response has
been engaged, the sensitivity to pituitary hormones is restored, but both remain low due to failure of
the pituitary to resume normal secretory activity. (Reproduced with permission from Van den Berghe,
G., de Zegher, F. & Bouillon, R. Clinical review 95: Acute and prolonged critical illness as different
neuroendocrine paradigms. J Clin Endocrinol Metab 1998;83:1828.)



Chapter 30 / Endocrine Response to Critical Illness 553

infectious complications. Potential benefits may relate to the hemodynamic effects, both
direct and indirect, mediated through the adrenal medulla. Epinephrine is produced via
methylation of norepinephrine by phenylethanolamine-N-methyltransferase (PNMT),
whose mRNA expression and enzymatic activity are induced by high intra-adrenal
concentrations of cortisol (estimated at 50 times above circulating concentrations). These
high intra-adrenal concentrations are only achievable if normal cortisol synthesis con-
tinues in the adrenal cortex (3,4).

Diagnosis
The diagnosis and therapy of adrenal insufficiency are discussed in a different chapter.

THYROID AXIS

Assessing thyroid function in healthy as well as critically ill patients is a non-exact
science. Ultimately, a clinician is concerned about quantifying the systemic metabolic
actions of circulating thyroid hormones, then determining whether that level of activity
is appropriate to the given clinical scenario. As there is currently no available measure
of peripheral thyroid function, we generally depend on each patient’s own thyroid stimu-
lating hormone (TSH) serum concentration to give us an index of whether the brain is
satisfied with the total production of thyroxine (T4) and triiodothyronine (T3). In the
critically ill patient, however, this is no longer relevant, as the TSH level may remain in
the normal range despite a low T3 concentration, and possibly a low T4 as well. This
constellation of thyroid function tests has been named the “sick euthyroid syndrome” as
well as the “low T3 syndrome” and hypothyroxinemia of “non-thyroidal illness” (NTI).

The two most significant components of NTI are the drop in T3 and the concomitant
failure of TSH to rise in response. Within hours of the onset of acute illness or trauma,
circulating T3 concentrations decline significantly due both to decreased conversion of
T4 to T3 by the outer-ring monodeiodinases (Types I and II; see Fig. 2) (5) and to
increased turnover of thyroid hormones (6). T4 uptake by the liver is also suppressed,
reducing the available substrate for conversion to T3 (7). The magnitude of this drop in
T3 within the first 24 h reflects the severity of illness (8).

Fig. 2. Thyroid hormone metabolism. --- indicates downregulation of Type I and II deiodinases in
critical illness leading to a decreased T3, increased rT3, and having no direct effect on T4.
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Under normal conditions, 35–40% of the T4 produced by the thyroid is eventually
monodeiodinated to T3, accounting for almost all (80–90%) of circulating T3 (9). The
thyroid directly produces the remaining percentage. As type I and II monodeiodinases
are suppressed, excess T4 is converted by type III monodeiodinases into the biologically
inactive reverse T3 (rT3), and circulating T3 is degraded into T2. This peripheral inacti-
vation of thyroid hormones characterizes the acute phase of critical illness. It is adaptive
for the patient in that it produces decreased overall metabolic rate, allowing available
resources to remain available for critical functions: brain, heart, and immune system.

In the chronic phase, TSH concentrations begin to decline into the lower third of the
normal range, despite low circulating T3 and possibly T4. In addition to absolute levels
being depressed, TSH pulsatility is diminished, hypothalamic thyrotropin releasing
hormone (TRH) is suppressed, and both correlate with low serum T3 (10,11). These
argue for a hypothalamic etiology of the euthyroid sick syndrome in the chronic phase
of critical illness. Supporting this is the ability of TRH infusion to re-establish normal
TSH pulsatility and increased T3 and T4 concentrations (12). In prolonged critical illness,
these changes may become maladaptive, as normal levels of T3 are required for protein
synthesis, lipolysis, fuel utilization by muscle, and GH secretion and responsiveness.

Diagnosis
The clinical effects of low serum concentrations of T4 and T3 may be difficult to

discern in the critically ill patient, and the indications for therapy are therefore difficult
to define. Physiologic effects of a deficiency in thyroid hormones include elevated
systemic vascular resistance by up to 50%, decreased cardiac output, hyponatremia,
hypoglycemia, hypercholesterolemia, induction of a hypocoagulable state, hypother-
mia, and decreased metabolic rate (13). Additionally, in children, pulmonary function
and the ventilatory response to hypoxia are diminished in this setting (9). Though indi-
vidual responses vary, these factors are rarely significant enough to warrant thyroid
hormone therapy, in the absence of true hypothyroidism.

Necessary information prior to instituting therapy includes a full panel of thyroid
function tests (TFTs), including TSH, total T4, total T3 and an index of unbound thyroid
binding globulin (TBG) (1). Depending on the complexity of the clinical scenario, an rT3
level may be helpful, as well, although it is generally not available in a timely fashion.
Given the variability of techniques and accuracy of the various measurements of free T4
and T3, they are not recommended as part of standard thyroid function testing at this time.

The most likely laboratory value to be abnormal in children with hypothyroxinemia
of NTI is the total T3. Free T3, however, when measured by equilibrium dialysis and
radioimmunoassay, was found to be normal in 21 of 25 (84%) adults with NTI (14).
Thus, the laboratory difference may, in fact, be caused by alterations in binding rather
than absolute drops in hormonal concentrations.

rT3 measurement in NTI may be helpful early on in the course, as excess T4 is con-
verted to rT3, instead of T3. After the syndrome has been established for several days,
however, and T4 production is decreased, less substrate may be available for conversion
to rT3, and the serum concentration may be misleadingly low. Unfortunately, while these
laboratory value changes are common, they are not absolute and not diagnostic (15).
Furthermore, rT3 may be decreased in patients with renal failure, AIDS, and occasionally
elevated in patients with mild hypothyroidism.

Measurement of TSH must be accomplished using a third-generation assay, and ought
to be interpreted in the context of the patient’s overall clinical condition. During the acute
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phase of illness TSH may be slightly elevated. During the chronic phase, it is usually
normal or slightly low. During a period of clinical recovery, however, TSH is generally
elevated above the normal range, driving a resurgence of T4 output from the thyroid. The
most reliable way to identify the etiology for a high TSH level is to obtain a repeat set
of TFTs 5–7 d later: if the abnormalities are associated with clinical recovery, T4, T3, and
TSH will each have migrated closer to normal range, while in primary hypothyroidism,
the TSH will remain elevated.

A final helpful measurement in NTI is an index of free T4 or T3 (e.g., thyroid binding
globulin index [TBGI], thyroid hormone binding resin [THBR], T3 resin uptake [T3RU]).
An elevated index, indicating a paucity of available TBG binding sites, has been consis-
tently associated with NTI, and not primary hypothyroidism.

Another significant consideration prior to instituting therapy is concomitant medica-
tions. Many of those commonly used in the intensive care unit (ICU) setting have pro-
found effects on various aspects of the HPT axis, and are listed in Table 1 (16).

Treatment
NON-THYROIDAL ILLNESS

Direct supplementation with thyroid hormone in the setting of NTI currently does not
appear to be beneficial in non-cardiac adult patients, as demonstrated in two PRCTs
(17,18). It cannot, therefore, be recommended as standard therapy for NTI in non-cardiac
pediatric critically ill patients. If, however, T3 is extremely low and important clinical
sequelae of hypothyroxinemia are apparent, including severely elevated SVR, severe
hyponatremia, and/or uncontrolled coagulopathy, therapy may be justified, although no
data are currently available regarding this issue.

POST-OPERATIVE CARDIAC PATIENTS

T3 may have beneficial inotropic and chronotropic effects on the myocardium, as
demonstrated by clinical data obtained from T3 infusions in brain dead organ donors
(19). This data prompted two prospective, randomized, controlled trials (PRCTs) in
post-operative cardiac adults and one in children. In adults, no benefit was demonstrated
with an intravenous load of 0.8 µg/kg, followed by an infusion of 0.11–0.12 µg/kg/h
(20,21). A recent PRCT in neonates after cardiac surgery, however, did show promising
benefits, as post-operative myocardial function was improved and the need for postop-
erative intensive care was reduced using an intravenous loading dose 2 µg/kg, followed
on subsequent days with 1 µg/kg/d (22).

CHOICE OF THERAPEUTIC AGENT AND DOSE

Levothyroxine is the mainstay of thyroid hormone replacement strategies, although
with replacement in the setting of critical illness, rT3 may rise without any increase in
T3 (18). For patients with diagnosed hypothyroidism, which is not associated with NTI,
their T4 therapy should be continued at their usual dose while in the ICU. Based on
incomplete absorption of enteral T4, 75% of the enteral dose should be given intrave-
nously to those patients who cannot continue to take the medication enterally (23).

A continuous intravenous infusion of T3, in the unique situation of severe hypothy-
roidism, on the other hand, may theoretically be titrated to the desired T3 concentration
and effect. The danger of a T3 infusion is that overdosage may result in a fatal arrhythmia,
and a prolonged infusion would be expected to fully suppress TSH, creating an iatro-
genic risk of myxedema coma upon cessation of therapy. General recommendations
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Table 1
Drugs That Influence Thyroid Function (Data adapted with permission

from Surks MI, Sievert R. Drugs and thyroid function. N Engl J Med 1995;333, 1691.)

Drugs that decrease TSH secretion
Dopamine
Glucocorticoids
Octreotide
Drugs that alter thyroid hormone secretion
Decreased thyroid hormone secretion
Lithium
Iodide
Amiodarone
Aminoglutethimide
Increased thyroid hormone secretion
Iodide
Amiodarone

Drugs that decrease T4 absorption
Colestipol
Cholestyramine
Aluminum hydroxide
Ferrous sulfate
Sucralfate

Drugs that alter T4 and T3 transport in serum
Increased serum TBG concentration
Estrogens
Tamoxifen
Heroin
Methadone
Mitotane
Fluorouracil
Decreased serum TBG concentration
Androgens
Anabolic steroids (e.g., danazol)
Slow-release nicotinic acid
Glucocorticoids
Displacement from protein-binding sites
Furosemide
Fenclofenac
Mefenamic acid
Salicylates

Drugs that alter T4 and T3 metabolism
Increased hepatic metabolism
Phenobarbital
Rifampin
Phenytoin
Carbamazepine
Decreased T4 5'-monodeiodinase activity
Propylthiouracil
Amiodarone
Beta-adrenergic-antagonist drugs
Glucocorticoids

Cytokines
Interferon alfa
Interleukin-2
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even for the treatment of myxedema coma do not recommend sole therapy with T3, rather
a combination of T3 and T4 (24).

Continuous infusion of TRH is a theoretical treatment that has been demonstrated, in
the chronic phase of critical illness, to be effective in restoring normal TSH pulsatility
and increasing T4 and T3 concentrations (12). It is a safer option than direct end hormone
replacement, as the negative feedback exerted by thyroid hormones on the thyrotropes
is maintained, thus precluding overstimulation of the thyroid axis. No clinical outcome
data has yet been reported.

GROWTH HORMONE AXIS

The response of the GH axis to stress also follows a bi-phasic response to critical
illness: acute and chronic. In the acute phase, GH increases by a factor of three to five
above baseline, initially associated with a concomitant rise in insulin-like growth factor
(IGF-I). After several days of critical illness, GH continues to have an elevated baseline
level, with pulsatile secretion at a rate similar to healthy controls, but with a lower pulse
amplitude. During this latter period, a single GH/IGF-1 ratio may be elevated well
above normal, indicating what has been described as a state of GH insensitivity (25). The
integrated production of GH over time, however, is decreased, and IGF-I is known to
be much more responsive to pulsatile GH production (26). Furthermore, unlike the acute
phase of critical illness, during the chronic phase normal GH pulsatility and normal
concentrations of IGF-I can be restored by continuous infusion of GH secretagogues
(27). These data suggest a primary hypothalamic origin for the alterations in the GH axis
during chronic critical illness, and not GH insensitivity.

Important non-hypothalamic regulators of GH secretion in the ICU setting include
thyroid hormone, glucocorticoids, and dopamine. In the setting of true hypothyroidism
or the hypothyroxinemia of non-thyroidal illness, GH has markedly decreased pulsatility.
This is predominantly a pituitary effect, as thyroid hormones are needed for GH gene
transcription, translation, and GH secretion, but there are documented hypothalamic and
peripheral effects as well (28,29).

Glucocorticoids acutely stimulate GH secretion, but beyond 12 h lead to a prolonged
suppression of GH concentrations. Glucocorticoids also raise IGF-I concentrations, but
inhibit its biological activity. Glucocorticoid deficiency, on the other hand, impairs the
GH response to growth hormone releasing hormone (GHRH) (30–33).

Dopamine infusions suppress GH production at the level of the pituitary, with doses as
low as 5 µg/kg/min. Rebound elevations in GH concentrations occur within 20 min of
discontinuation of dopamine, however, and persist for at least an additional day (34,35).

Diagnosis
The diagnosis of true GH insufficiency during critical illness is extremely difficult to

make, owing to the relative dissociation of IGF-I levels from GH secretion, and to the
lack of predictability of random GH levels. Stimulation testing is often impractical and
may be uninformative, given the already stressed state of the individual. Documentation
of an elevated concentration, however, will reliably rule out GH insufficiency.

Treatment
Initiation of GH therapy is appropriate in the setting of the Neonatal Intensive Care

Unit (NICU) at the time of a new diagnosis of GH insufficiency. The usual replacement
dose for a neonate is 0.18 mg/kg/wk divided into daily subcutaneous doses. The use of
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GH in any other setting in critically ill patients is contraindicated (including in non-
neonates who have previously been on replacement therapy), as the only large prospec-
tive, randomized, controlled trial demonstrated significantly increased mortality in adult
ICU patients treated with daily GH (36). This will be discussed further in the final section
of this chapter.

GONADAL AXIS

Hypogonadotropic hypogonadism has been demonstrated in virtually all studies of
sex hormones in critically ill adults. There are currently no available data for children.
In adults who are responding to a variety of severe stresses (e.g., sepsis, trauma, burns,
starvation) there is an initial surge in LH in the acute phase, while FSH and inhibin
remain in the normal range, and  serum testosterone and estradiol concentrations abruptly
decrease (37,38). As the patient enters the chronic phase of critical illness, she or he
becomes hypogonadotropic, and the low sex steroid levels continue (39,40). This likely
represents the common pattern of peripheral hormonal suppression and pituitary activa-
tion in the acute phase of illness, followed by hypothalamic-based pituitary and periph-
eral suppression in the chronic phase. This has not yet been confirmed experimentally
with a gonadotropin releasing hormone (GnRH) pulsatile infusion.

Diagnosis
Laboratory evaluation of hypogonadism should be approached skeptically in the

setting of critical illness. High or “normal” concentrations of gonadotropins may be
encountered early on in the clinical course and do not necessarily indicate gonadal
failure. Likewise, suppressed concentrations are uninformative even in the acute phase,
as prolactin may be elevated, dopamine may be infusing, or the patient may have a
variably paced progression into the chronic phase of critical illness.

Treatment
Several hormonal replacement trials have been attempted, largely in the context of

attempting to treat the catabolic state of critical illness. These will be addressed in the
final section of this chapter.

For those on hormonal replacement therapy prior to critical illness, we recommend
discontinuing it for the duration of the ICU stay, or until the child has begun to show signs
of significant clinical recovery.

POTENTIAL FOR THERAPEUTIC HORMONAL INTERVENTIONS
TO TREAT THE PROTEIN CATABOLISM OF CRITICAL ILLNESS

Critically ill infants and children are under severe catabolic stress. Protein loss is the
hallmark of the metabolic stress response, and its extent is determined by the severity of
illness (41,42). If protein loss persists, it is associated with increased morbidity and
mortality (43). Limiting protein degradation and maximizing protein accretion is of
particular importance in critically ill children because of their restricted protein reserves
and their requirement for growth and development. Infants on extracorporeal life sup-
port (ECLS, also known as ECMO), for example, who are among the most profoundly
ill children in pediatric critical care, quantitatively demonstrate the highest rates of
protein loss ever reported (44). Children who have suffered severe burns have also been
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studied extensively in this regard, and have recently been shown to remain catabolic for
at least 9 mo after their injury (45).

The hormonal changes detailed earlier in the chapter, in particular, suppressed GH,
elevated cortisol, and insulin resistance, contribute to this state of catabolism. This
produces a scenario of protein catabolism, carbohydrate intolerance, and paradoxical fat
sparing. Hormonal anabolic therapies been administered in the past in an effort to coun-
teract these maladaptive changes have included GH, IGF-I, insulin, and androgens.

GH was first used in an animal model of traumatic injury in 1941 to improve nitrogen
retention and reduce weight loss, in the form of injected human pituitary extracts (46).
Its recombinant formulation has been investigated since then in a variety of small clinical
trials over a period of approx 25 yr. Improvements in various indices of protein turnover
and clinical outcome were documented in a wide variety of ICU adult patients, using a
wide variety of dosages of GH, largely in the context of small, prospective, randomized,
controlled trials (PRCTs) (47–50). One moderate-sized pediatric study (n = 72) demon-
strated decreased protein catabolism in burned children treated from ICU discharge until
1 yr from burn (51). The adult studies prompted a large scale PRCT in two European
adult ICUs using a daily dose 0.1 mg/kg, in which the relative risk of mortality was raised
to 1.9–2.4 (36). Interestingly, there was a dose dependent increase in mortality over time
in the population whose dose was slowly increased over the course of the study. No clear
rationale for the increased mortality has yet been demonstrated, although hyperglycemia
and associated immune compromise are suspected mediators. The FDA has since warned
against any use of GH in patients suffering from acute critical illness, and all related
clinical trials have effectively ceased (52).

Other attempts to augment the suppressed somatotrope axis have focused on the
delivery of IGF-I, with or without GH. In normal adult subjects, IGF-I therapy has
multiple effects that might be desirable in critically ill patients, including: 1) increasing
glucose uptake 3-fold; 2) reducing hepatic glucose output by 60–70%; 3) lowering blood
glucose acutely (iv, not sq); 4) lowering insulin, c-peptide, glucagon, free fatty acids,
ketones; and 5) decreasing proteolysis and thereby decreasing plasma amino acid con-
centrations (53). These effects persist in the fed state with glucocorticoid-induced
catabolism (54), and were confirmed in a non-randomized fashion in stable, post-burn
adults (55). Unfortunately, three PRCTs failed to demonstrate significant effect in ill,
post-operative adult patients (56–58). In stable, post-burn children, one PRCT demon-
strated significant effects in mitigating the extent of protein catabolism using IGF-I in
combination with insulin-like growth factor binding protein 3 (IGF-BP3) (59). IGF-I has
been shown to be safe in a Phase I clinical trial in critically ill adults (60)—further clinical
data are imminent.

Anabolic steroid therapy in the critically ill adult with burns or trauma has produced
several reports of positive results in adults (61–63), and one in burned children (51). In
fact, the pediatric data demonstrated a doubling of the fractional synthetic rate of protein,
and a substantial improvement in net protein balance. Oxandrolone, a non-aromatizable
androgen, has been the therapeutic agent of choice due its decreased virilizing potency and
hepatotoxicity as compared to testosterone. Further studies designed as large PRCTs are
needed to draw definitive conclusions, based on these promising data.

Insulin therapy has been studied in a wide variety of clinical situations in order to
reduce protein breakdown, and to stimulate protein synthesis and growth. In small num-
bers of healthy volunteers, insulin has suppressed proteolysis by 59–91%, in a dose-
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dependent manner (64–67). In burned adults, protein synthesis was stimulated, and
wound healing was accelerated (68–70). A single study in children demonstrated an 80%
suppression of proteolysis in four stable, premature neonates, but noted a significant rise
plasma lactate during the insulin infusion (71). Two large PRCTs have recently dem-
onstrated that tight glucose control, using an intravenous insulin infusion, produces
remarkable and significant reductions in mortality of 29% in adult diabetics after myo-
cardial infarction, and 34% in adult post-operative surgical ICU patients (72,73). Based
upon these data, the standard of care of adult, and ultimately pediatric, critically ill
patients will soon likely include insulin infusion aimed at strict maintenance of
euglycemia, despite the logistical challenges that insulin infusions present.

A final approach to hormonal therapies in critical illness is replacement of hypotha-
lamic peptides by continuous infusion, in order to re-activate normal pulsatile production
of pituitary hormones. The primary advantage of this approach is that it maintains the
negative feedback on the pituitary, preventing overproduction of end hormones with
their own untoward side effects at excessive concentrations. Although GH has been
deemed unsafe for use in this population, infusion of GH secretagogs (e.g., GHRH,
Ghrelin), for example, as has been shown by Van den Berghe, would normalize GH and
IGF-I concentrations in a physiologic, pulsatile manner (27).

Co-administration of GH secretagogues, TRH, and potentially pulsatile GnRH, makes
theoretical sense during the chronic state of critical illness. This is a state that, but for
modern critical care, human beings would not have survived to reach, and would not
have been designed to endure. It is during this phase of critical illness that the hypothala-
mus continues to be suppressed, despite normal responsiveness of the remainder of the
components of each hormonal axis. Further research aimed at clinical outcomes using
infusions of hypothalamic peptides is required to definitively address this issue.
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f: figure
t: table
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Ablation
thyroid cancer, 333

Acanthosis nigricans, 253f
Acidemia

ketones, 515
lactate, 515

Acquired gonadotropin deficiency,
454–455

Acquired nephrogenic diabetes insipidus
causes, 159–160

ACTH, 190, 229
overproduction, 251

Acute hypocalcemia
management, 354

Acute lymphoblastic leukemia (ALL),
8–9

Addison’s disease. See Primary adrenal
insufficiency

ADHD, 309
Adrenal axis, 552–553
Adrenalectomy

CAH, 239
Adrenal failure

clinical presentation, 212–213
therapy, 216, 218

Adrenal hyperandrogenism
functional

causes, 459–460
Adrenal hypoplasia congenita (AHC), 386

X-linked, 209
Adrenal insufficiency, 203–220

age of onset, 349
causes, 208t
clinical presentation, 212–213
diagnosis, 213–216

etiology, 206–212
evaluation and treatment, 182–183
psychosocial quality of life, 219–220
therapy, 216–219, 216t

Adrenal insufficiency test, 214–215
Adrenal neoplasms

precocious puberty, 418
Adrenal steroidogenesis, 227–243, 228f

biosynthetic pathway, 410f
enzymes and genes, 229t

Adrenocortical neoplasms, 251
Adrenocorticotropic hormone (ACTH),

190, 229
overproduction, 251

Adrenoleukodystrophy
psychosocial quality of life, 220

Adult growth hormone deficiency
etiology, 140t
persistence, 140–143
therapy, 139–149

Adult height
prediction, 20

African American infants
rickets, 372–373

AHC, 386
X-linked, 209

Aldosterone
ion flow, 263f
production, 262f
synthetase, 265f

ALL, 8–9
Ambiguous genitalia, 429–447

care, 437–439
diagnostic tests, 440–444
differential diagnosis, 442f
history, 439
medical management, 439–447
physical examination, 439–440
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Amenorrhea

defined, 451
differential diagnosis, 462f–463f,

464f–465f
Amiloride (Midamor)

nephrogenic diabetes insipidus, 169
Aminoglutethimide

Cushing syndrome, 257
Aminoglutethimide-induced adrenal

insufficiency, 211
Anabolic steroids

critical illness, 559
safety, 130

Androgen
deficiency

anorexia nervosa, 193f
insensitivity, 390

Aneuploidy, 118
Anorexia nervosa

bone loss
etiology, 193f

dietary history, 194
DSM-IV criteria, 190t
endocrinologic sequelae, 189–196
GH abnormalities, 191
hospitalization indications, 194
HPA, 190
hypothalamic-pituitary-ovarian abnor-

malities, 192
insulin abnormalities, 191
leptin abnormalities, 191
management, 194–195
osteopenia, 193
osteoporosis, 194–195
patient evaluation, 194–195
physical examination, 194
prolactin, 192
TH abnormalities, 191
vasopressin, 192

Anovulatory tract disorders
differential diagnosis, 466f–467f
menstrual disorders, 452–455

Anterior pituitary
development, 10f
formation, 3
tumors, 539–540

Antiandrogens
hirsutism, 474

Antibiotics
hormonal contraceptive interaction, 486

Anticonvulsants
hormonal contraceptive interaction, 486

Antidiuretic hormone deficiency. See
Diabetes insipidus

APECED, 207
Apparent mineralocorticoid excess

(AME), 268
Arginine, 16
Asherman’s syndrome, 452
Astrocytomas, 8
Attention-deficit hyperactivity disorder

(ADHD), 309
Autoimmune disorders

with Turner syndrome, 122–123
therapy, 131

Autoimmune hypophysitis, 148
Autoimmune polyendocrinopathy

candidiasis ectodermal dystrophy
(APECED), 207

Autoimmune thyroid disease, 291–304
Graves’ disease, 296–304

Autoimmune thyroiditis, 291–296
classification, 292t
clinical presentation, 293
diagnosis, 293–294
pathophysiology, 292
terminology, 291–292
therapy, 294–296

B
Barbiturate-induced adrenal

insufficiency, 211
Barriers, 482–484
Baseline hormone measurements

adrenal insufficiency, 213–214
Behavioral control

contraception, 481
Benign intracranial hypertension

following GH therapy, 24
Benign premature pubertal development,

405–411
Bilateral total adrenalectomy

Cushing syndrome, 257
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Bioinactive growth hormone, 13
Bipotential external genitalia, 435–436
Bipotential gonad, 431–435
Blastomycosis, 211
Body fat percentage

GHD, 146t
Bone

age
evaluation, 19

loss
anorexia nervosa, 193f

Brain tumor treatment
endocrine dysfunction, 173–185

Breast cancer
hormonal contraceptives, 490–491

Breast development
Tanner stages, 403f

Bromocriptine
anterior pituitary tumors, 540

C
CAH. See Congenital adrenal hyperplasia
Calciopenic rickets, 366

heritable forms, 370
therapy

complications, 374
Calcitonin

hypercalcemia, 361
serum calcium, 345–346

Calcitriol
chronic hypocalcemia, 354
serum calcium, 345–346

Calcium
acute hypocalcemia, 354
serum hormonal regulation, 344–347

Calcium deficiency rickets
treatment, 373

Calcium homeostasis abnormalities,
343–362

hypercalcemia, 356–362
hypocalcemia, 347–356

Carbamazepine
diabetes insipidus, 168

Carbohydrate metabolism
hormonal contraceptives, 488

Cardiovascular abnormalities
with Turner syndrome, 119–120

therapy, 126

CDGP, 67, 384
Central adrenal failure

therapy, 218
Central adrenal insufficiency

psychosocial quality of life, 219–220
Central diabetes insipidus

non-traumatic, 157
vasopressin therapy, 166t

Central nervous system tumors recurrence
following GH therapy, 23

Central precocious puberty (CPP),
411–414

Central resistance to thyroid hormone
(CRTH), 309

Cerebral salt-wasting, 184
Cervical caps, 482, 483
Chemotherapy

endocrine system, 175–176
Chlorpropamide

diabetes insipidus, 168
Cholecalciferol

serum calcium, 345–346
Chronic autoimmune thyroiditis, 291–296

clinical presentation, 293
diagnosis, 293–294
pathophysiology, 292
terminology, 291–292
therapy, 294–296

Chronic hypocalcemia
management, 354–355

Chronic lymphocytic thyroiditis. See
Chronic autoimmune thyroiditis

Chronic systemic disease
delayed puberty, 384

Clofibrate
diabetes insipidus, 168

Clonidine, 16
Coccidomycosis, 211
COCs, 485, 492–496
Coitus interruptus, 481
Combination oral contraceptive pills

(COCs), 485, 492–496
Combined dexamethasone-corticotropin-

releasing hormone (CRH) test, 255
Combined injectable contraception, 496
Combined pituitary hormone deficiency

(CPHD), 9–10
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Computed tomography (CT)
adrenal insufficiency, 215
Cushing syndrome, 256

Condoms
female, 482
male, 482

Congenial lipoid adrenal hyperplasia,
209

Congenital adrenal hyperplasia (CAH),
209, 227–242, 417

3beta hydroxysteroid/delta 4,5-
isomerase deficiency, 233

11beta-hydroxylase deficiency,
236–237

12-hydroxylase deficiency, 234–236
17-hydroxylase/17,20 lyase defi-

ciency, 234
clinical and hormonal data, 230t–232t
lipoid adrenal hyperplasia, 228–229
newborn screening, 243
prenatal diagnosis and treatment,

240–241
prenatal therapy

maternal complications, 242
protocol, 242–243

psychosocial quality of life, 220
therapy, 237–240

monitoring, 239–240
outcome, 240

virilizing forms
therapy, 218–219

Congenital anorchia, 388
Congenital hypothyroidism, 275–287

cause, 277t
clinical presentation, 278–280
diagnosis, 280–284
mechanism, 276–278
treatment, 284–286

Congenital Leydig cell aplasia, 389
Conjugated estrogen, 181
Constitutional delay of growth

and puberty (CDGP), 67, 384
Contraception, 479–502

failure rates, 482t
hormonal methods, 484–500

cardiovascular disease, 487–488
drug interactions, 486

new delivery methods, 501
non-contraceptive benefits, 500–501
systemic effects, 485–486
thromboembolism, 486–487

limitations, 481t
methods, 480t
non-hormonal methods, 481–484

Contraceptive sponge, 483
Corticotropin-releasing hormone (CRH),

190, 249–250
adrenal insufficiency test, 214–215
ovine

stimulation test, 255
Cortisol, 204

biosynthetic pathway, 210f
CAH virilizing forms, 218–219
secretion, 250f

Cosyntropin stimulation test
adrenal insufficiency, 214

CPHD, 9–10
CPP, 411–414
Craniopharyngiomas, 8, 147
CRH. See Corticotropin-releasing hormone
CRH test, 255
Critical illness

endocrine response, 551–560
protein catabolism

therapeutic hormonal intervention,
558–560

Critical samples, 513–514
CRTH, 309
Cryptococcus, 211
CT

adrenal insufficiency, 215
Cushing syndrome, 256

Cushing’s disease, 251
Cushing syndrome, 249–258

clinical presentation, 252, 252t
diagnostic algorithm, 254f
diagnostic guidelines, 253–256
epidemiology, 250–251
food-dependent, 251
glucocorticoid replacement, 258
striae, 253f
treatment, 256–257

CYP11B2 gene, 263
Cypionate (Lunelle), 485, 496
Cyproterone acetate, 474
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dDAVP, 165, 184
Dehydroepiandrosteredione (DHEA)

anorexia nervosa, 193f
Delayed puberty, 383–395, 455

classification, 383–395
etiology, 385t
evaluation, 391–395
history, 391
physical examination, 391
treatment, 393–395

Deoxycorticosterone (DOC), 262
Depo-Provera, 485, 497, 498–500

breast cancer, 491
drug interactions, 486

Desmopressin, 166t
Desogestrel, 473
Development. See Growth

and development
DEXA bone density

GHD, 146t
Dexamethasone

CAH, 241
primary aldosteronism, 270

Dexamethasone-resistant forms
of hyperandrogenism, 459–460

Dextrose
hypoglycemic disorders, 519

DHEA
anorexia nervosa, 193f

Diabetes
gestational

hormonal contraceptives, 488
Diabetes insipidus, 8, 155–171, 183–184

causes, 158–160, 158t
clinical presentation, 156–157
diagnosis, 160–165

tests, 162t
familial

causes, 158
growth and development, 157
idiopathic central

causes, 159
nephrogenic, 157–160
non-traumatic, 157
perioperative management, 166–167
postoperative management, 168

treatment, 165–170
vasopressin therapy, 166t

Diabetes mellitus, 523–532
classification, 523–524
insulin-dependent. See Type 1 diabetes

mellitus.
noninsulin-dependent. See Type 2

diabetes mellitus.
Diaphragms, 482, 483
Diazoxide

hypoglycemic disorders, 519
Didja tubes, 513–514
Dietary history

anorexia nervosa, 194
Diuretics

nephrogenic diabetes insipidus, 169
DMPA. See Medroxyprogesterone acetate
DOC, 262
Drospirenone, 492
Drug-induced adrenal insufficiency, 211
Drug-induced nephrogenic diabetes

insipidus, 169
Dysfunctional uterine bleeding

defined, 451
Dysgenic gonad

defined, 437
Dysmorphic features

with Turner syndrome, 119
therapy, 126

E
ECLS, 558
Endocrine disorders

evaluation and treatment, 177–184
Endocrinopathies

delayed puberty, 384
Endometrial cancer

hormonal contraceptives, 491
Estrogen

delayed puberty, 394–395
menstrual disorders, 471

Ethics
GH therapy

normal short stature variants, 72
Ethynyl estradiol, 181, 472
Etidronate

hypercalcemia, 361
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Etomidate-induced adrenal
insufficiency, 211

Euthyroid hyperthyroxinemia, 315
causes, 315t

Exercise
T1DM, 529–530
test, 17

Exogenous sex steroid exposure, 414
External beam radiotherapy

thyroid cancer, 336
External sex

defined, 437
Extracorporeal life support (ECLS), 558
Eye problems

with Turner syndrome, 122
therapy, 131

F
Familial diabetes insipidus

causes, 158
Familial dysalbuminemic

hyperthyroxinemia (FDH), 316
Familial glucocorticoid deficiency, 210
Familial hypocalciuric hypercalcemia, 358
Familial male precocious puberty

(FMPP), 416–417
Familial medullary thyroid carcinoma

(FMTC), 535
Family history

RTH, 317
Fanconi syndrome, 371
Fasting adaptation

metabolic pathways, 516f
Fasting metabolic systems

hormonal regulation, 513f
FDH, 316
Female athlete triad, 194
Female breast and pubic hair development

Tanner stages, 403f
Female condoms, 482
Female external genitalia, 436
Female hormone replacement, 181
Female pseudohermaphroditism, 443
Fetus

calcium homeostasis, 346
growth retardation

causes, 81t
Fine needle aspiration biopsy (FNAB), 331

Fludrocortisone
mineralocorticoid deficiency, 266

Flutamide
CAH, 219

FMPP, 416–417
FMTC, 535
FNAB, 331
Focal hyperinsulinism, 517
Food-dependent Cushing syndrome, 251
Formal fasting study protocol, 519
46, XY testicular dysgenesis, 441

causes, 435t
Free fatty acids, 515–518
Functional adrenal hyperandrogenism

causes, 459–460
Functional ovarian hyperandrogenism

causes, 459
Fungal disease, 211
Furosemide

hypercalcemia, 361

G
Gastrointestinal disorders

with Turner syndrome, 122
therapy, 131

Gender identity
defined, 437

Gender role
defined, 437

Generalized resistance to thyroid hormone
(GRTH), 309

Genetic sex
defined, 436

Genetic testing
hypoglycemia, 520

Genital and pubic hair development
male

Tanner stages, 402f
Genitalia

ambiguous. See Ambiguous genitalia.
bipotential external, 435–436
female external, 436
male external, 436
surgery

CAH, 238–239
Genital tract disorders

menstrual disorders, 452
Germ-cell tumors, 8
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Gestational diabetes
hormonal contraceptives, 488

GH. See Growth hormone
GH-1

gene, 4
point mutations, 14f

GHD
adult

etiology, 140t
cranial irradiation, 174
evaluation and treatment, 177–180

GHF-1, 11
GHIS. See Growth hormone insensitivity

syndrome
GH-R

gene, 41
mutations, 41–42, 75

mutations, 13–14
GHRD. See Growth hormone receptor

deficiency
GHRH, 4–5

receptor mutations, 9, 16–17, 74
GHRP, 5
GHS, 5, 74, 178
GHS-R, 5, 6f
Glargine insulin, 527
Glucagon, 16

hypoglycemic disorders, 519
Glucagon stimulation test

adrenal insufficiency, 215
Glucocorticoids

CAH, 237–238
deficiency

familial, 210
growth suppression, 93–101

treatment, 98–101
replacement therapy

NCAH, 411
Glucose homeostasis

with Turner syndrome, 123
therapy, 131–132

GnRH, 192
delayed puberty, 394–395
stimulation test, 412

Gonad
bipotential, 431–435
cranial irradiation, 175

Gonadal axis, 558
Gonadal dysgenesis, 389
Gonadal failure

acquired causes, 390–391
with Turner syndrome, 123–124

therapy, 132–133
Gonadal sex

defined, 436
Gonadotropin

deficiency, 8
Gonadotropin deficiency, 455

acquired, 454–455
Gonadotropin-dependent precocious

puberty
differential diagnosis, 406t

Gonadotropin releasing hormone
(GnRH), 192

delayed puberty, 394–395
stimulation test, 412

Gonadotropin therapy
delayed puberty, 394–395

Graves’ disease, 296–304
antithyroid medications, 300–301
clinical presentation, 297
definitive therapy, 301–303
diagnosis, 298–300
monitoring, 303
neonatal, 303–304
pathophysiology, 296–297

Greulich and Pyle method, 19
Growth and development

chemotherapy, 175–176
diabetes insipidus, 157
skeletal tissue irradiation, 175
spinal irradiation, 175

Growth failure
evaluation and treatment, 177–180
idiopathic, 67

Growth hormone (GH), 3
action, 6–8
adult deficiency

diagnosis, 25
axis, 557–558
bioinactive, 13
body proportion, 128
bone mineral density, 128
conditions characterized by

unresponsiveness to, 38t
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continuance
contraindications for, 144–146
examples, 145–146

craniofacial development, 128–129
critical illness, 559
deficiency, 7–15, 8t

diagnosis, 15–21
MRI, 20

dosage, 22
following intrauterine growth failure,

79–90
follow-up, 22–23
gene activation, 5f
gene mutation, 12–13, 74–75
GHR signal transduction abnormality,

43
IGF-I axis, 39–40, 39f
linear growth, 127–128
molecular basis, 41–43
monitoring therapy, 148–149
neurosecretory dysfunction, 67
physiology, 4–5
psychosocial function, 129
replacement, 24–25
safety, 129–130
secretion, 4–5

physiologic assessment, 17–19
side effects, 23–24
stimulation tests, 18t
therapy, 21–24

adverse effects, 73
CAH, 239

tumor recurrence, 180
X-linked hypophosphatemic rickets, 376

Growth hormone-1 (GH-1)
gene, 4

point mutations, 14f
Growth hormone deficiency (GHD)

adult
etiology, 140t

cranial irradiation, 174
evaluation and treatment, 177–180

Growth hormone factor-1 (GHF-1), 11
Growth hormone insensitivity syndrome

(GHIS), 37–61
biochemical features, 50–52

growth hormone, 50

growth hormone binding protein, 51
IGF binding proteins, 52
insulin-like growth factors, 51

classification, 37–39
defined, 37–39
diagnosis, 52–54
IGF-1

long-term treatment, 55–59
Growth hormone receptor (GH-R)

gene, 41
mutations, 41–42, 75

mutations, 13–14
Growth hormone receptor deficiency

(GHRD)
clinical findings, 44–52
craniofacial characteristics, 47
E180 splice mutation, 48f, 49f
epidemiology, 43–44
ethnic origin, 43
growth, 44–50
growth velocities, 45f
IGF-1, 57f
intellectual and social development,

49–50
morbidity and mortality, 44
musculoskeletal and body

composition, 47
reproduction, 49
treatment, 54–59

IGF-1, 54–55
Growth hormone releasing hormone

(GHRH), 4–5
receptor mutations, 9, 16–17, 74

Growth hormone releasing peptides
(GHRP), 5

Growth hormone secretagogues (GHS),
5, 74, 178

Growth hormone secretagogues receptor
(GHS-R), 5, 6f

Growth hormone stimulation tests, 15–16
Growth regulatory genes

childhood growth, 73–74
Growth retardation

fetal
causes, 81t

GRTH, 309
Gynecomastia

precocious puberty, 419–422
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H
Hair development

female
Tanner stages, 403f

Hamartoma
hypothalamic, 411

HCG, 182f, 229
HCG-producing tumors

precocious puberty, 418–419
Head trauma, 7–8
Hearing loss

with Turner syndrome, 121
therapy, 130–131

Height. See also Short stature
adult

prediction, 20
Hemochromatosis, 8
Hereditary hypophosphatemic rickets

with hypercalciuria (HHRH),
371, 377

Hereditary vitamin D resistance, 370
Hereditary vitamin D rickets

treatment, 373–374
Hermaphroditism

true, 443
Hesx1 gene, 9
HHRH, 371, 377
High dose dexamethasone suppression

test, 255
Hirsutism

defined, 461
differential diagnosis, 468t–470t
Ferriman and Gallwey scoring, 409f

Hormone replacement
female, 181
male, 181

HPA axis. See Hypothalamic-pituitary
adrenal axis

HPG, 551
HPT, 551
Human chorionic gonadotropin

(HCG), 229
Hydrochlorothiazide

nephrogenic diabetes insipidus, 169
Hydrocortisone, 183

CAH, 219, 237–238

Hydroxylase, 390
deficiency, 370

treatment, 373
Hydroxylase deficiency

CAH, 236–237
Hydroxysteroid deficiency

CAH, 233
Hydroxysteroid dehydrogenase

deficiency, 390
Hyperandrogenism, 455, 456–460

causes, 456t, 460
differential diagnosis, 468t–470t

Hypercalcemia, 356–362
calciotropic hormones, 356–358
diagnosis and evaluation, 359–360
differential diagnosis, 357t
management, 360–362

Hypercortisolism, 253
Hypergonadotropic hypogonadism, 181,

388–391, 454
Hyperinsulinism

focal, 517
transient neonatal, 517

Hypernatremia, 157
Hyperparathyroidism, 536–537, 543

hypercalcemia, 356–358
screening, 544

Hyperprolactinemia, 455, 473
Hypertension

benign intracranial
following GH therapy, 24

Hyperthyroidism
signs, 298t
symptoms, 316

Hyperthyroxinemia
euthyroid, 315

Hypertrichosis, 253f
Hypocalcemia, 347–356

acute
management, 354

calciotropic hormone alterations,
347–350

diagnosis, 351–354
differential diagnosis, 348t
management, 354–356

goals, 518–519
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neonates
causes, 351t
classification, 350–351
management, 355–356

Hypocalciuric hypercalcemia
familial, 358

Hypoestrogenism, 454, 471
oral contraceptive pills, 472

Hypoglycemia, 511–520
defined, 511–512
fasting systems, 512–520
insulin-induced

adrenal insufficiency, 214
post-Nissen dumping, 519
T1DM, 530

Hypoglycemia disorders
differential diagnosis, 518f

Hypogonadism
true, 181

Hypogonadotropic hypogonadism, 181
acquired causes, 387–388
delayed puberty, 385
idiopathic

delayed puberty, 386–388
Hypoparathyroidism

age of onset, 349
hypocalcemia, 347–348

Hypophosphatasia, 372
Hypophysitis

autoimmune, 148
lymphocytic, 8

Hypopituitarism, 3, 8
acquired forms, 7–8
congenital forms, 9–15

Hypospadius, 441
Hypothalamic-chiasmatic glioma

(HCG), 182f
Hypothalamic hamartoma, 411
Hypothalamic peptides

replacement, 560
Hypothalamic-pituitary adrenal (HPA)

axis, 399–401, 551
anorexia nervosa, 190
normal, 249–250
regulation, 205, 206f

Hypothalamic-pituitary-gonadal
(HPG), 551

Hypothalamic-pituitary-thyroid
(HPT), 551

Hypothyroidism
cranial irradiation, 174
evaluation and treatment, 181–182
precocious puberty, 419, 419f
signs, 293t
with Turner syndrome, 122–123

therapy, 131

I
I-131

Graves’ disease, 302
ICS

adverse effects, 96
growth, 95–98

Idiopathic central diabetes insipidus
causes, 159

Idiopathic growth failure, 67
Idiopathic hypogonadotropic

hypogonadism
delayed puberty, 386–388

Idiopathic short stature (ISS), 67
defined, 68–69
GH therapy

height outcomes, 69–72
IGF, 19
IGF-1. See Insulin-like growth factor-I
IGFBP, 19
IGFBP-3, 178, 179f

reference values, 53t
Immunometric assays, 15
Immunoradiometric assay (IRMA), 344
Indomethacin

nephrogenic diabetes insipidus, 169
Infants

African American
rickets, 372–373

diabetes insipidus
management, 168

Inhaled corticosteroids (ICS)
adverse effects, 96
growth, 95–98

Insulin
abnormalities, 191

anorexia nervosa, 191
adjusting doses, 528–529
critical illness, 559–560
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injection regimens, 525t
matching to food intake, 529
T1DM, 525–527

Insulin-dependent diabetes mellitus. See
Type 1 diabetes mellitus

Insulin-induced hypoglycemia
adrenal insufficiency, 214

Insulin-like growth factor (IGF), 19
Insulin-like growth factor binding

protein (IGFBP), 19
Insulin-like growth factor binding

protein-3 (IGFBP-3), 178, 179f
reference values, 53t

Insulin-like growth factor-I (IGF-I),
178, 179f

critical illness, 559
deficiency

clinical features, 46f
gene deletion, 75
mutations, 14–15
reference values, 53t

Insulin pump therapy, 526–527
Insulin tolerance test (ITT), 16

for GHD, 146f
Internal sex

defined, 437
Intersex Society of North America

(ISNA), 444
Intrauterine devices, 484
Intrauterine growth retardation (IUGR)

clinical presentation, 82
diagnosis, 82–84
growth hormone, 79–90

future, 89–90
somatic growth, 84–89

mechanisms, 80–82
Iodine-131 (I-131)

Graves’ disease, 302
IRMA, 344
ISNA, 444
Isomerase deficiency

CAH, 233
ISS, 67

defined, 68–69
GH therapy

height outcomes, 69–72
ITT, 16

for GHD, 146f
IUGR. See Intrauterine growth retardation

K
Kallman syndrome, 386
Kaposi’s sarcoma, 211
Keloids

with Turner syndrome, 122
therapy, 131

Ketoconazole
FMPP, 417
hypercalcemia, 361

Ketoconazole-induced adrenal
insufficiency, 211

Cushing syndrome, 257
Ketones, 515–518
Klinefelter’s syndrome, 388

L
Langerhans cell histiocytosis, 8
Laron syndrome

discovery, 41
Laurence-Moon-Beidl syndrome, 387
Learning disabilities

with Turner syndrome, 124–125
therapy, 133

Length standard deviation, 45f
Leptin abnormalities

anorexia nervosa, 191
Leukemia

cranial irradiation, 147
following GH therapy, 23

Levodopa, 16
Levothyroxine, 182, 555

chronic autoimmune thyroiditis, 295
conditions altering, 297t
congenital hypothyroidism, 285
replacement doses, 296t

LHRH agonists
CAH, 239

Lhx3, 11
Liddle’s syndrome, 270
Liddle’s test, 255
Lipids

with Turner syndrome, 123
therapy, 131–132

Lithium-induced nephrogenic diabetes
insipidus, 169

Low-dose dexamethasone suppression
test, 254

Lunelle, 485, 496
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Lupron Depot-Pet
CAH, 239
CPP, 413

Luteinizing hormone releasing hormone
(LHRH) agonists

CAH, 239
Lymphedema

with Turner syndrome, 119
therapy, 125

Lymphocytic hypophysitis, 8

M
Macrobiotic diet, 367
Magnetic resonance imaging (MRI)

adrenal insufficiency, 215
Cushing syndrome, 255–256
RTH, 317

Male condoms, 482
Male external genitalia, 436
Male genital and pubic hair development

Tanner stages, 402f
Male hormone replacement, 181
Male pseudohermaphroditism, 442
Malignancy

hypercalcemia, 358
Massive macronodular adrenal

hyperplasia (MMAD), 251
McCune-Albright syndrome, 371,

415–416
Medroxyprogesterone acetate, 485

CPP, 413
FMPP, 417
menstrual disorders, 472

Medullary thyroid carcinoma, 542
Medulloblastoma, 175–176, 176f
Meiosis

abnormal pairing, 118
Melanocyte-stimulating hormone

(MSH), 212
MEN. See Multiple endocrine neoplasia
Menorrhagia, 473
Menstrual cycle

lengths, 452f
Menstrual disorders, 451–475

causes, 453t
differential diagnosis, 460–461
etiology, 452–461
management, 461–475

Metabolic disorders, 8

Metformin
T2DM, 531–532

Metyrapone-induced adrenal
insufficiency, 211

Metyrapone test
adrenal insufficiency, 215
Cushing syndrome, 257

Micropenis, 441
Midamor

nephrogenic diabetes insipidus, 169
Mineralocorticoid

CAH, 238
mineralocorticoid excess, 267–270

Mineralocorticoid deficiency, 263–269
clinical presentation, 265
diagnosis, 266
isolated, 264t
molecular mechanisms, 264–265
treatment, 266–267

Mineralocorticoid disorders, 261–270
Mineralocorticoid excess

clinical presentation, 269
diagnosis, 269–270
molecular mechanisms, 268
treatment, 270

Mirena, 484
Mixed gonadal dysgenesis, 443
MMAD, 251
MRI

adrenal insufficiency, 215
Cushing syndrome, 255–256
RTH, 317

MSH, 212
Mucocutaneous candidiases

age of onset, 349
Mullerian ducts, 435
Multiple endocrine neoplasia (MEN)

syndromes, 535–545
type 1, 536

gastrinoma with Zollinger-Ellison
syndrome, 538

genetics, 540
screening, 540–541, 541t

type 2, 541–542
clinical features, 542t
genetic data, 544
screening, 543–544

type 2B, 359–360
Murine gene deletions

growth, 81
Mycobacterium avium-intracellulare, 211
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N
NCAH, 410–411
Neisseria meningitides, 211
Neonatal hypopituitarism, 517–518
Neonates

calcium homeostasis, 346
hypocalcemia

causes, 351t
classification, 350–351
management, 355–356

RTH, 318
screening

congenital hypothyroidism, 280–282
Nephrocalcinosis, 376
Nephrogenic diabetes insipidus, 157

acquired
causes, 159–160

causes, 160t
treatment, 169

Nervous system tumors recurrence
following GH therapy, 23

Neurofibromatosis, 371
Nevi

with Turner syndrome, 122
Newborn screening

congenital hypothyroidism, 280–282
Nonclassical congenital adrenal hyper-

plasia (NCAH), 410–411
Non-GH deficient short stature, 68
Noninsulin-dependent diabetes mellitus.

See Type 2 diabetes mellitus
Non-traumatic central diabetes

insipidus, 157
Noonan’s syndrome, 389
Norgestimate, 473
Normal variant short stature (NVSS), 67
Norplant, 485, 497–498
Nutritional deficiency rickets, 367,

369–370
NVSS, 67

O
Obesity

with Turner syndrome, 123
therapy, 131–132

OCPs, 484–485
combination, 485
menstrual disorders, 461, 472–473

oCRH
stimulation test, 255

Octreotide hypoglycemic disorders, 519
Oligomenorrhea

defined, 451
Oral contraceptive pills (OCPs), 484–485

combination, 485
menstrual disorders, 461, 472–473

Orthodontic problems
with Turner syndrome, 121

therapy, 130
Osteomalacia, 365
Osteopenia, 365

anorexia nervosa, 193
Osteoporosis, 365

anorexia nervosa, 194–195
Outpatient care

T1DM, 530
Ovarian cysts, 415
Ovarian differentiation, 432–435
Ovarian hyperandrogenism

functional
causes, 459

Ovarian tumors
precocious puberty, 417–418

Ovine corticotropin-releasing hormone
(oCRH)

stimulation test, 255

P
Paired internal ducts, 435
Pamidronate

hypercalcemia, 361
Pancreatic beta-cell insulin secretion

pathways, 517f
Pancreatic neuroendocrine tumors,

537–539
ParaGuard, 484
Parathyroid hormone (PTH)

serum calcium, 344–345
Parathyroid hormone related protein

(PTHrP), 344
Pars distalis, 3
Pars intermedia, 3
Pars tuberalis, 3
Partial growth hormone (GH) resistance,

53–54



578 Index

PCOS, 456–458, 473
manifestations, 457f

Pelvic inflammatory disease (PID), 482
Peptides, 3
Pergolide

anterior pituitary tumors, 540
Periodic abstinence, 481
Peripheral precocious puberty, 414–422
Phenytoin-induced adrenal insuffi-

ciency, 211
Pheochromocytoma, 542–543

screening, 544
Phosphopenic rickets, 366, 374–377

heritable forms, 370–372
nutritional phosphate deprivation,

374–375
psychosocial considerations, 377–378
X-linked hypophosphatemic, 375–376

PID, 482
Pioglitazone

T2DM, 531–532
Pit-1, 11, 12f, 74
Pitressin Tannate, 165
Pituitary gland

formation, 3
Pituitary transcription factor mutations,

9–10
Plasma acyl-carnitine profile, 520
Plasma renin activity (PRA), 229
Plasma vasopressin

diabetes insipidus, 162
Polycystic ovary syndrome (PCOS),

456–458, 473
manifestations, 457f

Polydipsia, 156
Polyglandular autoimmune disease I, 207
Polyglandular autoimmune disease III,

206–207
Polyglandular autoimmune syndromes

psychosocial quality of life, 219
POPs, 485
Post-Nissen dumping hypoglycemia, 519
Postprandial hypoglycemia disorders, 519
PPNAD, 251
PRA, 229
Prader-Willi syndrome, 387

body composition, 107–108

growth hormone therapy, 105–114
body composition, 109–111
linear growth, 108
muscle strength and agility, 109–112
safety, 112–114

linear growth, 106
Precocious puberty, 399–422

brain tumors, 181
defined, 404–405
diagnosis, 420t–421t
gonadotropin-dependent

differential diagnosis, 406t
gonadotropin-independent

differential diagnosis, 407t
hypothyroidism, 419, 419f
peripheral, 414–422

Premature pubarche, 408–411
Premature pubertal development

benign, 405–411
Premature thelarche, 405–408
Primary adrenal failure

clinical presentation, 212–213
therapy, 216

Primary adrenal insufficiency, 204
etiology, 206–211

Primary amenorrhea
defined, 451, 460
differential diagnosis, 462f–463f

Primary hyperparathyroidism,
536–537, 543

Primary hypothyroidism
cranial irradiation, 174

Primary pigmented adrenocortical nodular
disease (PPNAD), 251

Primary polydipsia, 156
PRL, 3
Progestasert, 484
Progestin-only contraception, 496–497
Progestin only mini-pills (POPs), 485
Prolactin

anorexia nervosa, 192
Prolactin (PRL), 3
Prop-1, 11, 74
Propylthiouracil

Graves’ disease, 300
Protectaid contraceptive sponge, 483
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Pseudohermaphroditism
female, 443
male, 442

Pseudohypoaldosteronism, 266
Pseudohypoparathyroidism, 349
PTH

serum calcium, 344–345
PTHrP, 344
Ptx2, 10
Pubertal development

normal, 401–404
Pubertal disorders

evaluation and treatment, 180–181
Puberty

delayed. See Delayed puberty.
precocious. See Precocious puberty.

Pubic hair development
Tanner stages

female, 403f
male, 402f

R
Rachitic bone deformities, 367
Radioactive iodide uptake (RAIU), 299
Radioimmunoassays (RIAs), 15
Radioiodine therapy

thyroid cancer, 333
Radiological tests

adrenal insufficiency, 214–215
Radiotherapy

endocrine system, 173–177
RAIU, 299
Reality female condom, 483
Recombinant human growth hormone

targets, 21
Reductase deficiency, 390
Renal abnormalities

with Turner syndrome, 122
therapy, 131

Replacement growth hormone therapy, 179
Reproductive cancer

hormonal contraceptives, 490–492
Resistance to thyroid hormone (RTH),

309–319
clinical presentation, 313–314, 313t
diagnostic considerations, 315–318
mechanisms, 310–313
therapy, 318–319

RIAs, 15
Rickets, 365–378. See also specific types

biochemical abnormalities, 368–369
causes, 366t
history/physical exam, 367–372
radiographic abnormalities, 368
treatment, 372–378

Rickets-like disorders, 372
RIEG, 10
Rifampicin-induced adrenal

insufficiency, 211
Ringworm, 253f
Rokitansky-Kustner-Hauser syndrome, 452
Rpx gene, 9
RTH. See Resistance to thyroid hormone

S
Saline infusion test, 163–164
Salt

CAH, 238
Salt-wasting

cerebral, 184
Salt-wasting crisis

treatment, 266
Sandwich immunoradiometric assay, 344
Sarcoidosis, 8
SCFE

following GH therapy, 24
Secondary adrenal failure

clinical presentation, 213
Secondary adrenal insufficiency, 211–212
Secondary amenorrhea

defined, 451
differential diagnosis, 464f–465f

Self-monitoring of blood glucose
(SMBG), 528

Serum calcium
set point, 346

Serum lipids
hormonal contraceptives, 488

Sex assignment decisions, 430
Sex determining genes, 434t
Sex-hormone-binding globulin

(SHBG), 496
Sex of assignment

defined, 437
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Sex steroids
CAH, 238
exposure

exogenous, 414
priming, 17

Sex terminology, 436–437
Sexual differentiation, 431–436

pathway, 433f
Sexual dimorphism, 446–447
Sexual orientation

defined, 437
SHBG, 496
Short non-growth hormone (GH)

deficient children, 21
Short stature

psychosocial considerations, 72–73
with Turner syndrome, 120–121

therapy, 126–127
SHOX gene (Short Stature HOmeoboX-

containing gene), 75
SIADH, 183–184
Sick day rules

T1DM, 530–531
Skeletal abnormalities

with Turner syndrome, 120–121
Skeletal age

evaluation, 19
Skin cancer

following GH therapy, 24
Skin disorders

with Turner syndrome, 122
therapy, 131

Slipped capital femoral epiphysis
(SCFE)

following GH therapy, 24
SMBG, 528
Smith-Lemli-Opitz syndrome, 209
Sodium iodide symporter, 277
Somatostatin (sst), 4–5
Somatotropin, 3
Somatotropin release-inhibiting factor

(SRIF), 4–5
Spermicides, 481–482
Spironolactone

AME, 270
FMPP, 417

Sponge
contraceptive, 482–483

Spontaneous growth hormone secretion
overnight test, 17–18

Spot plasma ACTH, 255
SRIF, 4–5
SRY gene, 431–432
sst, 4–5
StAR, 209
Stature

menstrual disorders, 471
short. See Short stature.

Steroidogenic acute regulatory protein
deficiency (StAR), 209

Steroids
critical illness, 559
safety, 130

Strabismus
with Turner syndrome, 122

therapy, 131
Stress replacement

adrenal insufficiency, 216–218
Struma lymphomatosa, 291
Subclinical hyperthyroidism, 299
Sulfonylurea

T2DM, 531–532
Surgery

endocrine system, 176–177
menstrual disorders, 471
thyroid cancer, 332–333

Surgical resection
Cushing syndrome, 257

Systemic disease
delayed puberty, 384

T
T1DM, 523–524

following GH therapy, 23
treatment, 524–531

T2DM, 523–524
treatment, 531–532

T3, 553
postoperative cardiac patients, 555

T4, 553
Tanner-Whitehouse 2 (TW2) method, 19
Technetium (Tc99m) scan

congenital hypothyroidism, 283
Tertiary adrenal insufficiency, 211–212
Testicular differentiation, 431–432
Testicular dysgenesis, 441

causes, 435t
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Testicular tumors
precocious puberty, 418

Testolactone
CAH, 219
FMPP, 417

Testosterone, 177
biosynthesis defects, 389–390
delayed puberty, 394

Testosterone patches
transdermal, 181

Testotoxicosis, 416–417
Thalassemia major, 8
Thiazide diuretics

adverse effects, 169
Thromboembolism

hormonal contraceptives, 486–487
Thymectomy

primary hyperparathyroidism, 537
Thyroglobulin

congenital hypothyroidism, 283
Thyroid

newborn screening
congenital hypothyroidism, 281–282

Thyroid axis, 553–557
diagnosis, 554–555
treatment, 555–556

Thyroid cancer, 327–337
clinical presentation, 329–330
diagnostic guidelines, 330–331
follow-up, 336–337
incidence, 328
pathogenesis, 329
patient characteristics, 328
predisposing factors, 328–329
recurrence, 332
therapy, 331–336

Thyroid disease
autoimmune, 291–304

Thyroid function
drugs influencing, 556t

Thyroid hormone
abnormalities

anorexia nervosa, 191
metabolism, 553f
suppression

thyroid cancer, 336

Thyroiditis
autoimmune

classification, 292t
defined, 291

Thyroid releasing hormone (TRH)
stimulation testing

congenital hypothyroidism, 283
RTH, 317

Thyroid scan-iodine (I-123) scan
congenital hypothyroidism, 283

Thyroid-stimulating hormone (TSH), 3
receptor mutations, 319–322

Thyrotoxicosis
differential diagnosis, 299t

Thyrotropin, 3
Thyrotropin-receptor antibodies (TRAb)

assays, 299
Thyrotropin receptor mutations, 319–322

diagnostic considerations and therapy,
321–322

mechanism, 320–321
Thyroxine (T4), 553
Today sponge, 483
Total adrenalectomy

bilateral
Cushing syndrome, 257

Total parathyroidectomy
primary hyperparathyroidism, 537

Toxic Shock Syndrome (TSS), 483
TRAb assays, 299
Transdermal testosterone patches, 181
Transient neonatal hyperinsulinism, 517
Transsphenoidal surgery

Cushing syndrome, 256
Trapazole

Graves’ disease, 300
TRH

stimulation testing
congenital hypothyroidism, 283
RTH, 317

Triac, 319
Triiodothyronine (T3), 553

postoperative cardiac patients, 555
Trilostane test

Cushing syndrome, 257
True hermaphroditism, 443
True hypogonadism, 181
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TSH, 3
receptor mutations, 319–322

TSS, 483
Tumors

precocious puberty, 417–419
Turner syndrome, 117–133, 388

autoimmune disorders, 122–123
therapy, 131

clinical presentation, 119–125
diagnosis, 125
pathogenesis, 117–119
therapy, 125–126

TW2 method, 19
24 hours urinary free cortisol excretion,

253
Type 1 diabetes mellitus (T1DM),

523–524
following GH therapy, 23
treatment, 524–531

Type 2 diabetes mellitus (T2DM),
523–524

treatment, 531–532

U
Ultrasound

Cushing syndrome, 256
Urinary free cortisol (UFC) excretion,

253
Urinary growth hormone, 18
Uterine aplasia, 452

V
Vaginal sponges, 482
Vanishing testes syndrome, 388
Vasopressin, 155–156, 162, 166t

anorexia nervosa, 192
central diabetes insipidus, 166t
deficiency, 158
plasma

diabetes insipidus, 162
Vasopressin analog desmopressin,

165, 184
Vegetarian diet, 367
Virilizing tumors, 411
Vitamin D

chronic hypocalcemia, 354
deficiency

hypocalcemia, 350
treatment, 373

excess, 358
resistance

hereditary, 370
rickets

hereditary treatment, 373–374
serum calcium, 345

Vitamin D3 (cholecalciferol)
serum calcium, 345–346

W
Water balance

disorders, 183–184
normal physiology, 155–156

Water deprivation test, 161–163
endpoints, 163

Waterhouse-Friderichsen syndrome, 211
Weight gain

hormonal contraceptives, 490
Williams syndrome

hypercalcemia, 359
Wolffian ducts, 435
Wolman’s disease, 210

X
XAHC, 209
X-ALD, 209
X chromosome gene

haploinsufficiency, 117–118
XLH, 368, 370–371, 375–376

therapy
complications, 376

XLHN, 371
X-linked adrenal hypoplasia congenita

(XAHC), 209
X-linked adrenoleukodystrophy (X-

ALD), 209
X-linked hypercalciuric nephrolithiasis

(XLHN), 371
X-linked hypophosphatemic rickets

(XLH), 368, 370–371, 375–376
therapy

complications, 376
X-linked leukodystrophy, 219
XY testicular dysgenesis, 441

causes, 435t
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